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LC3 / LC? opportunities for fast and large scale
decarbonisation and cost reduction
of cement and concrete

Professor Karen Scrivener,
Fellow of the Royal Academy of Engineering, UK
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Large potential for LC3 :

» Blended cement with similar final composition existing products

» Confidence in long term performance
» Already covered by existing standards (to some extent)
» High reactivity of calcined clays allows high levels of substitution
» Excellent resistance to chloride penetration and alkali silica reaction
» Suitable clays widely available

Issues

» Clays need to be identified
» Needs calcination process
» Different workability
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ALL Materials

39 Gt 19 Gm3 ~8 Gt

m wood
m plastics
W aluminum
m steel
m asphalt concrete
m glass
brick
m concrete

Mass of Material Production (Gt)
Volume of Material Production (Gm3)
Fossil CO, Emissions from Material Production (Gt)

Mass Volume CO, emissions
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Much of the path to net zero is low cost

co,

CO, savings

Efficiency in design and construction

Most emission reductions Efficiency in concrete production

can be achieved with costs
lower than 20 USD/t CO,

Savings in cement & binders
(overall zero cost)

Switching to alternative fuels and
energy efficiency

Carbon Capture, Usage and
Storage can help save CO,, Carbon Capture,

but at a very high cost Usage and Storage

Cost savings High cost
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"Portland” cement
IS an Inevitable conseqguence of
the chemistry and geology of the earth

No alternative can be produced in quantities needed:
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— reducing the cIinker factor 1
Process optimisation t: ! clinker factor

CIinker Gypsum Cement

+

SCMs — Supplementary Cementitious Materials

. .
.

Limestone Fly ash Slag Calcined clays

Often by-products or wastes from other industries
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Availability of SCMs

silica fume

Classic SCMs — fly ash and slag are only around 15% of current cement production,

waste glass will drop to < 10% in near future

Vegetable ashes
Natural Pozzolan
W Used | Available

Slag

Fly ash

Limestone I

0 1000 2000 3000 4000 5000 6000

Mt/yr
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Calcined Clay only Supplementary Cementitious Materials which can expand substitution

p

55 =
50 - £ .

c E > 800 million
45 S35 Tonnes CO,/yr
40
35 = > 400 million

C

o S Tonnes CO,/yr

| o O —
30 — O

B W Others

M Pozzolana
B Fhy ash
Oslag

10
OLimestone

5 of the total volume of ce ment
I

1990 | 2DCD| 2005 | 2CN36| 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018

‘World
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How does LC3 reduce emissions?

300’6
Calcined Clay
Non-Fuel
Combustion
Co2
+ Fuel
95% Combustion 50%
Clinker Cco2 Clinker
CEM |
co,
-i
LOW
CARBON

Combustion
CO2

Non-Fuel
Combustion
CO2 + Fuel
Combustion
Cco2
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LC3 has comparable strength to OPC

=@

HIGH
PERFORMANCE

Compressive strength (MPa)

70

PC

LC3-50

m 1day

7 days

W 28 days

W 90 days

LC3-50 = 50% clinker.

= 50% less clinker

= 40% less CO,

= Similar strength

= Better chloride resistance

= Resistant to alkali silica reaction
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Calcined clay vs. other pozzolans
ASTM C1897

natural pozzolan (R3 test)
1100 -

2409140°C 1000 -

| Chilean Natural Pozzolan -
200 - 900
- ——95.0% 800
160 - —79.4% 700 A
1 —66.2% ]
——50.3% 000
] — 38.9% 500 ~ E_é
] 17.0% . —1
40- 0% 300 - -
| 200
0 I"—-—I—fI 1 ! I i I i I ! 1 ! 1 N 1 100 =
0 20 40 60 80 100 120 140 160 1
PZ FA SL

Heat evolved (J/g)
Normalized per gram of solid
N
o

Heat at 7d (J/g SCM)

0

CY SF
#N=6 #N=8 #N=6 #N =10 #N=5

Kaolinitic clay with the lowest kaolinite content is more reactive than
most pozzolans commonly used in the industry!!

F. Zunino, RILEM TC-267 TRM

Time (hours)
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° H ° Roadmap ICH/FICEM 2019
Comparison with natural pozzolans, example Chile
* Pozzolanic cements have been in widespread use since the 1960s
* Standardization built around the cements available in the local market

70

High strength (80% CK m PC
gh strength (80% 1) ) NCh148 Grades
) m H. Str. Pozzolanic (80% CK)
General use (65% CK) % ngh Strength
= 5 B General Use Pozz. (65% CK) General Use
S
o W 35% CK
[
g 0 W 25% CK
(Vp)]
SE
)
Clinker O
LC3-35 (35% CK) savings g 20
S
10
LC3-25 (25% CK) 40'45% II III
: u in
Sample Age (d

The reactivity of SCMs matters!

12
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Addition of calcined clay to limestone blends:
strength higher than OPC reference at 28 days

100
80
60
40
20

0

PC1

LS15 MK30 B45 B60

Metakaolin [%]
m Limestone [%]
m Cement [%]

140% -

120%

100% - - mildmsm — —— ===~ — R e

80%

60%

40%

20% -

0%

= 1 day
m 7 days
= 28 days

OPC LS15 MK30 B45 B60
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Juracim Coraux Switzeland: much better results than in the lab

70 B Normo4 60
B Jura Eco3 O OPC
— 60 B LC350 0 LC350 52.5 0.0
& mLC335 54.2 5 g 50 O LC3 50+ 0.50% DEIPA s6s 3T
> — Limits for 42.5N - W LC3 50+ 0.50% DEIPA +1.5%Sulfates T !
= 30 45.4 431 46.8 % — Limit for 42.5N _J- - d=- 1
< ' 40.6 = 40 | :
c 40 o 5 1!
L 31.2 32.2 c .
@ 27.2 s 30 24.8 I
S v [
@ ‘s 20
@ 20 2 13.8 1!
o ' = 12.5 _ 11.5 [ |
o 8.8 = ot = 1
© l
0 0 L
2 day 7 days 28 days 1 day 2 days 28 days

CEM I1/C M(Q-LL)
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Financial Feasibility

50

Report available to download: = clay close to plant OPC ref
www.lc3.ch 45
. . E clay @ 200 km from plant
Financial
® 40
Attractiveness
3 =
of LC 35 OPC ref ——
- i | ==
30 _ | ————— |
Qo _—
c —_ —
c | — | EeEee—
9 25 ———
PN = =
N 20 —
o Ee—3
15 ——
10 ——
o 5 =
0 = =—— e ee——
LOW Integrated Plant Grinding Plant
CAPITAL
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Why can we get such high replacement levels?

» Calcination of
kaolinite at
700-850°C gives
metakaolin: much
more reactive than
glassy SCMs

» Synergetic reaction of
Alumina in metakaolin
with limestone to give
spaceMsfiILicng hydrates

Hc
Strat . AFt Hc C4AF AFt CH AFt Ms Strat. AFt

® aluminium

S OPC
DS bty e e
1d

silicon

5 10 15 20 25

Ms M Hc
Strat.  AFt Hc CMF AFt CH AFt Ms Strat.  AFt

28d
1d

AccV épnt Magn Det WD et e .
2.00kV 3.0 15000x TLD 1.9 Calcined - 800°C /60 min -0% LS Position [ 26 ]

Y A
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What kinds of clay are suitable?



Three basic clay structures

Kaolinite (1:1) ('\g(r)nr:g;zl)lonite (2:1) |(||2I?[§)(Micas)

® aluminium

® silicon

“Metakaolin”, sold as high purity product for paper, ceramic, refractory industries
Requirements for purity, colour, etc, mean expensive 3-4x price cement

Clays containing metakaolin available as wastes
— over or under burden NOT agricultural soill
Much much less expensive often available close to cement plants

,_
Q
=
=
>
2
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Over 70 clays studied from around the world

- 0.00
104 - :

1-0.05
Different calcination conditions . lot0 ~
Different compositions, impurities 7 o6 ] o
Different physical properties = 101 ©
£ o {020 }

88 1 4-0.25

84 -0.30

0 200 400 600 800 1000
Temperature (°C)

0% 17.0% 35.0% 38.9% 50.3% 66.2% 79.4% 95%

S 1 N

Quartz % of calcined kaolinite in the calcined clay Pure kaolinite
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Benchmark test of clay strength

» Compressive strength EN 196-1at 1, 3,7, 28,90d

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

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

» At 28 and 90 days, little additional benefit >60%

» Minor impacts of fineness, specific surface and
secondary phases

w
o

Compressive strength (MPa)
N
o

Calcined kaolinite content (%)

Calcined kaolinite content overwhelming parameter
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Need any material with >30% kaolin

» Cement plant quarry silico-aluminate source
— often part least suitable for clinker

» Aggregate washings
» Industrial Solid Wastes:
» Mine Tailings
» Over / underburden from ceramic grade quarries

» etc
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Suitable clays presently stockpiled as waste
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World distribution of kaolinitic clays

SCALABLE

Source: Ito and Wagai, Scientific data 2017
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In use qualities
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Self compacting concrete: cohesion

50% FA: 1.5% WRA 50% LC%: 1.2% WRA

Harsh Vardhan et al. 2020
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Bond with reinforcement

Bond strength (MPa)

O N & OO

[ S S )
o N b

OLC3-12mm
®LC3-25mm
APPC-12mm
A PPC-25mm
OOPC-12 mm
® OPC- 25 mm

15

20 25 30
Compressive strength (MPa)

35

40

45

50
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Flexural strength

Flexural strength (MPa)

O B N W A U1 O N OO ©

*LC3
A PPC 14 e
® OPC he ,
°
10 20 30 40 50 60

Compressive strength (MPa)

70
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Split tensile strength

w
w U »

N
0

Split tensile strength (MPa)
[y
R N

o
0

o

*LC3
A PPC ¢ o ¢
® OPC A
o ®
A
10 20 30 40 50 60

Compressive strength (MPa)

70
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Elastic Modulus

¢ LC3
A PPC
® OPC

Elastic Modulus

20 30
Compressive strength (MPa)

40

50
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Shrinkage of concrete

600 1 ... opcc

A
e
>

 Total
| shrinkage

Shrinkage (microstrain)

g m | Increase in autogenous

Pl s S S LA
= - | shrinkage

J

0 "‘ L] ] T T 1
0 100 200 300 400 500
Exposture time (t-tp), days

600 -

_y Total
shrinkage

Shrinkage (microstrain)

e i ‘,Increase in autogenous

: """""[shrinkage
0 v . T T 1 : T 1
0 100 200 300 400 500

Exposture time (t-tg), days

Dhandapani at al. 2018
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Creep, significantly lower

120 T T T
PC0.4

LC3 (15%)
LC3 (25%) _
LC3 (45%)
LC3 (50%)

= C3 (60%)
LC3 (95%)

-h
o
o

(o]
o

But no evidence

Creep compliance [pm/m/MPa]

60 - 9 of increased cracking
40 - /
20 §

% 7 14 21 28

t 'to [days]
Ston et al. 2019
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Comparison of LC3 concrete with

concretes prescribed in Dubal

A report on the Dubai Building Code for sustainable concrete - 2021 edition

=Pi-L
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Strength class C28/35 C40/50 C72/90
Materials (kg/m3) Dubai ~ LC® LCPopt. Dubai LC® LC%opt. Dubai LC® LC3opt.
Total binder 380 380 325 420 420 375 510 510 510
GGBS ratio 369 v 36% v 26%
SE ratio 55kg (15%) 45kg (11%) 804
w/b ratio 0.42 0.42 0.61 0.36 0.36 0.48 0.29 0.29 0.26
SP (%) 0.50 1.56 0.20 0.50 1.97 0.50 0.75 1.97 2.50
Slump test (mm) 10 - 100 10 - 75 10 - 10

Materials and Methods
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Results and Discussions
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C28/35

C40/50 C72/90
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Results and Discussions
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Building with LC3

LC3 is already produced industrially in major plants around the world and used in large-scale
building and infrastructure.

A few examples in Latin America and Europe.
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Industrial projects: Cemento Verde ARGOS, Colombia

Dynamis
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Europe

= Holcim’s ECOPlanet LC3-type cement used for
constructing a marina in Marseille, France for the

2024 Olympics.
= Tilia Tower®©, Switzerland is an ambitious and

sustainable high-rise building.
= Slabs and internal walls are in LC3from Jura Ciment

= External facade in wood

© Holcim

La Malle calcined clay cement used in marina in Marseille for 2024 Olympics

Tilia Tower©, Lausanne, Switzerland
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Mapping Calcined Clay Plants

.—b v.‘_-

- 3

@ Kaolin Group
» 2024

» 2023 @ Heldelberg Matenals/ @ 2 1C21C3
& CoB Forterra, U (@) & 200 ktyear
A 15 kiyear Demonslmlms
(%) JK Lakshimi Plant
@ Ash Grove @ Aalborg (Cementir Group) » 2016
A 100-200 kt/ » 2022 103
& 500 ki/year & Small production
@ Holcim -
» 2073 @ Holcim @ Jaykaypuram plant/
o3 lee) Guat » 2023 JK Lakshimi Plant
A 1.5 Mtfyear & 600 ki/fyear » 2016
L1C3
@ Universidad Central Cimpor & 5 Mu/year of clinker;
“"Marta Abreu" de Las Villas calcined clay cnpﬂcﬂy
» 2019 Secil ot yet known.
2103 A 50 ktiyear
A 15 kifyear
Holcim ) )
@ Cementos Progreso » 2023 @ Cimpor (OYAK Cimento AS)
» 2025 £ CCB » 2023
2103 A& 500 ki/year
@ Holcim Lafarge
@ Argos Cementos @ Vicat / 2103
» 2019 FLSmidth & Co. A/S & 800 kifyear
Q13 . it " » 2075
otorantim 13 i 3
& 1.4 Mtfyear Cimonitos L0 Twiga Cement (Heidelberg)
@ Unacem » 2019 @ HeidelbergCement @ Huaxin, Shayona Cement
» 2024 » 2075 and Cement Products Ltd
5103 (i) Cimsa » 2022 »
A 800 kyear » 2025 3 Holcim @103
@ vi i @) Kaolin Gi (@) HeidelbergCe
icat & CCB aolin Group eidelbergCement
® bt » 2009 » 2023 » 2072
» 2075 & CeB %) Heidelberg ©1C2
L3 » 2075 & 100 ktfyear @ CBI Ghana
() Ciplan Cemento A Expanding to include a facility » 2023
Cementos » 2019 1o produce calcined clay @ Nova Cimangola 2103
Avellandeda » 2024
G1C3 (%) Votorantim (5 Jura materials ¢1c3 Gimpor (OYAK Gimento AS)
A 50 kt/year » 2019 » 2073 & 15 Myear » 2020
LC3-activities across the world Production {%‘ E P F L
. Permanent and trial production or feasibility studies conducted First contact or academic exchange ®» Sitarl A& Amount 4

. High interest in LC3 No activities 2 Type Iechmcal Resource Centr&s Alnca / Asia / LATAM L.C3 Project Headk puspe
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Concluding remarks

v" Substantial reductions in CO, are possible
v' At cement level by increasing SCM substitution
v' At concrete level by minimising cement content
v' At structure level

v" All of the above will also lower cost

v Remainder CO, can only be dealt with by carbon capture and storage at a high cost, infrastructure not
in place.

v Calcined clays are the only realistic option for extending the use SCMs

v" Can be done FAST and at SCALE

N e @

LOW Low HIGH
CARBON CAPITAL PERFORMANCE
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Exemples d'entreprises

ENTREPRISES  wn r
INTERNATI QS Samiigfmam riﬁ?g;;
C W S C P SUISS ES ET Soprema Morand

LOCA LES Losinger / Boliygues Soitas

.

C

ASSOCIATIONS

MIEEELI PROFESSIONNELLES
Vial = =
ElementAG FEDERATIONS

Exemples d’'associations
Fédeération infernationale du béton
SIA
FUSTIC
Buitding Innovation Cluster

Centre de compétences en
rénovation des bétiments

CENTRE FOR WORLDWIDE

SUSTAINABLE
CONSTRUCTION

Exemples:
e =PrL
UNECE -
WEF Chairs in Lausanne
Ciimate Leadership Init and Fribourg
European Climate
Foundation
ORGANISATIONS
INTERNATIONALES PARTENAIRES
0 N G ?' Exe_mpfgs duniversités AC A D E M I Q U ES
FONDATIONS i i oot ooy INTERNATIONAUX
1 KNLTS‘?; ’glfana
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Thank you

More information on:

Sign up for the
and follow us on:

f @Lc3cement . _
LC3 Project Office

@LC3Cement EPFL STI IMX LMC MXG 233
Station 12
> LC3-Low Carbon Cement Swiss Federal Institute of Technology
3 Lausanne
IN LC3-Low Carbon Cement 1015 Lausanne, Switzerland
LC3@epfl.ch

RG LC3-Limestone Calcined Clay Cement

Schweizerische Eidgenossenschaft
Confédération suisse
Confederazione Svizzera
Confederaziun svizra

Swiss Agency for Development
and Cooperation SDC






