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Cement production is a major source of global CO, emissions and also Table 1. Large CO, Point Sources Worldwide
generates the most emissions per revenue dollar. 2

o . average
9 kg of CO
Share of global CO; emissions, % in 2017 go 2 per $ number source average Co,
— Industry of emissions10° size10° concentration
3 3 3
Power Cement _ 6.9 source sources tonnes/yr tonnes/yr (mol %)
Transport electric power 4940 10540 2.1 12—15%
Chemicals I 0.3 plants
cement 1180 930 0.8 20-30%
Others . production
Iron and steel 14
S refineries 640 800 1.3 30—40%
R I iron and steel 270 650 2.4 20—30%
Mining 0.4
, plants
Agriculture | d .
it petrochemical 470 380 0.8 5—-10%
Oil and 0.8
Other industry\_) handgas l
Minim‘g ‘ Cement
, AL /—Eg .
Chemicals Oifand gas H E/T‘ K= .
H,0 8-20% -
Ref: https://www.mckinsey.com/industries/chemicals OZ 2—5% ’

N, 67-77%
NOx, SO,
AARRBEM : CO,8-10%
Ref. Ind. Eng. Chem. Res. 2018, 57, 15963-15970
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https://www.mckinsey.com/industries/chemicals/our-insights/laying-the-foundation-for-zero-carbon-cement
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Raw materials, energy.
and resources

Clinker and cement manufacturing

ilm and preheaters” Coolers Cement mill Logis— Total
precalcinator= tics*
Energy, N ] = O plele] 3NS50 15O os5 A1 3.895
joule ton
CO., 3 1 s 17 e A = | 319 b =] pas=] Pl 1= Ll o
ilograrrm.tom Calc nation Fossil
oCcess fusls
o) 1IN 4 B SE
& IHIEE  T0%MREER IR B LR RIS A 1E
Raw
materials 'l‘l. I _ o o
Silica sand Melting & fining Refining
Limestone : 1450-1600 °C 1600-1400 °C 1050-700 °C 580-25 °C
Dolomite _ ’ ’ '
Soda ash Charglng them | T T T o by (| AS— — S ——
66% externalJ raw material ' w ~  Floating .. _Annealin Cﬁﬁﬁ_igmspectl%.m °
cullet rturnace
Energy ,GJ 0.06 5.28 0.32 0.25 002 0.06 (. mames
CO2 emission, 8 361 (267) 45 (25) 21 (12) 2 TR BIHRS
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 WIRT A RERMAR - £5S - PASISHE - MILHMRAE - BEABREY -

ERINNE : —RIRKR | OBRIRIE ¢ _RBAR

ER
3 210k
WEE — K B R R 191 236 150kg) | 127kWh/t (22%) BlE 397 66
393kWh/t tEEE 123 152 giﬁ sEn | il (SR 65 11
%, : 6.3
R AR 50 6.2 ? ~25kg | EEEEEE) 30
810kWh/t AEEE 28 34 ML 509kWhyt .
100% PR = i 25 31 pm/sie RAR 86.4% s
- 21kg kg |
|
ER 168 20.7 2om s |
MEisea 71 88 162kg 56kg |
= 69 8.5
E%?éiﬁ 37 46 FETE ot 1000kg T T
@R = 37 46 78kg  3kg |
1 & 31 3.8 i
|
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RIS TRL| AR | RUBRRES % | BRAERIES,% | Ref I
1 EERBER *I:}
1.1 2EHR(L 6-7 | 2030 100 15-25 1
12 BEREIARAR | 8 | 2020 100 - 1,2 o 4.9 1 O
1.3 ERME 4| - 75-84 - 3 ®— 4 —umr
2. BB | o e daé
2.1 BIEIRK LIS 7 | 2030 100 1525 [245| @)L 0]
2.2 EEMEEE 9 | HB# 8-10 - 6,7 o
e — © BrRER
2.3 (&R BRI 9 | B# 15 1020 | 28 | @ mm
2.4 BE{LRRRE 7 | 2025 15-25 15-20 9 © sizi:
3. FleRaEiRF A o 5] U X B
3.1 ERERHIE 8 | 2020 1-2 1-2 210 | © =m3:
3.2 BigiifEh 8 | 2020 - - 11,12 | © #&acRE
4. TRHERE - HEFHAA 5-7 | 2030 75 - 1,2,13| @ mWmE/sE/AE
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Just Wind/Solar PV
Transition

Green

- Hydrogen
Finance ok

Net-Zero Lifestyle TAIWAN —
e ‘.
Transition i m Power Systems
Carbon Sinks & Energy
! Storage
12 Key Resource
Strategies Recycling & Energy Saving
Zero Waste & Efficiency
Carbon Capture,
GArbGn-HI00 & Utilization &
Electric Vehicles Storage (CCUS) "
Ref: Phased Goals and Actions Toward Net-Zero Transition, 2022.12.28 - il
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Technical aspects

Social aspects

1. Capturing

\ 2. Purification &

OY=0"0'

e

—L
3. Transportation

4. Storage/Utilization 4

/‘ H“cnmpressinn

Economic &
regulatory aspects

N

Regional &
international aspects

Source: The role of CCUS in decarbonizing the cement industry. 2022,05
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CO: capture

/ CO; capture process
c zconvers;oh

nol
Q. =
N New catalyst A
Emissions

Technology Polycarbonate e
Recycling v

Tower i i
Qil production enhancement

Absorption
Tower

Raw materials for

v chemical products
oty i '

Fuel conversion

New Process
Renewable . Hydrogen s Plant
Energy Technology Emissi Power
missions Station
Energy-saving } Emissions

Pl Techniques \

Chemical

raw

materials

Polyurethane

Source: https://www.meti.go.jp/english/policy/energy_environment/global_warming/roadmap/innovation/ccus.html
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Precipitated carbonate Precipitated carbonate Precipitated carbonate
i Gasification combustion (solid) (solid) (solid)
- ""‘_‘—"—.——_—_—_—\‘s -

e - o
T -200 - CaHSOH(I) 2 COlg) :
E
-3: HCOOH(g) T
'E ~400 1 Combustion : c02le) \ 2 =3
£ A -':.Z\:‘:’-
& 600 By LR Wet
E Mineralizati - b, .:' -.
E _800 - neralization t T (1
a\@." S|ag CO2 CcO
< 1000 4 . : Sla 2

-1200 - ::::ifyffgn:{:?;amm‘ion, at 298 K CECOS‘EJ ‘ l
: : . : : Slag ~ Extraction
4 2 0 2 4 (solid) agent
Average Carbon Oxidation State Direct Carbonation Indirect Carbonation

Standard molar free energy of formation Different carbonation routes of slag. (Ca/Mg content materials)
for several carbon-related substance at Source: Tan et al., J. Co2 Util. 42 (2020),
298 K. https://doi.org/10.1016/j.jcou.2020.101333, 101333.

Source: Pan et al, Aerosol and Air Quality

Research, 15: 1072-1091, 2015 S
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Ca(OH),—Ca2* (,q) +20H" g CO;yg)+H0()—=H;C03,

HyCO3, > H* (2 +HCO57 (g
HCO3 (aq) H (alg1)+CO32_(aq)
CaCOgl)blﬁx
Ca? Jf(‘_j,q)+CO3 (aq)—>CaCO3(s)

SEEA S -
=R=PIN S B

CaCOq7§ﬁ¢
CaC0s(g +2H" gq) +CO3% aq>
Ca(HCO,)y
Ca(HCO,), &l
Ca(HCO3)2(S)—>Ca (aq) ¥
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| Dryroute | | Gas-solid |

Due to carbonated

arbonated &
. coal combustion

Paint Filler

Fwastes — roducts
[ Fﬂdm:] — Direct (Moisture <0.2) 7‘,‘* '. o mj F
’ ser'pe;ﬂn; [ carbonation | Ga;.liqmd] [ Brine!waslaewater] / - ) " ,,,,.'_ | - ning e
- Forsterite ‘[ Aqueous route ]7 o 5/ “EE'T‘.:’EEL%%Z"“
> Wolsstods | (Moisture>02) [ Gas-liquid-solid | | Slurry carbonation | Y -
,. Steelllmaklng slags o
> et i o [ ’M'r?:; mm’““ ]—( Acid/salt extraction | | Base additive | | Aqueous carbonation | o P vy
Fri 1 | D
[ sulfuric acid | [ Sodium hydroxide ! _{_ P D

Hydrochloric acid Ammonium hydroxide
ACE“_C acid Ammonium carbonate
Ammonium salts Ammonium bicarbonate

Mineralization plant

Leaching
Crushing [ || |

Feedstocks _—

Source: Liu et al., Chemical Engineering Journal 416 (2021) 129093.
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70 I CaO I SiO, I ALO, [ Fe,O, I MgO

; 30
E L i
101 H
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iR =SlEA BEEA WIEmRK | RIEEKE | MERNK | MMEEX ta& EEIG IS
B/ ~300 ~160 ~20 ~90 ~160 ~40 ~20 ~10

Extraction/activation

& veme

Residue

siEEES 1=l
LR .
KRB R |

Aitm.. 348 ﬁ)

AAAA_AA ) Waste alkaline .
LA A A ALY solicls
Water source
®

Minerals

Carbon dioxide

-
| IE |
! . b Carbonation ) Carbon dioxide
A = Carbonation
Carbonate Greelﬂ. cementitious
materials
minesals e
CO: minerals
surface storoge
Carbonated minerals Carbonated minerals
b CaCo, MgCO, CaCo, MgCO,
LQMOONONOr

I=k::¥; SEE3PA
Source: https://waste.epa.gov.tw/RWD/Statistics/?page=Yearl - TififzZ2E 7~ =h MR
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C02(9)+ H20(|)_)H2CO3(aq)' pKH=1'5
b H2CO3(aq)_)H+(aq)+HCO3_(aq), pK1=6.3
~ i HCO57 g~ H" )+ CO37qy PK2=10.3

& Step 2.Ca2*/Mg2+iat

2Mg,Si0,+4H,0—3MgO0-25i0,-3H,0+Mg(OH),
Ca/Mg(OH),—Ca2+*/Mg?*+20H-

Step 3. L
Ca2*/Mg2*+CO;—CaC0O,/MgCO,

R RIg /R A
L coJ V1E S 4B B EE A e
D

L ‘ﬁ; S Y AT IR R 1l

OITRI. T Tt = F

2Ca;3SiO; + 6H,0—3Ca0-2Si0,- 3H20+3Ca(OH)2

i Bk ZE W) e PR

Sl et

AL B 15

Es - AR

R SRR LITIE
SRAECEE - R/E=1
fixtR{CRSFE : 1388

Em : 356.7MifkER bR R L+
Elfix8E/] : 118 kg
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Acid extraction(E£Z5HY) Hith
) 100°C
Mg5Si,05(OH), o+ 6HCI(ag)+H,0 ——= (NH,),50,4~> NH,HSO, (+NHy,,

3MgCl,.6H,0,,, + 2Si0, 6NH,HSO,+Ca,MgSi,07 ;) >2CaS04 ,+MgS0 . +3(NH,),S0, . +3H,0 , + 2510,

d O
MgCl,.6H,0,,,, soec, MgCI(OH) 10NH,HSO,)+Ca,Al,Si0;>2CaS0,+Al,(SO,4) 3 +5(NH,) ;S04 +5H,0 4 +Si0,
+HCI(aq) + 5H,0 blast furnace

IMECI(OH, ., -20°C» Mg(OH), , + MgC dlog

. 2(aq) . NH NH = co,
Molten salt(}3 ;%) s . lu ; ’ l
200°C ; | |

Mg,Si,O-(OH +3MgCl,.3.5H,0, . ,—— e roastand ] oI | - .
6g|\3/|g%0|5'|()C| -)|-4(25)Si02 %"‘ 29 5H26 o AST 0 dissolution MgSG‘.,etc.: | Burification —V Arice product CO, capture
. - 1} . ; - ' [ ]
Ammoma(ﬁi“lﬁﬂys crystallization ‘ CasS0,/Si0,
4NH Cl . \+ 2Ca0-SiO 2CaCl + 2Si0, +
4= (aq) 277 2(aq) 2 ¥ (NH,),CO, /NHHCO,
4NH3 + 2H20 g- from CO, capture luti £ Maso
2CaCly, )+ 2C0y g+ 4NH;,+2H,0 > 5 minerrliza‘fion —— SRR
2CaCO, ., + 4NH,Cl % JL
. 3(s) LA (ag) S ¥
Caustic soda({EliRi2) Caco, /5i0, NH, from roast
CaSiOg,)+tNaOH,, > NaCaSiO;(OH) AT Bracicison) N RS (NH,),C0; /NH,HCO,
Na,CO3(,,+ 3NaCaSiO;(OH),+H,0-> 4NaOH , .+ CaCO5+NaCa,Si;04(0OH) __
MgCO,
Source: Liu et al., Journal of Energy Chemistry 26 (5) (2017) 927-935. T s s e
Liu et al., Journal of Alloys and Compounds 774 (2019) 1151-1159 & gg;;;;;ahl;e;ﬁnugggvh "
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Ex-situ Mineral Carbonation

__——-"T'—-—__
. Reactor type S
Feed Stock s F Carbonation Process

Matural Industrial Hig m 3 i ] 1 . . Packed ; m
Minerals BV'FF:"I"““ s 3 e bed Direct " Indirect ~r

- e Slurl‘ly " Rotating Ca!rhmatinn urhn_nil.'i-un m

. z i | ¥ paclued bed [single step) ‘l‘rld.lltll-ﬂip} ﬁ

-,.. ! " ’ atc 0 ¥
Olivine | Serpentine  Coal ! Cement it::: ' . [
s ash waste ! Dy -~ Aqueous  pH Swin Stepwise
Wollastonite Stee;r;;khe Moving bed ry Amom R | careold
Gas-Solid Brine | Slurry Acid
Thin-film extraction
stk 5 i 5 a4 e P A
Process Parameters

Temperature : stichometry (F4)
Reaction kinetics \ Products frmation ~+

CO2 & minerals L/S Ratio - ’ h 5 Gasflowrate m

solubility v Y v

Solution viscosity « Mixing Fressiire pH s Prn-duf.t_f.l’otmam:tn
0z diffusion R T +  Mineral dissolution Adsorption capacity N
Mineral dissolution Adsorgtion capacity COg speciation
Mineral dissoluticn &
CO2 solubility
o s B e e o e e R AN T 4

CO: U_ptake

Carbonation efficiency - - Carbonation products

carhmﬂm time

Source: Chen et al., Journal of CO, Utilization 54 (2021) 101738 £ Igﬁﬁmﬁ%ﬁ
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