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Main messages || 215 E
» There is no magic bullet

8 A RERIRRIRTNE

» We can do a lot applying multiple solutions, mostly already known

EEATEEN, EAIILMMRSERE, NASMERAER
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Cementitious Materials: Concrete, Mortar || 7Kg

i  copper
s  asphalt
8 aluminium
& rceramic tiles
AKX lime
A#f timber
MEL  steel

clay fired...
*E:I:l&%JEI’JE’éiJ&

cementitious

KR

NEFTXNRERA,

o

Cementitious materials make up >50%

of everything we produce
KREM RSB LT mAI50%LL

‘ It is only for this reason they account for

8% of CO, annually.

B 8% Tk K

Low intrinsic environmental impact
(B EXSPRRRZ AR/

Embodied CO2 (kgCO2/kg)
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Steel StainlessS.

Timber (biomass NOT neutral) Recyc. S Virgin S.

i Average S.

Cement Lime R
Bar, pipe Vet e
oPC l 2 «* Plastics
Blends I g #  ppPE PC
| (FA or Slag) 3 Glass PVC, Nylon
] Concrete 8 (virgin, recycled, fiberglass)
Reinforced concrete Aluminium
Lo/hi strength Virgin, Recycl
’ ’
Jimber (biomass neutral)| A0 500
Gypsum General :
and plasterboard) Particle board
T Plywood
Asphalt
HMA @ 4, 6 and 8% Bitumen
Concrete blocks bitumen (lo/hi values)
06 08 4 2 4 567810 20 30 4050 70 100 200 300
Embodied Energy (MJ/kg)

To replace 25% of cementitious with timber would require

planting a forest 1,5 x the size of India

1 A FBAA B 259K, e 35 TP A 1 L T L 551 A
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Origins of CO, emissions in clinker production:
AL R SRR RISRIR -
CO, from the clinker remains around 75% through to the Concrete 1 tonne of clinker leads to the

RPN S URERR LN E75%E68 emission of 750 — 900 kg CO,
~ g Average 850kg/t
1ML HERL 750 — 9002 FCO,
198504 /Mg

® CaCO3 CaCO, /M (k%)
decomposition
(CHEMICAL)

® Fuel RE|

CaCO; = CaO + CO,

The production process is highly optimised up to around 80% of i !

thermodynamic limit. LI mestione E’*_'E

SIS REMNN, HEIERIIFERIRINS0%N LA, o o

It is estimated that < 2% further savings can be made here 80 /0 Of 80 /O

JRféiLT, XEAILLTSE< 2% raw material [R#

Use of waste fuels, which can be > 80% reduces the demand for [
4 fossil fuels - PFL =l

{ERRMARL, BT 80% 3L AR EE K
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Can we make cement with a
different chemistry?

AT LARARRIRA R dharKiels?

EPFL — o



[

What is available on earth? TIiIEFRH+AD]

Mg— rest<?

8 elements make up

more than 98%
of the earth’s crust

8FPITER LEFTHI98 %A I




How does cement work?

Ke2aMa] T{ERY?

7 EPFL — o
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How cement works: | | 7K 2801l T{ERY:

We mix the grey cement I TERKBMEKES
powder with water.

To start with the grains are B%%t, FRREEZEK
just floating about inthe &, BATTLUEREELR
water and we can cast the FHHER

concrete into moulds

Cement grain

U 7K
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How cement works: | |7Kie2%08] T{EaY:

The cement grains
dissolve in the water

KEERALA T 7K

Cement grain

KB IIAL
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How cement works: | |7Kie 24018 T{ERY:

The cement grains ICRERLATF 7K
dissolve in the water

And then precipitate  SRESTIEKEY) —
Hydrates — new solids BEEE MRt
which have higher BT ER S TE—fET
volume and hold the gk -

grains together: I [
creating a rigid solid

Cement grain

TR IR THRL
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What is available on earth? Je T G424 0] FHE?

Mg rest <2%

K
Ca N Na,O ‘
Too soluble % 5 5 #R
K,0
Fe,O,
MO Too insoluble in alkaline solutions A~ 5 15 T 1B
CaO
Sio, The most useful A H
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Hydraulic minerals in system Ca0O-SiO,-Al, 0,

Ca0-Si02-Al203 R RRI7KTIH )

Calcium aluminateh iz 45 /
calcium sulfo aluminate fifi i £5 iR 55

CaO Al,O4

>

Less CaO > less CO,
¥/ ffjCa0 > H/HICO,

BUT, what sources of minerals are there which contain Al,O5 >>
Sio, ?
B2, BFA,LO>>SIO A YIERIREEHA?

Bauxite — localised, under increasing demand for Aluminium
production, EXPENSIVE
R - A, IBAEFTRAARIEIN, MgRSR

Even if all current bauxite production diverted would still only
replace 10-15% of current demand.

BIEERIATEIALA Er-apitrs, AR =RITEKATL0-15%

(-]

Even after nearly 50 years CSA production in China is <0.1% of
OPC

and falling

RIELITIA505F, FERICSAFE1I<OPCHY0.1%, FHEIEEThE




Portland based cements
are an inevitable conseguence of

the chemistry and geology of the earth
RiF=7Kife (FEEREHIKIR) BUFHIMERFHIMIAL

S

Blended cements are the most realistic options to reduce CO,
and extend resources

iEa /KRR ST KR IRERINSERIIRE
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Availability of SCMs || SCMsHA]

B silica fume
BEB \aste glass
A& Vegetable ashes
* i Natural Pozzolan

B Slag
BIRIK Fly ash

rERgENKGRE Portland cement

aka  limestone

Bkt Calcined Clay

Classic SCMs — fly ash and slag represent only
around 15% of current cement production and
will disappear in the next decades

1L G5 IR BH(SCMS) —— B BEACFIE A 15 H i
KIE #M1s% A, AR R [FEE<10%

W Used W Available

0 2000 4000 6000

N+ /v



There is no magic solution ¥ 8 J1 Be iR L 7 &
= Blended with SCMs will be best solution

for sustainable cements for the foreseeable future
FERIFUAIARER, SSCMsHIHF SR HSETKENRIERRS R

= The only material available in viable quantities is calcined clay.
E—EIEBE N AREHNIMEERF T

= Synergetic reaction of calcined clay and limestone

allows high levels of substitution
JBeRE £ F0E R AR E RN ST ASEEIRIEU

EPFL led LC3 PFOJect supported by SDC. Started in 2013
S SREAFIE T Bt SHILC3 I B 4820134,

g Schweizerische Eidgenossenschaft |_|mesfone

Confédération suisse

Confederazione Svizzera CQICined

Confederaziun svizra

Clay
Swiss Agency for Development
and Cooperation SDC Cemen'r
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What is LC® {4 ZLc3 ?
i o
re)
5% Gypsum |E= !u:n
yps 3 m 1 day
15% v -
Limestone § E — 7 dayS
a2 W 28 days
Combustion | Eiaz:a T «
o2 FEECO2 Q. m 90 days
Non-Fuel g
Non-Fuel S

Co2
+ Fuel

Combustion

CO2 + Fuel

Combustion
Cco2

S Tt
CO2+1&

PR >
#C02

95%
Clinker

50%
Clinker

LC3 is a family of cements,
the figure refers to
the clinker content

LC32 AKX 7
& o 2 R ey

PC LC3-50
50% less clinker J&/>50%3 4l
40% less CO, i#§/>40%CO,HER
Similar strength tBERE
Better chloride resistance 1S EIF
Resistant to alkali silica reaction

ERSEaRIR A

[ ==
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What kinds of clay are
suitable?

e TS S ?

EPFL — o
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Three basic clay structures = FfIE ARG 1 45 4

Montmorillonite (2:1) lllite (Micas) (2:1)

Kaolinite (1:1) =it 1 =0
aolinite (1:1) e (Smectites) SR

@ aluminium

® silicon

“Metakaolin”, sold as high purity product for paper, ceramic, refractory industries

Requirements for purity, colour, etc, means expensive cement (3-4x price)

WERRLEASHEFRLE, ATHER. BE. s, MaE. meFIeEKR. —REKEMNEII3
EME

Clays containing metakaolin available as wastes KRS+ SERLTRESHSEER

— over or under burden NOT agricultural soil JE£& +15E
Much less expensive and often available close to cement plants M&EESZ, BEKRE &
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Over 70 clays studied from around the world

Fs kB tH R Sy 7057k 1+

; 1 0.00
104 - :
—4-0.05
> Different calcination conditions 1 lot0 ~
Z:lﬁ_lﬂ’_] ‘1757.1‘14: &g/ 96 - 1 &
> Different compositions, impurities . =
RIS, = S % 1-0.20
> Different physical properties - 1o
AERUDER MR - -
84 . , . — : . - -0.30
0 200 400 600 800 1000
Temperature (°C)
0% 17.0%  35.0988.9% 50.3%  66.2%  79.4% 95%
S 1 ||
Quartz % of calcined kaolinite in the calcined clay

Pure kaolinite pr=— @@
e T el A= S MO [==DA =PrL =l
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Benchmark test of clay strength

» Compressive strength EN 196-1 at 1, 3, 7, 28,90 d
ETFREEN 196-19058I7EL, 3, 7, 28, IO KRHIFUERE

» Linear increase of strength with the MK content of
calcined clays

S8 EREIRIRL TAIMK S B LR

» Similar strength to PC for blends containing 40% of
calcined kaolinite from 7d onwards

FBIXRFIE, RBL%BREIR TR SYINEESPCEL
» At 28 and 90 days, little additional benefit >60%

80 -

D
o
L

Compressive strength (MPa)
w P~
o o

10 4

£ 28 KF0 90 RS, D EERIMIITFLL >60% :
0 | ! | ! | ! | ' | ! |
» Minor impacts of fineness, specific surface and 0 20 40 60 80 100
secondary pha_s\es / Calcined kaolinite content (%)
ME. REN XBERVRMEE

Calcined kaolinite content overwhelming parameter _ —
I R R B T (1 £ 3 EPFL =
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Ideal kaolinite content 30-60% F 48 1] =% + 4 &= ~N30-60%

» Higher contents, possible to use more limestone & &, TS 8 I H 2 14 KA
» Even better return on investment and climate-friendly 245 T 1 2 55 5 A AE A 22 300N,
» Lower contents can be enriched by separation &%  & v LLE 7 2534 2 & 400 H 1

» Separated, fine quartz can be sold as a separate product 7y &5 S kS 447 S A] LI Ay 5
PRI o

» These kind of materials are not documented in official reserves of “kaolin”
XA R e b B E TS R A e
» The amounts of suitable materials 100s of times higher than such reserves

SR b A @RS R AR B 2 EE X R i 25 = 100 2 £
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DIStFIbUtIOﬂ Of KaOhnlth C|ay5 %mé\::*[lj 1 /(Jéj\ﬁ‘ Ito and Wagai, Scientific data 2017
0-5m

fobuca | | ki
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Process to produce LC3 / LC2
LC3 / LML= TE LC?

Blend RENRIFRE T S 3
lintergrind RSN =) =t1l=
calcined clay SRS /HE
with clinker
limestone
and gypsum

Find suitable Process : Use in
Calcine clay
clay clay Concrete

R 4B HOR JE S 1 Bkt £ " IERS R

/intergrind
calcined clay
with limestone

Expertise

coming more % lFxPz*Ei'iﬁ and gypsum
from brick KEMases
industry /A
ZKBR1T

RS RIR
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[C3

Blend at cement plant

LEIKIE T e A
= oy R 1 3 =

[C2

Blend at ready mix plant

LE T A VRS

Ordinary®PortlandTementEA00&kgERR

bags
Conventional@solution

MBI KR 100kg=2%%
DA

1bag
of portland cement 50kg

N

1bag
of portland cement 50kg

N

£100kg
HE K e HE

e A4S

LC3:A 00k g2 ags

standards@nEmost&ountries
ClinkerZFactorZ®0®6

(pre-mixedeat@actory)iNeedsthewl

LC3: 100kg=2%%

(T fiUR) EAZHERT
HHERAE, RIS E50%

Portland cement 25kg

Calcined clay

Limestone

Gypsum

Portland cement 25kg

5 kg

7 5kg
25k

Calcined clay

Limestone

Gypsum

75kg
2.5k

100kgL

15kg

=3 N3 7 oira =4

LC2:A 00k gRFA Db agPortlandFEA Db agillC2

(mixedzat@oncrete@eady@nixBite)Alreadyd
possibleRwith@xistingBtandards@nEmostl
countries,EClinker@actorZlsoB 06

LC2: 100kg=1%%;

FZIKR+1EELC2

(R TIFES) EASHEFIRE
FIE KO IASEEL,; 2R & &E50%

1bag
of portland cement 50kg

100kgLC
27K e HEK

Caleined clay 30kg

Limestone

(5kg
ikg

CO2@EmissionsZL]

CO2@missionsZL] 5 . CO2@E@missionsZL]
80&kgmer@ookg | N 80kg 37J</)Eﬂijﬂﬁ§ 500kgkber 00&g 50kg % SOkg®er@OOkg
Sk 50kg 0 .
MWK = =

!

=



Calcination of clay

e Cyes

EPFL — o
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Temperature window 700-850°C | | 1. & 1 700-850°C

1 5 0.00
104 - 1
] 4 -0.05
100 H 1
= . 17°% &
3 96 - ideal range | = <
r HAEX [ 2
92 -
= 700-850 q-0-=20
884 4 A\ N
84 T v T v T v T
0) 200 400 600 800

emperature [°C)

850-1000 °C )
<600 °C 600-700 °_C Surface area >1000”- C
Not reactive dehydroxlation redu_c_ed hcrystallc ine |
N =] complete but reactivity phases forme
reactivity increases decreases no Efeac/tn{ny
R | TRk REFRD RSN cprp S
RN R TR Rt =
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Calcination methods: || #&ke /15

Rotary kiln [E|3% %
» Advantages 1L %
» Robust & SZ1i H

» Tolerant to moisture content up to 20%MiES &

=1X20%

» Fairly large particles (few mm) can be calcined
efficiently ATLABERUEERIFRIEZAARAIER. (JL=XK
)

» Easy colour control technology % 7 2 il Gt
» Disadvantages %5 %
» Reputed to have higher energy consumption &&

FEEE

But real kiln built in Ivory Coast has energy of 550

kCal/ kg, 2.3 Ml/kg (BRESF B FEIENELEIFIES
To date testing many clays indicates no significant difference in reactivity
E5 AL, WEMRETNRE, RN4EREEEER

Flash calcination PRI B 1%
» Advantages 1IL.%#
» Calcination more energy efficient BEXYEE /5

» Lower opex? BEAKHIEAT A

» Disadvantages %5 %
» Very low moisture (<5%) AE%5 (K2 &= (<5%)
» Dryer and dry storage silo required 75 22T,
ATt A7 &
» Small particles 7Nk
» crusher 75 S8 FH B AL

£9550 kCal/ kg, 2.3 MJ/kg




Limestone
Calcined 3 . ' h
Clay
Cement LOW CARBON LOW COST LOW CAPITAL

House built in Santa Clara, Cuba with LC3
EEEE AR ALC3EISRIEF

=]im
PFL
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Demonstration structure =341

Around 14 tonnes of CO, saved
Compared to existing solutions

SUERRASERL, B2 14 HCOHER
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New Calcination plant Ivory Coast
SR BEIRGE
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Colour control at Ivory Coast plant &85 T XEiaiss)

SASENMNURAN SR S = | ANREY IEEE

NED CLAY
RAW CLAY

OLOR CONT®
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Key Advantages (&

* Chloride resistance &4t

* Suppression of alkali silica reaction

DR

=AY,

2N

EPFL © g
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Chloride ponding ASTM SU{t¥IiF=E ASTM

Total chloride content (% mortar)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

10

- ¢ = Clay

—a—0OPC

—e—Clay+LS
- 4 - Slag
—a— Slag+LS
-e-FA
—eo—FA+LS

Apparent diffusion coefficient (E-12m?2/s)

3

2

1 L1
11 =

10 20 30 40 50 PC Clay Clay+LS  Slag  Slag+LS FA+LS
Depth (mm) - .
Apparent diffusion coeffs.

BEAYY RN
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Workability T /E MR

» Workability, good properties can be controlled by admixtures
AlEE I MINFFE SRS REFR TEMERE
» New admixtures coming on the market

FTININFRIRLRE L

» Good cohesion, well suited for SCC
MR, RESBEZESLRERT




Limestone _
Calcined 3 . l b E§=
Clay —
Cement LOW CARBON LOW COST LOW CAPITAL

Calcined Clay only SCM which can expand substitution
EFera T Nsem, aILAT KB

>0 > 800 million
45 19 Tonnes CO,/yr
> 800 B/AIE CO,/5F
40
35 : > 400 million
20 0 Tonnes CO,/yr
> 400 BRI CO,/<E

% of the total volume of cement

- =1 WL
o |
1990 | ZOCID| 2005 | 2006| 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 [ —
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Financial Feasibility
755 e] 1714

EPFL — o
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asrer Reduced cost: Cementis study

h%ﬂm . IKBHER

US $/tonne

45

40

35

30

25

20

15

10

M clay close to plantkh - 457 T
M clay @ 200 km from plant

Fh-HEEES T 200km

OPC ref
OPC=*%1H

Integrated Plant
AlE

OPC ref
OPCx#1H

Grinding Plant
I %

Financial
Attractiveness

Report available: 4 @it DL 583545
https://Ic3.ch/wp-

content/uploads/2020/10/2019-

LC3FinancialAttractiveness-WEB.pdf |

EPFL



https://lc3.ch/wp-content/uploads/2020/10/2019-LC3FinancialAttractiveness-WEB.pdf
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LC3 activities across the world
LC37EtH R EHAE LN

Figure 6

LC3 activities across the world

Legend

‘ Permanent and trial production
or feasibility studies conducted

. High interest in LC3

~ First contact o academic exchange

EPFL — o




CONCRETE

gC =i Many projects announced around the !
2E FYTURE

ca globe 2IXEHRIRZSIE

Abidjan - 0.3 MTA
Calcined Clay Plant

—In Production
P Lt — 0.3 MTA Jgs

Denmark - 800,000
tones Plant — In

Production
#3%&-800,0000 T |~ -4 f= ch France —

Nebraska USA —
Calcined Clay Plant —
In Production Ash

*  Holcim plant to be commissioned by
Grove : 2024
EERRETINM - BRERs sEE-
T - & IR *  #EK-400 /X IEEE T 2023 FIETM
* XInL] BT2024F8 =

Spain - 4tpd Plant —
In Production Mumbai - In India ACC
FRBEET - 4tpd T~ - and Ambuja are at the
A e forefront of calcined

ML - EF *  Vicat - 400 tpd Commissioning to be
completed by the end of 2023

1) Ghana- 1.32 MTA -
The new plant expected to
start operations in 2024
2) Ghana— 1.5 MTA - The
plant is scheduled to be

. commissioned in the 15t
Production

S EETF — 0.45 MTA Q23.
&El;%*gir_iﬁzq: 1) fngk-1.32 MTA-$ T T

T 2024 EFFIRIEE
2) AN/ -1.5MTA-IZ T it
TF23EE—FFHR™,

Colombia - 0.45
MTA Calcined Clay
Plant — In

Angola —Cimangola
plant in Angola

—In Production
LB - LIRS XA T
-4 =h

clay development and

have begun a project
with the Indian

Institute of Technology
Delhi to develop

calcined clays.
# X - ZEENE, ACCHIAmbuja
RFBEer R MRIE, I
ESERMNEET ZRARAT
RIBBRE L RIE .
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Substantial reductions in emissions ~80% could be achieved

by working through the whole value chain
BB MMESERY LIE, vILASEINZ980%HIANEIRHAE

Few Few producers Many Chain of i i
producers Largp saNing producers deciders: Big changes in
L . - Implementation mindset
Quick wins botential Implementation ditfioult needed
implemented AR T very difficult very ditricu o 55 [
SRR fepnmn\ | PEEEE R WEEEERE
LS| St Ap R SRR
Reduce CO, Reduce clinker Reduce Reduce More efficient
from clinker cement concrete (re)use of THE EUROPEAN CEMENT AND

Technology osses: for full decarbonisati

LIS in concrete in building buildings

production NP :
prereel | vl (WIS EOSTTT W S
o T i mtobire R 25

« Efficient plants =X« « Aggregate grading ‘& #1452
« Waste fuels JEF N\ « Good admixtures K 114N
« Alternate raw o Use filler f# HE 7Y

materials 1] Z AL JE PR
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Efficiency of binder use (29 countries) ¥4 SFUEANE (291 E=R)

20

Binder Intensity (kg/m3.MPa)
[N
o

~ 250kg/m?3

20 40 80
Compressive Strength‘f"EE?ﬁE (MPa)

100

DAMINELL, et al.
Measuring the
eco-efficiency of
cement use.
Cement and
Concrete
Composites, 32,
p. 555-562, 2010




' Recommending a new paradigm for the built environment
‘ RN A
Global consensus on sustainability in the

G I_ 0 B E built environment

KT EEFING ?%'Tf;kf HHYSEREER
* High level policy advice = 2% HI|IB 3k & 18] [ Resience |

D”mb'“ty EXECUTION &

* More than 150 nations 150*[E 25 MAmTENANca

e 5000+ experts 5000+ % 5

Envlronmentul
mpucts

/

www.globe-consensus.com | # I!

* 50+ years of expert networks 50" % 3¢ W 2%
* Standards and guidelines £rAE5 AN

e Research and education tF R 5# &

Clrculur

Economy

* Innovation BlJ3T
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Research needs
for Cementitious Materials:
forthcoming paper in Rilem Technical

Letters
IKJB AT B IR 0 75 3K 7] BA= WL EI R K R 7ERilem Technical Letters i 3C

Karen Scrivener, EPFL Switzerland
Mohsen Ben Haha, Heidelberg Cement
Christophe Levy, Holcim
Patrick Juilland, Sika




Watermelon: and 30 key questions H 4£F

Mineralisation
LA
Non-concrete \

CO. Capt Altematlve
CO, Use raw materials
Lo R0 SRR

CDW
iR+ Ccbw
Recycled CO, Capture Use Clinker
concrete fines Storage B
YELEE - B I ] il AR, FH. 7
Recycled
concr;te aggr. Recycling
K Y B o] LY
Ee
R European R&D domains
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Concluding remarks Zx_E A

> Substantial reductions in CO2 possible XIEER> — S tikHERT
= At cement level by increasing SCM substitution fE7K/EEHE, IRESCMsHIEE
= At concrete level by minimising cement content 5,5t - EH, REFVI/KESE
= At structure level {2 RNZEME

> All of the above will also lower cost ARG EiEHISIRKK A

» Remainder CO, can only be dealt with by carbon capture and storage

high cost, infrastructure not in place. FIRN "SR REEBLBEEAEIE A,
(BpkAE, BEMIRHERAZNI,

» Calcined clays are the only realistic option for extending the use SCMs
JB7eRh - RIEI SCMs{E FBRYME—INSCAYIESE
» Can be done FAST and at SCALE gelusEt A tEagscI
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Thank you

More information on:

Sign up for the
and follow us on:

§ @LC3Cement
@LC3Cement

> LC3-Low Carbon Cement

IN LC3-Low Carbon Cement

R® LC3-Limestone Calcined Clay Cement

Schweizerische Eidgenossenschaft
Confédération suisse
Confederazione Svizzera
Confederaziun svizra

Swiss Agency for Development
and Cooperation SDC

LC3 Project Office

EPFL STI IMX LMC MXG 233

Station 12

Swiss Federal Institute of Technology
Lausanne

1015 Lausanne, Switzerland
LC3@epfl.ch



