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Aqueous mineral carbonation is a potentially attractive sequestration technology to redpeenid§ions.

The energy consumption of this technology, however, reduces the net amount sé@@stered. Therefore,

the energetic C@sequestration efficiency of aqueous mineral carbonation was studied in dependence of
various process variables using either wollastonite (Cg33i0steel slag as feedstock. For wollastonite, the
maximum energetic C{sequestration efficiency within the ranges of process conditions studied was 75% at
200 °C, 20 bar CQ, and a particle size 0£38 um. The main energy-consuming process steps were the
grinding of the feedstock and the compression of the @&@d. At these process conditions, a significantly
lower efficiency was determined for steel slag (69%), mainly because of the lower Ca content of the feedstock.
The CQ sequestration efficiency might be improved substantially for both types of feedstock by, e.g., reducing
the amount of process water applied and further grinding of the feedstock. The calculated energetic efficiencies
warrant a further assessment of the (energetic) feasibility ofse@uestration by aqueous mineral carbonation

on the basis of a pilot-scale process.

1. Introduction ficiency (7co,) of the mineral carbonation process can be defined
on the basis of the amount of G8equestered in the carbonation
reactor (CQsequesterdd and the net overall amount of GO
sequestered by the mineral carbonation process ffefa:d:

Mineral carbonation is a potentially attractive £€equestra-
tion technology to mitigate possible climate change, on the basis
of industrially mimicked natural weathering proceses.
Potential feedstocks for mineral GGequestration include co.
primary Ca/Mg-silicates, such as wollastonite (Cagi®and Neol%] = _—~ —2avoided | q60=
olivine (Mg@,SiOy),>¢ and industrial residues, such as steelslag : CO, sequestered
and waste cemefitA number of different process routes have Epowepower T Eneafheat
been reported, of which the aqueous mineral carbonation route 100—
was selected as the most promising in a recent révisae
also references therein), e.g., for wollastonite:

x 100 (2)
COZ,sequestered

The extra CQ emissions associated with the mineral car-

H,0, T, oo, bonation process are determinec_zl by the power and _heat
CaSiQ (s)+ CO, (g) — CaCQ, (s)+ SiO, (s) (1) consumption of the process (taking the reaction heat into

account) Epower and Eneas respectively) and the conversion
AH, = —87 kJ/mol and\G, = —44 kJ/mo? factors of the power and heat consumption into,@@issions

(epower aNd eneas respectively). The energy consumption of the
‘mineral carbonation process is influenced by the conditions in
the carbonation reactor both directly as well as indirectly through
their effect on the carbonation conversion. Therefore, a system
study of the aqueous mineral carbonation process is required
gto determine its overall energetic G&equestration efficiency
and to optimize this efficiency on the basis of its dependence
on the reactor conditions.

A number of (preliminary) system studies on different
approaches for C{sequestration by mineral carbonation have
been published, e.g., refs 5, 11, and 12, including the aqueous
gnineral carbonation roufeHowever, the results presented for
wollastonite in the latter system study by the Albany Research
Center (ARC) have been predicted on the basis of a carbonation
process designed for olivine. In addition, the study does not
include the use of industrial residues as feedstock for mineral
carbonation. Although their availability is relatively limited,
residues might be of interest since no mining is required and
224568163, E-mail: comans@ecn.nl. residues tend to _be more reactive with r_e_gard to carbonation

t Energy Research Centre of The Netherlands. than ores at relatively mild process conditidris.

*Wageningen University. The aim of the present study is to determine and optimize

§ Delft University of Technology. the energetic performance of GBequestration by aqueous

The key issue in mineral carbonation research is the enhance
ment of the carbonation reaction, which is typically very slow
at natural condition32 In previous papers, we have studied the
aqueous carbonation of two Ca-silicates, wollastdritel steel
slag/1%and shown that the carbonation rate could be increase
significantly by, e.g., grinding the feedstock and elevating the
temperature and COpressure in the process. The process
conditions required for substantial conversion seem technically
feasible (i.e., typically, 175200°C, 1040 bar CQ, a particle
size of <38 um, and a reaction time of £530 min). However,
all the measures required to increase the reaction rate consum
energy and reduce the net amount of &3®questered because
of extra CQ emissions caused. On the other hand, the
exothermic mineral carbonation reaction may potentially gener-
ate usable heat. Overall, an energetic,G@questration ef-
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rules” (PRMHV2), was selected according to Carlsam the
basis of a polar nonelectrolyte system at pressur&® bar.
1, Gas The influence of ions (generated by leaching from solids and
@_ j purge dissolution of gaseous Gon the thermodynamic prop_erties
Water . ‘E‘ _of the system was n(_eglected. H(_)V\{eve_r, _the_ effect of_dlssolved
carbonation > product ions on the carbonation reactibhis implicitly included in the
’—' —L 77777777777777777 definition of the conversion in the carbonation reactor (Section
orel ; , |, Water 2.3). The ASPEN components defined for the wollastonite
{  Mining *‘ﬁ Grinding ‘ el : carbonation process were “carbon-dioxide” ,0‘water”
(H20), and the solids “wollastonite” (CaSgl “silicon-dioxide”
Figure 1. Block diagram of mineral carbonation process for CO (Si0y), and “calcium-carbonate-calcite” (Cag)OThe composi-
sequestration together with system boundaries of the present study. tion used for the wollastonite feedstock was 84.3 wt % CaSiO
13.9 wt % SiQ, and 1.8 wt % CaCg}* assuming all other (inert)
carbonation of Ca-silicates, both an ore and an industrial residue.components were present as $idJhe only reaction taken
A mineral carbonation process will be designed and the CO into account was the carbonation reaction (eq 1), which was
sequestration efficiency will be determined at various sets of assumed to occur exclusively in the carbonation reactor (see
process conditions. A sensitivity analysis will be performed in Section 2.3). The steel slag feedstock consisted mainly of Ca
order to assess the accuracy of the energetic efficiency and Fe phasesin previous work, the various Ca phases and
determined and to indicate routes for further improvement of their carbonation reactions have been identifié¥l.How-

Fluegas ! H ' ) '
—_— Capture i Transportation ;

Residue

the CQ sequestration efficiency. ever, the contribution of each phase and reaction could not
be quantified. Therefore, as a simplification, the composition
2. Methods and Assumptions of the steel slagwas defined in terms of the same Ca

components as used for wollastonite plus “ferrous-oxide” (FeO)

2.1. Process Simulation.A block diagram of a CQ@ (56.8 wt % CaSi@, 7.7 wt % CaCQ, and 35.5 wt % FeO). It
sequestration process on the basis of mineral carbonation isyas assumed that all Ca was present as either Ga&iO
shown in Figure 1 including the system boundaries of the presentCaCQ (based on the carbonate content in Section 2.3) and that
study. The mineral carbonation plant is assumed to be locatedihe rest of the feedstock consisted of FeO. FeO was con-
at the source of the solid feedstock. The mineral carbonation sidered to be inert, since no signiﬁcant amount of carbonate
process step, which is subject of this study, includes the minerals other than calcite was formed at the process con-
compression of the C{feed and the grinding of the feedstock ditions applied in the steel slag carbonation experiménts.
(Figure 1). ASPEN Plus flow-sheeting softwé&revas used to  Analogously to wollastonite, the Ca carbonation reaction of steel
simulate the continuous mineral carbonation process, for which sjag was assumed to be represented by eq 1 (see also Section
the flowsheet is shown in Figure 2. In the process, the solid 3.3 4).
feedstock, after being ground to a specific particle side ( 2.2. Feedstock Batcheslable 2 shows the definition of the
(Section 2.2), is mixed with water at a specific liquid-to-solid  ollastonite and steel slag feedstock batches used in this study.
ratio (L/S), and the resulting slurry is pumped to the reactor For each batch, the corresponding power required for grinding

pressure [f). Subsequently, the slurry is heated with the (W) was calculated with Bond's equatiéh,
carbonation reactor outlet in a heat exchanger t62elow

the reactor temperaturd@)( CO, is pressurized in a multiple- W= 0.01W. 11 3)
stage compressor to the reactor pressure and added to the slurry. ! \/d_l Jd_()
The mixture is heated to the reactor temperature, and the
carbonation reaction takes place in a continuous (cooled) with the original particle size of the feedstoak), the imaginary
carbonation reactor at isothermal conditions during the reaction sieve size through which 80 wt % of the ground feedstock passes
time (). The total pressure in the reactor equaled the sum of (d;), and the standard Bond’s working indé¥} (as reported
the partial CQ pressure [fco,) and the HO vapor pressure in the literature fordy =  andd; = 100um?9). In the case of
(pH.0) as determined by ASPEN at the reactor temperature (e.g.,a grinding step with final particle sizec 70 um, an extra
pH,o = 16 bar at 200°C). After the reactor, the nonreacted multiplier of (10.6 x 1076 + d;)/1.145; was applied to eq 3,
gaseous C@is separated from the sohdiquid slurry and as used by ASPEN (see also ref 16). The fresh wollastonite
recycled to the reactor. The slurry is depressurized to 1 atm ore was assumed to be supplied to the grinding equipment as
after being cooled to 40C in two steps (first, in a heat  uniform particles of 0.1 mdp). The standard Bond’s working
exchanger by exchanging heat with the reactor feed and, secondindex (\;) of wollastonite was set at 14 kwWh/ton (i.e., mean of
in a cooler with cooling water). The G@eleased from the slurry ~ working indices of limestone (11.6 kWh/ton) and silica sand
upon depressurization is recycled to the compressor in a seconq16.5 kWh/ton}9). The ore grade of the wollastonite ore was
CO, recycle. The solid product is separated from the slurry by assumed to be 50%Following the approach taken by the
filtration, and the remaining process water is recycled. A purge Albany Research Centéthe wollastonite ore was assumed to
is used in both the liquid and the main gas recycles to avoid be first ground to<200 mesh (roughly 7%m) and, subse-
possible accumulation of (inert) impurities (i.e., soluble salts quently, concentrated to the composition assumed for the
leached from the feedstock and gaseous impurities in the wollastonite feedstock by removing the gangue (see Section 2.1).
(captured) CQ@feed, such as §. In the compressor, moisture  Finally, the concentrated ore is ground to its final particle size.
present in the second G@ecycle stream might condense. This If the final particle size is>75um, grinding was performed in
condensate is separated and added to the water recycle. Tabla single step. The energy penalty for the beneficiation (i.e., ore
1 shows additional assumptions used for the various unit concentrating) step was assumed to be 4 kWH/tBecause
operations. ore grade is no issue for steel slag, this feedstock is ground in
The thermodynamic property set used for the ASPEN a single step. For this material, the standard Bond’s working
simulations, “PengRobinson with Huror-Vidal 2 mixing index available for blast furnace slag of 12 kWhAowas used.
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COMPRESSOR 2

COMPRESSOR 1
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HEAT EXCHANGER
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FEEDFPUMP
FILTER '—M‘
6 =1 8
4@ | L PURGE
Stream number 1 2 3 4 5 6 7 8 9
Wollastonite
T [°C] 25 25 25 180 200 39 40 39 39
p [bar] 1.0 1.0 1.0 355 345 1.0 1.0 10 10
Mass flow [ton/ton CO; seq]
CaSiO; 3.8 3.8 1.2
CaCoO; 0.1 0.1 24
Si0, 0.6 0.6 2.0
H,0 1.0 227 00 216 00 00 10
CO; 1.0 1.8 0.1 03 00 00 00
Steel slag
T[°C] 25 25 25 181 200 39 40 39 39
p [bar] 1.0 10 1.0 355 345 1.0 1.0 10 1.0
Mass flow [ton/ton CO; seq]
CaSiO; 39 39 1.3
CaCOs 0.5 0.5 2.8
Si0, 1.4
FeO 2.4 2.4 24
H-O 1.4 344 00 330 00 00 14
CO, 1.0 1.7 0.1 04 00 00 00

Figure 2. Simplified ASPEN flow diagram of an agueous mineral carbonation process. At the points indicated, the temperature, pressure, and composition
of streams are given in the table. Process conditidns: 200 °C, pco, = 20 bar, batches W1 and Sd € 38 um), andL/S= 5 kg/kg €casiq = 69% and
67% for wollastonite and steel slag, respectively). Heat (solid-line arrow) and power (dashed-line arrow) flows are indicated.

In addition, a particle size of 0.02 m was selected as a pressed in terms of the CaSi@raction in the reactor inlet
representative size for freshly produced steel slag. The 80 wt(Zcasiq). In the case of steel slag, conversion data reported
% passing size of the individual wollastonite and steel slag earlier were first corrected for the carbonate content of the fresh
batches was estimated on the basis of the particle size distribusteel slag (3.4 wt %) similarly to the approach reported for
tion measured by laser diffractibh(Table 2). wollastonite?

2.3. Carbonation DegreeThe conversion in the carbonation For the specific purpose of this system study, three series of
reactor defined the required supply of fresh solid feedstock additional carbonation experiments were performed in the
(i.e., the amount of C@®sequestered is fixed; see Table 1). autoclave reactor following the experimental approach described
The influence of the following six process variables on the earlier®? For these additional experiments, two extra feedstock
carbonation degre€X) had been studied previously in a lab- batches were prepared and analyzed as reported in previous
scale autoclave reactor for both wollastonite and steel slag: work*” (batches W2 €106 um) and S2 €38 um); see Table
temperature, C® pressure, particle size, stirring rata),( 2). In the first series of experiments, steel slag was carbonated
residence time, and liquid-to-solid ratid These data sets were in duplicate at the same process conditions at which the
applied as an estimation of the conversion in the continuous maximum energetic efficiency was found for wollastonite (see
large-scale carbonation reactor used in this system study.Section 3.1d < 38 um, T = 200 °C, pco, = 20 bar,t = 15
For simulation purposes, the Ca carbonation degree as meaimin, n = 500 rpm, and./S= 5 kg/kg). In the other two series
sured in the lab-scale autoclave reactde*’ was ex- of experiments, the effect of process water recycling on the



Table 1. Assumptions Used within the ASPEN Simulations for the
Unit Operations

unit operation

pump
compressor 1

assumptions

pump efficiency= 0.8; single-stage centrifugal pump
three-stage centrifugal compressor with intermediate
cooling between subsequent stages t6@g
isentropic operation with an efficiency of 0.8 for each
stage; condensed water added to process water recycle
single-stage blower; isentropic operation with an
efficiency of 0.8

compressor 2

reactor isothermal operation; pressure drofh bar; amount of
CO; sequesteree- 1 ton/H

filter centrifugal filter; atmospheric operation; separation
efficiency of solids= 100%; mass fraction of
solids in cake= 0.85

flash drums isothermal and isobaric; top flash carbonation reactor
outlet= 0.1 ton/h of CQ*°

valves adiabatic operation

splitterd 0% purge fractions for both CQecycle 1 and
H.0 recycle

other all starting materials enter the process at@%and

1 atm; product and purge streams leave the
process at 1 atm

Ind. Eng. Chem. Res., Vol. 45, No. 26, 2008187

unit operations. Subsequently, the £X@questration efficiency
was calculated on the basis of eq 2. The power consumption of
the mineral carbonation procesEpfwe) consisted of power
consumption for compression, pumping, and grinding. The
(possible) power consumption of the reactor and the filter were
neglectedEpeqWas the net process heat (i.e., the heat required
for heating the reactants minus the reaction heat). In the case
of a possible surplus of process heat, a useful application of
this heat was assumed outside the system boundaries of this
study and the negative G@missions associated were taken
into account in the energetic G@fficiency. The reaction heat

of the carbonation reaction (eq 1) was calculated by ASPEN
for each reactor temperature and pressure (e84, kJ/mol at
standard conditions). The conversion factor of the power
required in the process into G@missions €owe) Was set at
0.60 (kg of CQ)/kWh as an estimation of the average value in
The Netherlands (cf. representative values for a natural gas
combined cycle and a powder coal power plant of 0.36 and
0.80 (kg of CQ)/kWh, respectively’). The conversion factor

of the heat consumption in the process into @missions was

aThe number of stages is selected such that the pressure ratio per stagdased on the combustion of methandi{ = —803 kJ/mot® or
for the highest outlet pressure simulated (i.e., 65.5 bar) is between 3:1 andepe,, = 0.20 kg CQ/kWh).

5:116 bThe difference between the amount of g@esent in the reactor
in- and outlet. Only defined for simulation purposes, since the, CO
sequestration efficiency is independent of the scale of the protAsshe
end of the carbonation reaction, remaining gaseous &G to be present

In the simulations, the influence of the process variables
reactor temperature, GQartial pressure, and particle size on
the CQ sequestration efficiency was studied. The ranges within

in the reactor outlet to ensure that the slurry in the reactor has been saturatedvhich these variables could be varied were slightly restricted

with dissolved CQ during the entire carbonation reaction. Therefore, 10%
of the amount of C@ sequestered in the reactor was specified to come
over the top in the flash after the reactéin a final plant design, the CO

compared to the carbonation experimeéhtBecause of the
pressure drop over the reactor (1 bar), simulations on the basis

purge fraction is determined by the composition of the gas stream resulting Of carbonation measurementspab, = 1 bar were performed

after CQ capture. The D purge fraction depends on the composition of

with pco, = 1.5 bar to enable simulation. In addition, processes

the water recycle stream. Both are yet unknown, and the purge fractions with a reactor temperature below 80 could not be simulated

are, therefore, set at 0.

Table 2. Definition, Particle Size Data, and Grinding Energy of
Wollastonite and Steel Slag Feedstock Batches

WF [kWh/ton of feedstock]

sieve D[4,3]2  di
batch  [um] [em] [um] G-1 B G-2 total
wollastonite
w1 <38 16 20 3¢ 42 20 56
W2 <106 45 60 31 4 3 38
W3 <106 51 69 31 4 1 36
W4 <500 159 240 17 4 21
W5 <7000 375 631 10 4 14
steel slag
S1 <38 14 23 3g
S2 <38 15 23 31
S3 <106 33 52 17
S4 <106 34 52 17
S5 <500 97 158 9
S6 <2000 582 832 3

a\olume-based mean particle siZe80 wt % passing sieve size (see
eq 2).°W = grinding energy. In the case of wollastonite, the grinding
energy consists of three steps: first-stage grinding (G-1), beneficiation
(B), and second-stage grinding of the concentrated ore (G-2). In the
case of steel slag, grinding takes place in a single $tEpst grinding
step from 0.1 m to 75um; ore grade= 50%; Wi = 14 kWh/ton.
eEnergy penalty for beneficiatiohSecond grinding step from 7bm
to final particle size;W, = 14 kWh/ton.9dy = 0.02 m andW; = 12
kWh/ton16

because of the assumptions given in TableTd,drecycle =
40 °C andA-rheat—exchanger: 20°C).

The possible influence on the G@equestration efficiency
of the other process variables studied experimentally, i.e.,
residence time, agitation rate, ahés ratio*” was (initially)
not taken into account in this study. A longer residence time
increases the energy consumption of the process that must be
kept at elevated temperature and pressure for a longer time.
However, these energy losses are not taken into account in the
current assessment, since they cannot be quantified at the current
stage of process development. The possible minimum agitation
rate and the accompanying power input required to obtain
sufficient mixing in the continuous carbonation reactor are also
currently unknown. For reasons of comparison, all wollastonite
and steel slag simulations were (initially) performed.é8= 5
kg/kg, although the steel slag conversions were actually
measured at/S = 10 kg/kg? The consequences of this
assumption will be discussed in Section 3.3. T&ratio was
defined in the ASPEN flowsheet on the basis of all solids present
in the reactor feed.

Finally, a sensitivity analysis was performed on the ,CO
sequestration efficiency of aqueous wollastonite carbonation at
the energetically optimum reactor conditions (Section 3.1). In
this analysis, a selection of assumptions and input variables for
the ASPEN simulations and the G@&mission calculations were
varied within possible limits. For steel slag, a similar analysis

carbonation degree and the composition of the process watefyas performed at identical conditions.

was studied for both wollastonite and steel slag (see Supporting

Information).
2.4. CO;, Sequestration Efficiency.For each set of reactor
conditions, the ASPEN flowsheet of the mineral carbonation

3. Results and Discussion

3.1. Wollastonite.Figure 3 shows the influence of the particle

process as given in Figure 2 was simulated. The outcome size, reactor temperature, and gfessure on (1) the measured
consisted of the composition, temperature, and pressure of thecarbonation degree of wollastonftexpressed in terms of the
process streams and the power and heat consumption of theCaSiQ fraction in the reactor feedi€asiq), and (2) the
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A 225°C
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<38 (W1) <106 (W3) <500 (W4) <7000 (W5) <38 (W1) <106 (W3) <500 (W4) <7000 (W5)
d [pm] d [um]
801 J1a 801 20barCO, b
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20 /7:'// 20 ® 150°C
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0 r v r T 0 —t v v .
0 10 20 30 40 0 10 20 30 40

Pcoz [bar] Pcoz [bar]

Figure 3. Measured carbonation degre&-{si)* and the corresponding calculated £&equestration efficiency;to,) as a function of various process
variables for wollastonite. Simulations were performed/&= 5 kg/kg. Conversion measurements in lab-scale autoclave reactor were perfotred it

min, n = 500 rpm, and./S = 5 kg/kg. (I) Particle size at various reactor temperatures; (ll) reactor temperature at various particle sizes; ang (lll) CO
pressure at various temperatures.

corresponding simulated GBequestration efficienciegdo,). degree because of an increased specific surface' ared
In general, differences between tlgasiq and nco, curves thereby, a reduction of the amount of feedstock that has to be
appear at low carbonation degrees, since a low conversion hagprocessed (Figure 3.1.a). On the other hand, the grinding energy
a strong reducing effect on the sequestration efficiency. per kilogram of feedstock increases substantially for smaller
Substantially more energy is required for both grinding the particle sizes (Table 2), which has a reducing effect on the
feedstock and heating the wollastonit@ater slurry. energetic efficiency (Table 3). Figure 3.1.b shows that the effect
The influence of process variables on the energetic sequestraof the increased conversion on the energetic efficiency is larger
tion efficiency shown in Figure 3 consists of a direct effect of than the extra energy consumption, within the range of particle
the process variables on the energy consumption as well as arsizes studied. However, the cases simulated for small particle
indirect effect through their influence on the carbonation degree. sizes are less favorable from an energetic point of view than
To be able to distinguish between both effects, Table 3 shows from a conversion point of view (Figure 3.1.b), and an optimum
the influence of the same process variables on the sequestratioin CO; sequestration efficiency probably occurs when the
efficiency at constant conversion (arbitrarily kept at 69%; see wollastonite is further ground to particle sizes smaller th@8
below). It should be noted that the simulations presented in Tableum (di = 20 um; see Table 2).
3 are performed for the specific purpose of eliminating the  The reactor temperature shows an optimum carbonation rate
indirect effect of the process conditions on the energetic (Figure 3.1l.a) and energetic efficiency (Figure 3.11.b) around
efficiency, thus allowing an assessment of onlydivect effect 200 °C. The occurrence of a maximum carbonation degree is
of these conditions on the energy consumption. caused by two opposite temperature effects: (1) a higher
Figure 3.1.b shows that increasing the conversion by size dissolution rate of Ca upon a temperature increase and (2) a
reduction is favorable with regard to the €®equestration retardation of the CaC{precipitation due to decreased £0O
efficiency, within the ranges of process conditions studigd (  activity in solution? The influences of the reactor temperature
= <38 — <7000um). Grinding leads to a higher carbonation on the CQ sequestration efficiency and the Caggonversion
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Table 3. Direct Influence of Process Variables on the Power and Heat Consumption and GGBequestration Efficiency for Wollastonite!

power heat
feedstock batch reactor conditions [kWh/ton of CQy; seq]  [kKWh/ton of CO; seq]
variable d[um] T[°C] puolbar] pco,[bar] plbar] Ccasia? [%0] Ic Id e Ivf 1co, (%]
d w1 <38 200 16 20 36 69 253 150 —799 752 75
W3 <106 200 16 20 36 69 165 150 —799 752 80
w4 <500 200 16 20 36 69 96 150 —799 752 84
W5 <7000 200 16 20 36 69 65 150 —799 752 86
pco, w1 <38 200 16 10 26 69 253 101 —994 934 78
w1 <38 200 16 20 36 69 253 150 —799 752 75
w1 <38 200 16 30 46 69 253 202 —724 690 72
w1 <38 200 16 40 56 69 253 256 —679 658 69
T w1 <38 100 16 20 36 69 253 367 -197 556 70
w1 <38 150 16 20 36 69 253 225 —505 597 73
w1 <38 175 16 20 36 69 253 185 —629 643 74
w1 <38 200 16 20 36 69 253 150 —799 752 75
T+pio WL <38 100 1 20 21 69 253 198 —373 564 77
w1 <38 150 5 20 25 69 253 151 —572 618 77
w1 <38 175 9 20 29 69 253 147 —672 670 76
w1 <38 200 16 20 36 69 253 150 —799 752 75

a2 1n the simulations, conversion is kept constant at 69%. Corresponding starting process conditions: batch 38L(n), T = 200°C, andpco, = 20
bar. Simulations were performedlaS = 5 kg/kg. ? Conversion was kept constant to eliminate the indirect effect of the process conditions on the energetic
efficiency through their influence on the conversiéiGrinding. ¢ Compressiont pumping.© Heater.! Reactor heat.

are similar, although the influence is less significant for the increase of the CaC{precipitation raté (Figure 3.111). How-
efficiency (Figure 3.11,d < 38 um). Apparently, the extra CO ever, above a specific (temperature-dependent) @@ssure,
emissions associated with an increase of the reactor temperaturéhe carbonation degree becomes independent of thepfe@sure
to 200°C are smaller than the extra amount of X@questered.  since the (bi)carbonate activity in solution is no longer rate-
These extra C®emissions are caused both by the increased limiting# (Figure 3.11l.a). The direct effect of a highpeo, on
temperature itself as well as by the temperature effect on thethe energetic efficiency consists not only of increased power
water vapor (and total) pressure. Table 3 shows calculations atconsumption for compression but also of a changed heat balance
both constant and adjusted total pressure. The influence of theof the process (Table 3). A higher G@ressure increases the
temperature at constant total pressure will be discussed first.temperature of the C{yas outlet stream of the compressor and,

At constant carbonation degree and water vapor pressure, &hus, lowers the energy consumption of the heater. In addition,
higher reactor temperature would increase the energy requiredthe reactor heat decreases upon an increasingp@Ssure. The
to heat the C@gas (Table 3). However, changing the reactor actual reactor heat of 799 kWh/(ton of CQ sequestered) at
temperature has no direct effect on the energy consumption 0of200 °C and 20 bar C@consists of the standard reaction heat
the heater used for heating the liqeigolid slurry. The slurry  as specified at standard conditions528 kWh/(ton of CQ
is heated to 20C below the reactor temperature in the heat sequestered) at 2& and 1 bar) corrected for the actual reactor
exchanger independently of the actual reactor temperature. Astemperature and pressure. The extra,@@ission caused by
an indirect effect of a higher reactor temperature, the amount increased compression is larger than the influence of the heat
of dissolved CQ in the reactor outlet decreases because of a balance of the process, and overall, an increase of the CO
solubility decrease. Thus, less €@ recycled in the second pressure has a direct reducing effect on the, G&yuestration
CO; recycle and would have to be recompressed (stream“CO efficiency (Table 3). Overall, this extra G@mission due to
REC 2" in Figure 2). Finally, the reactor temperature affects elevating the C@pressure is generally smaller than the extra
the reactor heat (Table 3). Overall, an increase of the reactorCO, sequestered at a higher g€@ressures (Figure 3.111).
temperature at constant total pressure and carbonation degreélowever, cases with only a small effect of a higher,@@ssure
would have an increasing effect on the £®&equestration on the conversion might become energetically less favorable
efficiency (Table 3). Apparently, the effect on the amount of for the higher pressures (i.e., 150 and 2@lines in Figure
dissolved CQ dominates the other temperature effects. 3.1ll.b). Therefore, the optimum COpressure can only be

If the temperature effect on the water vapor pressure is determined by additional carbonation experiments and simula-
included (Table 3), the effects of reactor temperature and tions at the optimum reactor temperature (2@) and particle
pressure on the energetic efficiency occur in combination (see Size.
below for more detail). The power required for compression  The maximum energetic efficiency of G@equestration by
shows a minimum for the 17%C case (two countereffective  wollastonite carbonation found within the ranges of process
effects occur: a higher energy consumption for compression conditions studied is 75%. The corresponding set of conditions
due to the higher total pressure and a smaller amount of CO is T = 200°C, pco, = 20 bar, andl < 38 um with a carbonation
that has to be compressed) (Table 3). Overall, elevation of the degree {casiq) of 69%. In the rest of this paper, we refer to
reactor temperature has a slightly decreasing direct effect onthis set as the “energetically optimum” process conditions,
the CQ sequestration efficiency caused by the increase of the although more favorable conditions may occur outside the range
water vapor pressure (Table 3). of experimental data that this study is based on. For this set of

Finally, elevation of the C@pressure has, in most cases, a conditions, Figure 2 shows the stream properties for the aqueous
favorable effect on the CQOsequestration efficiency (Figure wollastonite carbonation process and Table 4 shows the ac-
3.1l1). However, cases with only a small positive effect of the companying heat and power flows. The largest fraction of the
CO;, pressure on the conversion form an exception (i.e., 150 total power required is for grinding, followed by that for
and 200°C lines in Figure 3.11l.b). A higher C®pressure, in compression of the C{feed. The power required for recom-
principle, increases the carbonation degree because of arpression of the C&recycle and for pumping the slurry is very
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Table 4. Heat and Power Consumption of Process Equipment and Their Individual Effects on the CSequestration Efficiency for
Wollastonite (batch W1) and Steel Slag (S%)

wollastonite steel slag
process equipment E [kWh/ton of CQ; seq] Ancol [%) E [kWh/ton of CQ; seq] Anco, [%]
power compressor 1 1186) —7(—6) 137 104 —8(—6)
compressor 2 (00)] -0 (-0) 0(0) -0 (-0)
pump 3313 —2(-1) 50 (20 -3(-1)
grinding 253 53 —15 (15 213 Q13 —-13 (—13)
sum 403862 —24 (=22 400 (337) —24 (—20)
heat reactor —752 (=757 +15 (+15) —747 (=755 +15 (+15)
heater 799462 —16 (—9) 1101 6898 —22(-12)
sum 47 295 —1(+6) 354 (—167) =7 (+3)
total efficiency loss —25 (—16) —31(-17)
nco, (%] 75 (84) 69 (82

aProcess conditionsd < 38 um, T = 200 °C, andpco, = 20 bar [casiq, = 69% (wollastonite) and 67% (steel slag)]. Standard calculations were
performed atl./S = 5 kg/kg, and alternative calculations shown between brackets were performésl=at2 kg/kg.? CO, sequestration efficiency loss.

Steel slag Therefore, the influence of the three process variables on the
80 - | - 80 carbonation degree and the £§@questration efficiency of both
Ca-silicate feedstocks are generally similar. However, the
60 4 L 40 differences in sequestration efficiency are smaller in the case
= _ of steel slag (Figures 3 and 4) as a result of the smaller
3 40 Lo & differences in conversion due to its relatively rapid carbonation
2 8 at mild process conditiorfsThe limited set of data shown in
~ 20 L 40 = Fig_ure 4 suggests that, similar_ly to wollasto_n_ite, the ene_rgetically
19 bar CO, optimum reactor temperature is 280. In addition, the optimum
100°C particle size also seems to be smaller than the minimum particle
0 <8 (52) ' <106 (54 ' <500 (55) ' <2000 (56) 80 size of <38 um at which carbonation experiments were
d [um] performed._However, the optimum Q(pressyre_seems to l_)e
851 19 barco, " - 80 lower than in the case of wollastonite, bu_t this difference might
<106 um (S3) be due to the lower temperature at which the measurements
60 1 75 were performed (see also Figure 3).
< 554 S The set of conversion data reported earlier for aqueous steel
3 L 70 °‘-'g slag carbonatiohis too limited to determine a representative
.ﬁ 50 - 2 maximum CQ sequestration efficiency for this feedstock. In
65 addition, the steel slag carbonation experiments were conducted
45 4 at other sets of process conditions (particularly, reaction time
and liquid-to-solid ratio) than the wollastonite carbonation
40 T T T 60 . . . . .
50 100 150 200 250 experiments, which hinders the direct comparison of both
7] feedstocks. An additional carbonation experiment with steel slag
80 - w7 (batch Sl_) at the energetically optimum process conditions of
wollastonite (§ < 38 um, T = 200°C, pco, = 20 bar,L/S=5
-/-\_\- 60 kg/kg,n = 500 rpm, and = 15 min) resulted irfcasiq = 67%
— 60 — and nco, = 69%. The stream properties at these process
E,; 5o % conditions are shown in Figure 2, and the corresponding heat
7 S and power streams are shown in Table 4. At these process
N 40 - D/D”_’D’/D conditions, the energetic efficiency in the case of steel slag is
100 °C 40 significantly lower than that in the case of wollastonite. As Table
<106 um (S4) 4 shows, this difference is particularly caused by a more negative
20 : A o - p 30 overall reactor heatAnco, = —7 vs —1%, for steel slag and

wollastonite, respectively). Given that the conversions obtained

Figure 4. Measured carbonation degre:{sq)” (open symbols) and the for both feedstocks are similar, this effect is caused by the lower
. Sii H

corresponding calculated G®equestration efficiency;€o,) (solid symbols) g;i‘ Cont,ent of the S,t66| slag feedstock (i.e., 23 Vit 30 w

as a function of various process variables for steel slag. Simulations were %), Which results in a larger amount of slurry that has to be

performed at/S= 5 kg/kg. Conversion measurements in lab-scale autoclave heated to the reactor temperatutératio is kept constant).

reactor were performed &t= 30 min,n = 500 (I)/1 I'and 1) rpm, ; i
andL/S = 10pkg/kg. (1) Particle size; (II) rea((:t)cﬁr(:g?nr()eratgre;)ar?d (1 I Shou.ld be noted that th.e energepc efficiency of steel_s_;lag
CO; pressure. carbonation at the energetically optimum process conditions
found for wollastonite (i.e., 69%) is not the maximum efficiency

small. The overall heat balance of the process is slightly negative calculated for steel slag. The maximum efficiency<&8 um
at these reactor conditions (see Section 3.3.4). in Figure 4.1 is 72% and that at 20 in Figure 4.1 is even

3.2. Steel SlagFigure 4 shows the carbonation degree of 73%. However, these values are based on carbonation degrees
steel slag in dependence of the reactor temperatures CO measured at a reaction time of 30 min instead of 15 min. A
pressure, and particle size on the basis of data presented &arlierlonger reaction time increases the converdiorhile it has no
In addition, the corresponding calculated £8equestration direct effect on the energy consumption of the process, as taken
efficiencies are shown. The carbonation mechanisms of steelinto account in the current assessment. Therefore, a longer
slag have been reported to be similar to those of wollastdnite. reaction time directly improves the energetic efficiency. The

Pcoz [bar]
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ANncozheat [%]

Ncozl%]

ANcozpower [%]

65 T T T |

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

Relative input [-] Relative input [-]

# Variable Standard ~ Min Max

1 Purge factor CO, [-] 0 (0)“ 0 (0) 1 (1)

2 Purge factor H,O [-] 0 (0) 0 (0) (D)

3 Temperature H,O recycle [°C]? 40 (0) 40 (0) 80 (1)
4 Pressure H,O recycle [bar] 1 (0) 1 (0) 345 (1)?
5 Pressure drop reactor [bar] 1 (0) 0 (-0.25) 5(1)

6 Excess gaseous CO, supply reactor [%] | 10 (0) 5 (-0.13) 50 (1)
7 L/S-ratio reactor feed [kg/kg] ¢ 5 (0) 2 (-0.6) 10 (1)
8 Filter; solid content filter cake [kg/kg] 0.85 (0) 0.7 (-1) 1.0 (1)
9 Carbonation degree (Ccasios) [%o] 69 (0) 60 (-0.83) 80 (1)
10 | Heat of reaction (AH,) [kJ/mol] 84 (0)/ 64 (-1) 104 (1)
11 ATheal—exchanger [OC] 20 (O)g 10 ('1) 30 (1)
12 | Ore grade [%] 50 (0) 25 (-1) 75 (1)
13 | Bond’s working index [kWh/ton] 14 (0) 10 (-1) 18 (1)
14 | Initial particle size feedstock [m] 0.1 (0) 0.01 (-0.2) 0.5 (1)
15 | €power [K&/KWh] " 0.60 (0) 040 (-1) 0.80 (1)
16 | eneat [kg/kWh] 0.20 (0)  0.15 (-1) 0.25 (1)

“ Numbers between brackets are the relative input values used for the graphs. ” For these simulations,
the ASPEN flowsheet was extended with a cooler, which cools the 'CO, REC 2' stream to 40 °C in
order to avoid an increase of the gas volume that compressor 1 has to compress. ¢ In principle, the
maximum temperature of the H,O recycle is Tieactorr However, this value could not be simulated
because the process water is recycled at atmospheric pressure. 4 Maximum Pressure = Pregctor - pPressure
drop over reactor. ¢ In the sensitivity analysis the possible effect of the L/S-ratio on the conversion has
been neglected. For wollastonite, a limited effect of the L/S-ratio was reported earlier.* For steel slag, a
reduction of the L/S-ratio seems to slightly increase the conversion measured at lab-scale.” / Heat of
reaction as determined by ASPEN. ¢ Temperature difference at the hot side of the heat exchanger. At
the cold side of the heat exchanger the AT is slightly larger (e.g., 25 vs. 20 °C), since the reactor outlet
slurry has a larger heat capacity than the reactor inlet slurry due to the presence of dissolved COs.
" Representative values for a natural gas combined cycle and a powder coal power plant are 0.36 and
0.80 kg CO,/kWh, respectively."”

Figure 5. Sensitivity analysis of C@sequestration efficiencyyto,) by wollastonite carbonation for the parameters shown in the table at energetically
optimum reactor conditiong¢asiq = 69%, T = 200°C, pco, = 20 bar,d < 38 um (batch W1)) and./S= 5 kg/kg. In the graphs at the right, the energetic
efficiency loss Anco,) due to the heat and power consumption is shown for a selection of parameters.

optimum energetic efficiency of steel slag carbonation can only at the hot side of the heat exchanger, the carbonation degree,
be determined on the basis of a more extensive set ofthe pressure of the water recycle, the Bond's working index,
carbonation experiments that fully takes into account the the ore grade, and the reaction heat assumed. Some of these
relatively rapid carbonation of this feedstock at mild process factors will be discussed in more detail below.
conditions? 3.3.1. Heat Exchanger PerformanceThe heat integration

3.3. Sensitivity Analysis.Figure 5 shows the outcome of the  of the mineral carbonation process (particularly, the performance
sensitivity analysis on the COsequestration efficiency of  of the heat exchanger) has a large influence on the CO
wollastonite carbonation at energetically optimum reactor condi- sequestration efficiency, since the amount of heat both ex-
tions. Most variables have a relatively small influence on the changed in the heat exchanger and cooled away in the cooler
sequestration efficiency within the ranges studiedl.6%). of the water recycle is large. At the energetically optimum
Eight variables have a relatively large influence on the energetic reactor conditions and under the assumptions made, the heat
efficiency: the liquid-to-solid ratio, the specific G@mission generated by the carbonation reaction is smaller than the amount
associated with power consumption, the temperature differenceof heat required to heat up the reactants (Table 4). The energy
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required to heat the reactor feed directly depends on therecycle pressure to 2 bar has the largest effect on the CO
temperature difference assumed to be required for (cost-efficient)sequestration efficiency without causing extra costs for high-
heat exchange between the reactor outlet and inlet slurries withinpressure equipment.
the heat exchanger. For example, assuming a minimally feasible 3.3.4. Carbonation Reaction (Carbonation Degree and
temperature difference in the heat exchanger of@,athe CQ Reaction Heat). Obviously, the C@ sequestration efficiency
sequestration efficiency would increase to 81% and the processdepends strongly on the carbonation degree and, thereby, on
would generate a net surplus of reaction heat (253 kWh/(ton of the assumption that the conversion in the large-scale continuous
CO, sequestered)) (for steel slag, 101 kWh/(ton of ;CO reactor equals the conversion obtained in a lab-scale autoclave
sequestered) anglco, = 78% at ATheatexchanger= 10 °C). reactor (Section 2.3). At least two effects can be distinguished,
However, by reducing the driving force for heat exchange, the which might cause a difference between these conversions.
surface area required and, thereby, the investment costs of the First, the reactor type might affect the reaction rate because
heat exchanger would increase. Therefore, the optimum tem-of physical effects (e.g., abrasion and mixing intensity). An
perature difference can only be determined economically.  increase of the carbonation degree of particularly coarse particles
3.3.2. Liquid-to-Solid Ratio. A reduction of thel/S ratio has been reported for Mg-silicates in a pilot-scale flow-loop
leads to a substantial improvement of the heat balance of thereactor, compared to a laboratory autoclave reactor, probably
process and, thus, the GGequestration efficiency (Figure 5 because of intensified mixing and removal of the carbonation
and Table 4). First, the energy required to pump and heat uprate-limiting SiQ-rim.>
the slurry is reduced. Second, less {@s to be compressed Second, the carbonation degree might be influenced by the
by compressor 1 since less gdissolves into the slurry. Other  recycling of the process water. Preliminary experiments with
possible energetic benefits, not taken into account in the presentregard to the effect of process water recycling on the carbonation
study, are a smaller reactor that has to be heated to the reactobf wollastonite and steel slag seem to suggest that the
temperature and the production of “less-diluted” heat by the carbonation degree increases slightly because of process water
exothermic carbonation reaction. Therefore, the aqueous minerarecycling, possibly because of an increase of the ionic stréngth
carbonation process should, in principle, be designed at the(Supporting Information). Given the major effect of the
minimum feasible/Sratio. However, if theL/Sratio becomes  carbonation degree on the g&equestration efficiency, research
too low, pumping and stirring problems might arise because of on further enhancement of the carbonation process, while not
an increased viscosity, which would result in a large decreasedecreasing the energetic efficiency, is warranted (see also
of the conversiort.” The minimum feasibld/Sratio depends  Section 3.1).

on the final reactor and process design. The minini&ratio In addition to the carbonation degree, the reaction heat
that could be stirred adequately in the lab-scale autoclave reactossumed has a significant influence on the energetic efficiency
used for the carbonation experiments is 2 kg/lReduction of (e.g., for steel slagyco, = 66 and 72% atAH, = —64 and

theL/Sratio from 5 to 2 kg/kg (solids content of the reacter 104 kJ/mol, respectively). Since both the composition and the

17 and 33 wt %, respectively) would increase the ;CO occurring carbonation reactions have been simplified in the case
sequestration efficiency by wollastonite carbonation to 84% of steel slag (see Section 2.1), further study to improve this
(steel slag:7co, = 83% atl/S= 2 kg/kg). Table 4 shows that,  input for the steel slag simulations, and thereby to increase
atL/S= 2 kg/kg, the process has a net surplus of reaction heatthe accuracy of the calculated €®equestration efficiencies,
for both feedstocks. A dedicated industrial process might be seems warranted. The carbonation of, for example, portlandite
Operated at even lowér/Sratios down to 1 kg/kg, which may (Ca(OHk) (AHr = —68 kJ/mo?) present in fresh steel S|ég

further improve the C@sequestration efficiency of the process.  might cause the actual reaction heat to differ from the assumed
Further experimental research in a continuous pilot-scale reactorone AH, = —84 kJ/mol), which would then also change the

is recommended to study the carbonation degree as a functionenergetic efficiency.

of the L/Sratio and, thus, to determine the minimally feasible 3.3.5. Grinding (Bond’s Working Index and Ore Grade).

L/S ratio. Given the dominant effect of the energy consumption for
3.3.3. Water Recycle (Temperature and Pressure)lhe grinding on the CQ@ sequestration efficiency (Table 4), the

temperature of the water recycle has a remarkably small effectBond’s working index and ore grade are major influential

on the energetic efficiency of the process (Figure 5). The heat parameters. Therefore, these parameters should be verified by

consumption of the heater is largely independent of the measurements, to enable further improvement of the sequestra-

temperature of the water recycle because of the performancetion efficiency calculations.

of the heat exchanger. However, it should be noted that, in the 3 4. piscussionin the Supporting Information, a comparison

mineral carbonation process in Figure 2, the heat duty of the of energetic efficiencies reported in this and other mineral

heat exchanger is very large (e.g., 3971 and 1690 kWh/(ton of carhonation studies is given. From the results of the other system

CO;, sequestered) at/S = 5 and 2 kg/kg, respectively, for  stydy on aqueous mineral carbonatfoa,CO; sequestration

wollastonite). Thus, the investment costs for the heat exchangereficiency for aqueous wollastonite carbonation of 82% can be

may be substantial. Therefore, an increase of the water recyclededuced. It is difficult to directly compare the results of this

temperature may be considered from an economic point of view. stydy by the Albany Research Centre (ARC) with the present
In contrast to its temperature, the pressure of the water recyclestudy because of the large number of different assumptions made

does have a significant effect on the energetic sequestrationin the assessment of the energetic efficieh&y/At a specific

efficiency. The water recycle is depressurized to 1 atm in order CO, emission of 0.85 (kg of C&/kWh for a powder coal power

to enable filtration at atmospheric conditions and facilitate the plant andL/S = 2.33 kg/kg as used in the ARC stughgur

addition of fresh feedstock to the slurry. By recycling the water model resulted in a slightly lower GQequestration efficiency

at a higher pressure, less energy is required for pumping theof 75%. This difference is particularly caused by the recycling

slurry. In addition, less C®in the CQ REC 2 stream has to  of nonconverted solid feedstock as applied in the ARC stdy.

be (re)compressed, since less O®released from the slurry  The possible separation and recycling of nonconverted feedstock

upon depressurization. A relatively limited increase of the water present in the reactor outlet might cause a substantial increase
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of the CQ sequestration efficiency. However, the feasibility assessment of the (energetic) feasibility of Zf@questration
of continuous large-scale separation of noncarbonated andby aqueous mineral carbonation on the basis of a pilot-scale
carbonated Ca-silicate particles is presently unclear (see dis-process.
cussions in earlier wof). Further research on this subject is
warranted. Acknowledgment

In determining the C@sequestration efficiency of the entire
sequestration process (Figure 1), it should be kept in mind that
in system studies on G@apture technologies, compression is
typically (already) included, since Gnas to be compressed
for transportation (typicallyp > 80 bar)? The maximum CQ@
sequestration efficiency of the aqueous wollastonite carbonation
process, without the energy consumption due to compression
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options, such as storage in depleted gas fields, as well as Mg-
silicate carbonation processes (both, typicaily; 100 ba?-5),

may give an energetic benefit that should be taken into account
when comparing different C{storage technologies. Symbols

Overall, application of the process conditions used for lab- cQ, . ....q= net amount of C@avoided, ton/h
scale carbonation experiments would lead to a mineral carbon-~ '
ation process that would consume a substantial amount of extray
energy (Anco, &~ 25—30%). However, the C®Osequestration
efficiency of aqueous Ca-silicate carbonation might substantially
improve if the options that are identified in this study could be . . )
implemented. Therefore, pilot-scale research on mineral car- d; = final particle SIz€, m
bonation is recommended to determine the feasibility of the E = €nergy consumption, kwh
suggested reduction of théSratio, and to verify the energetic ~ Enear= heat consumption, kWh
efficiency calculations with respect to the carbonation degree. Epower = power consumption, kWh
In addition, a cost evaluation study on €€equestration by  L/S= liquid-to-solid ratio, kg/kg
aqueous mineral carbonation is required for final optimization n = stirring rate, rpm
of the process conditions (including reaction time) and the heat p = total reactor pressure, bar
integration of the process. Final assessments of the energetiqyco, = CO, partial pressure, bar
feasibility of CG, sequestration by mineral carbonation should p,,.o = H,O partial pressure, bar
be made for spepific locations (particularly, \(vith respect t0 T = (reactor) temperaturéC
€powey) @Nd should include the energy consumption of (possible) { — reaction time, min
CO;, capture, mining, and transportation.
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Notation

O, sequestered™ @amount of CQ sequestered in reactor, ton/h
= particle size, m

D[4,3] = volume-based mean particle size, m

do = initial particle size, m

TIC, = total inorganic carbon content in fresh feedstock, wt %
W = energy consumption by grinding, kwWh/ton feedstock
4. Conclusions W, = Bond’s work index, kWh/ton feedstock

. . . AG; = Gibbs energy of reaction, kJ/mol
Increasing the carbonation rate of wollastonite or steel slag AH; = reaction enthalpy, kd/mol

by either grinding the feedstock, elevating the reaction temper- Ap = pressure drop, bar

ature, or increasing the G@artial pressure was shown to also AT = temperature d'ifference hot-side heat exchant@r
improve the energetic GGequestration efficiency. Within the = . . 0 ’
ranges of process conditions studied, energetic optima wereA’7COZ - CO_Z_ sequestrgthn efficiency loss, %

found between the carbonation degree and the associated extraheat= SPecific CQ emission heat, kg/kWh

energy consumption, for both the temperature and the CO Epower= speglflc/ CQbem'tS_S'OZ power,o/kg/kWh

pressure. The maximum GOsequestration efficiency for = conversion/carbonation degree, 7

wollastonite at a liquid-to-solid ratio of 5 kg/kg and a reaction &ca = conversion based on calcium content in feedstock, %
time of 15 min was 75% at 200C, 20 bar CQ, and a particle casig = conversion based on CaSith reactor inlet, %

size of <38um. The grinding of the feedstock{co, = —15%) nco, = energetic CQ sequestration efficiency, %

and the compression of the carbon dioxide7%6) were

identified as the main energy-consuming process steps. At thesq jterature Cited
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