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Ternary cement with calcined clay
and limestone, LC3

Prof. Drhabil. Fernando Martirena
Universidad Central de las Villas
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Collaboration with Prof. Karen Scrivener and LC3 Project
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The pursuit of sustamable alternatlves toreplace Clinker with
Supplementary cementitious Materials
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The cement Iindustry IS moving
towards lowering carbon
emissions!
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Forecast growth cement production
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. The price of a ton of CO2
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Costof 1 ton cement

R S O —— “The 50 euro-mark has some significance since it
¥ carbon tax
Aerta carbon tax has been a target price for some investors for a
;::Ia;d
carbon tax " " . .
foere cam number of years by now,” Ek said by email.
f::bilgn ax l:ﬁ;;l:ﬂ: Iraland carben tax BC carbon tax y . . .
oo Fundamentally, we believe prices can go higher than
US§ 25/ a uébec CaT
" N iy
O cerang Latun cardan tax i that, but also expect some tough political
ETE  carbon Slavenia Japan . . . .
Bona |1 e cre Mexico carbon discussions on our way to 100+ prices which may
s Colombia car °: ax ) . . ”
I l amenul @ I" 3 Sranghai California CaT turn sentiment at some point.
o /Dallndurbnntl: .\RGGI ::rb:f'litlx Guangdong — Ukraine carbon tax . )
10, T | , , | pllot ETS ——— , | , https://www.bloombergquint.com/technology/carbopermits-

o 1o o o o o s o o e e hit-record-50-euroson-tighter-pollution-rules 8

Share of GHG emissions covered in the jurisdiction



Limestone —
Calcined - .,,\“"",
Clay ' === S g2
LOW CARBON LOWCOST  LOWCAPITAL  HIGH PERFORMANCE

www.LC3.ch

Paths towards decarbonization of the cement industry

CAPEX: $US 4460/t installed capacity

Clinker substitution

Improving efficiency Alternative fuels CCECU

This is a scheme designed to aid presenting the situation. Figures used are estimated

The quickest and by far, the cheapest way to reduce carbon emissia
the very short term is replacing Clinker!!!
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Clinker substitution

CEM I

Limited to 20%
low reactivity
(alone)

Limestone

CEM 1I/ CEM IV

Availability
declines
Expensive!

Often low
reactivity

Elaborationof a sideProf. KarerScrivener
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Global trend In clinker substitution
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A Almost no progress in last 5 years
A Only 3 substitutes used in quantity

2010

® Limestone
m Slag

m Fly ash

B Puzzolana

m Others

2011 2012 2013 2014

U.N.Environment K.LScrivenerV.M. John, E.M. Gartn€&ementand
ConcreteResearchecoeffi cientcements Potentialeconomicallyiable
solutionsfor a low-CO Zementbasedmaterialsindustry « , (2018). 11
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Blast furnace slag available is limited

2000 -
= 1500 158\1
< =
s :
(=

£ 1000 108
= =2)
3 ©
2 )
o 500 .....0................ 5 |5.|5

0 0

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
e BFS Iron —-BF Slag=e=BF Slag/Cement

SlideProf.Vanderleydohn 12
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Fly ash generation will decrease
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Avallability of SCMs

silica fume | Classic SCMs 1 fly ash and slag are only

around 15% of current cement production,

waste glass . .
J I will drop to < 10% in near future

Vegetable ashes|l}
Natural Pozzolan |}

Slag I
Fly ash |
Portland cement |GGG
limestone |
Calcined Clay |G

0 2000 4000 6000

Slide Karen Scrivener 14
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Clays and limestone are most
abundant raw materials

15
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CO2 mitigation potential of different technologies
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Theindustryis alreadyawareX

Figure 8: Global average estimates of cement composition

2014 2050 2DS

2%

1%

® Clinker ® BF & Steel slag = Fly ash ® Limestone ® Natural pozzolana B Gypsum = Calcined clay

Key message: The increased use of emerging cement constituents beyond clinker and greater
market penetration of blended cements reduce global clinker-to-cement to 0.60 by 2050 in the 2DS.

CSITechnologyRoadmag.owCarbon Technology for the Global Cement Industry, April 2018 17
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Ternary cement I°C

Mass proportion (%)
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Gypsum
m Limestone
Calcined clay

N
| | | |aner

PC PPC3(]_C3-5CLC3-65

LC3 is a family of cements,
the figure refers to

the clinker content
Slide Karen Scrivener

Compressive strength
(MPa)

Too oo oo To T

70
60
50
40 m 1 day
30 m 7 days
20 H 28 days
10 m 90 days

0

PC LC3-50

50% less clinker
40% less CO,
Similar strength
Better chloride resistance
Resistant to alkali silica reaction

18
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The chemistry of I°C

Acc.V Sp-ul Magn Det WD }——— 1um . AccV SpotMagn Det WD }—————-— 2pum
200KV 30 20000x TLD 2.0 200kV 30 15000x TLD 1.9

ALMUNIO CARBONATE REACTION

DENSE MICROSTRUCTURE

19
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Reactivity of calcined clay vs. other SCM

Chilean natural pozzolan grest)
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Least reactive calcined clay is more reactive than most common SCMs used by the indystry

F. Zunino, RILEM ‘P67 TRM 20
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Synergy between calcined clay & limestone

»

»

»

Rietveld quantification of ettringite
(g/100g of anhydrous)
S

Formation of carboaluminate after sulfate reaction
Carboaluminate increase until 50% of kaolinite

A(from calcined clayy Cc+ 3CH + HA GACG H,

LessHcand Mc then due to lack of large capillary pores?
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Calcined kaolinite content (%)

Francois Avet, EPFL, 2018
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Comparison of calcined kaolinitic clay, slag and fly ash
70

B OPC m Clay

N
=

mClay+LS mSlag

A
-

m Slag+LLS mFA

e
=

mFA+LS
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Compressive strength (MPa)
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1d 4d 7d 28d 90d 180d

Binary systems 70% clinker, 30% SCM

Ternary systems, with limestone 50% clinker, 30% SCM, 15% limestone Slide Karen Scrivener 22
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Choices for low carbon cement products

» LC350 cementswith 50% of clinker, it can match the performance of a CEM | 42,5 at all ages (with a

lot less clinker) e Lo
ay 1o Limestone

30%

- - - - 2/1
Calcined Limestone Gypsum
Clay
Whichclinker factor | will use?
20% 1/1
10%
65% % 30%
LC-65 2/1
500
1/2

504 15%
Elaboration of slide F. Zunino, 2021 LG-50 2/1 5% 23



Alternatives

LC350 2:1: Structural cement,
similar to CEM 1 42,5, bulk, 50%
Clinker, 30% calcined clay, 15%
limestone and 5% gypsum

LC335 2:1: Bagementof general
use, 35% Clinker, 408alcinedclay
20%limestoneand 5%gypsum

24
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Binary systems 70% clinker, 30% SCM
Ternary systems, with limestone 50% clinker, 30% SCM, 15% limestone Slide Karen Scrivener 25
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Calcined clay with 60% kaolinite content (mixture of metakaolin and limestone)
OPC CEM | 42.5R conforming tcI=18
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= Control w/b 0.5
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N
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=
o

Sample Age (d
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Clinker savings

o
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F. Zunino, RILEM P67 TRM 26
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Raw materials business
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Calcined kaolinite content is the overwhelming parameter for
reactivity

»

»

100+

."\l
ik

Composition (wt.%)
N (&)}
c.ln ‘ o

0-
PC LC3-50

Still some deviations are observed, especially for clays

[ ] Gypsum

[ |Limestone
I calcined clay
[ Clinker

between 30 and 60% of calcined kaolinite

What could be the reasons for such deviations?

A Fineness

A Specific surface

A Amorphous content
A Iron content

»

»

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

At 28 and 90 days, little additional benefit >50%

80 _ ¢ 90 days LC3-50 )

70 v 28 days R"=0.88
~ "1 | 4 T7days ) R°=0.88
L 60 1| © 3days
=°"7 | = 1day
c R*=0.84
© 50 1
C
o
® 40 - ,
_‘129 == R"=0.62
330
95’_ PC strength
g 204
O R’=0.49

10

0 I T I T I T I T I T 1
0 20 40 60 80 100

Calcined kaolinite content (%) o8

Francois Avet 2
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Criteria for screening clays

Theoretical criteria Empirical criteria
29 7 e T 0.9
20 - <
. | a A - 0.8
18 - ! } | A
i | - 0.7
16 +—F—1—— a i >
[ ] B A N
Q 14 __. ! | | A / L = ‘__" 0.6 uuo
< 7 L] » A i ~
o 21 N 05 W
= *5 | . | i | ~ i ° L NC)
. - 0.4
8 - » S i -
¥k d - 0.3
6 A AD e I
L e - 0.2
1a ‘ % Kaolinitein clay samples I
A . |
- 3 . 0 20 40 60 80 100 [
o T T T l T T T T T T T T T T T T T T T T T T T T T T T T T 0

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Alujas, Almenares, 2016 Al,O5 (%)
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Plenty of
kaolinitic clay
deposits almost
everywhere

Ito andWagai Scientific data 2017 “
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llite/mica Kaolinite

Occurance of raw materials

2| ® Coordenadas. Plantas Am

Cement Plant

GlobalCementDirectory2022

S NamsE——
1 2 3 4 1 2 3 4
dominant clay mineral (subsoil) (type) domi”azt crt”j:”j'f;"”i";” (type)
Most kaolinitic clay and g‘ 2
limestone reserves are ¥ A
. . “\-. ! -
located near existing W
2]
cement plants Y
Karstifiable rocks / potential karst aquifers ‘\‘r\ W &‘4
MM curosnd karet acter \* g
Bl cortnvous carbonate rocks & '
B oscontruous carbonste rocks |
A. Ito, RWagaj Global distribution of clagize B Continuous evaparites
minerals on land surface for biogeochemical PR R 3
and climatological studies, 2017. B oot -,
A avapOnte rocks 31
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Raw materials business

» [ 26 ANI RS 1F2f AYAGAO Of @& onmxk:? X Y X cmrk:0 |0
» QOverburden material is most attractive source:

» China clay mines

» Former coal mines

» Rare earth mines

» Kaolinitic clays (1:1) are different to the clays used in the cement industry (2:1)

34
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Alternatives for products

» For the mining extraction industry

» Calcined clay as it exits the kiln, supplied in bulk to cement producers (competing at the market of
supplementary cementitious materials for cement, against products such as fly ash, slag and limestone)

» Mineral addition LC2, supplied to concrete producers (competing at the market of mineral additions for
concrete, against products such as fly ash, slag and silica fume)

» For the ceramic industry
» Calcined clay as it exits the kiln (similar to mining extraction industry)
» Mineral addition LC2 (similar to mining extraction industry)
» Grog for own ceramic production

» For the cement industry

» High strength, high durability cement, with 50% clinker, and éxssions below 500 kg/ton PC (competing
with type | cements in Europe)

» Regular use cement, for massive concrete and masonry, with 35% clinker archiS€lons below 350
kg/ton PC (competing with type | cements in Europe)

36
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Mineraladdition (LC2)

BELT 1: calcined clay
.

meeesesssssssm BELT 3: limestone

SEPARATOR

PNEUMATI
PUMP

PRIMAR
GRINDE

=

SEONDARY}Y
GRINDER

AJ

CLK | CCL LS GYP | Total | SO3
LC2 2:1 0.00% | 63.00% 30.00% 7.00% [100.00% 2.80%

37
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Use of LC2 blended with Portland cement in concrete
6.80
P35 LC2 2:1
6.00%
‘ 10.00%
+ —
m CLK ®GYP BmCCL mLS mGYP LC3
mClLK mLS mCCL mGYP

CLK: Clink
GYngF;r;U?T: The GREAT advantage of LC2 is that it Limestone 3
CClcalcinedclay | €@n be added flexibly based on final C°'Cg;gj| <
LSlimestone o ' Coment
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Standard mortars 50%LC2 + 50%P C1E&N

A O O
o O O

N
o

Compressive strength MPa
= W
o o

o

mld
m 3d
m7/d
m28d

P-35
7.29
17.6
28.7
34.7

50%P35 + 50%LC2 2:1  65%P35 + 35%LC2 2:1

12.5 12.3
28.3 29.7
36.3 39.3
41.53 48.41

39
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Real concrete produced with CEI\/I I 32,5
@ 90
QO 80
% 70
D 60
40
g 30 I |
9 20 i |
7 10 I 1
F 0 \ I .
15% LC2 30% LC2 | 45% LC2 ) Patron
m 24 horas 21.2 20 \ 17.2 / 25.1
m 3 dias 34.7 35.2 ‘\ 32.9 /' 38.4
m 7 dias 46.4 47.9 \ 46.8 y, 48.2
m 90 dias 68.05 76.8 Mo _79.9 7

P35: 350 kg/m3
“ay LC2: 160 kg/m3
1 Agua/cemento: 0.40
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—

NOTEthis test isamodificationof ASTM C109/109M

Im p rovement th fou g h g r| N d | N g a| d S that includesaddingSPto achievea similar wateto

cementratio as Portland

Limestone content o
Separate grinding

27
26 50.00
@® 25
4 45.00
€ 24
L 23 40.00
22 8 35.00
21 Fi Medi C E
ine edium oarse % 3000
mno GA 26.55 26.1 26.64 g
7]
m GA 26.61 23.48 22.95 © 25.00
Calcined clay content =
(@]
60 © 15.00
50
10.00
w» 40
@
€ 30 5.00
N
20 0.00
10 CPO + LC2 fine + SP ’ Cemento tipo HE
0 : : m1d 7.96 10.30
Fine Medium Coarse m3d 1927 2330
mno GA 52.54 42.52 45.04 a7d o5 32 20 )
mGA 53.77 46.98 47.84 = 28d 35 24 40.50 41
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Process to produce LC3/LC2 Te

Blend
/intergrind
calcined clay
with clinker
limestone
and gypsum

Find suitable Process : Use in
Calcine clay
clay clay Concrete
Blend
/intergrind
calcined clay
Expertise with limestone
coming more and gypsum
from brick
industry

Slide Karen Scrivener 43
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Calcination
. burnin
Firing temperature 0 T = °
8509000C i [-
FHZO = i
Residence time in burning Drying oC
zone around 2% min | 1400
c - 1200
S
g 1000
S 800
0
= 600
400
200
C_Iay PES
w1l 5 10 15 20 25 30 35 40 ming



Limestone
Calcined e‘"'"l'
Clay l = S g
_ . ]

Cement
WWW. LC3Ch LOW CARBON LOW COST LOW CAPITAL  HIGH PERFORMANCE

Fe phase assemblage during calcination & cooling

4 A
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Firing temp
ﬁ range
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Decomposition of
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In the firing chamber due to @ 2
combustion and the high 300
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of magnetite prevails

calcination

However, during cooling, if the
material reaches 600°C and belo 0
In a Q2 rich environment, In the presence  In the absence In the presence  In the absence
hematite can form again of 02 of 02 of 02 of 02
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Results of implementing color control, India

Calcined Clay

&~ 2
e~y with Color Control

||

Color control in industrial clay calcination; Fernamdiartirenaet al. RILEM
¢CSOKYAOItT [SGOGSNE OHAHANUL pYMTT
DOl:http//dx.doi.org/10.21809/rilemtechlett.2020.107 46
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Operationof a flashcalcinenn claycalcination
A

Two stage process:
1. Removal of absorbed wate

(calcination tower)
2. Removal of chemically
bound water(rotary kiln)

The high energy needed for
lifting the material to the
top of the tower is NOT
compensated by energy
savings at the rotary kiln

Hot gas from burner dries material

Raw material drops through to burner

Clay dries out

Raw material should be lifted 58b m

Clay getsdehydroxilated

ﬂ

| | Calcinecclay

Graphtakenfrom CEMCAReportd{ G G dza wSLI2 NI 2y /| f OAYyS b7 ¢ ¢
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Operationof a flashcalcinenn claycalcination
A

Two stage process:

1. Removal of absorbed wate
(calcination tower)

>

Hot gas from burner dries material

2. Removal of chemically
bound water(calcination
tower)

The high energy needed for
lifting the material to the
top of the tower is NOT
compensated by energy
savings in the entire system

$Xaw matenal drops through to_burner

Raw material should be lifted 58b m
Clay getgdehydroxilated

Calcinecclay

Graphtakenfrom CEMCAReportd{ G G dza wSLI2 NI 2y /| f OAYyS M8 ¢ ¢



Claycalcinationin adoubleshaftrotary kiln

Two stage process:
1. Removal of absorbed wate

calcination

e
ﬁ H,0 ]ﬂ

(first shaft)
2. Removal of chemically Dehydration 1 oc
bound water(second shaft) 4 stuctural o4 | 1400
e Dehydroxilation - 1200
The heat generated in the § 1000
firing chamber is used to dry oo
the incoming material. 9 283
Flexibility for moisture ¥E 200

content (change rotation 1 5 10 15 20 25 3 35 40 min

speed first shaft) and output
49
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IPIACS.A

SUMARY OF POWER CONSUMPTION

ROTARYKILN | FLASH CALCINER |

Accumulated power consumption:  600- 630 kW Accumulated power consumption:  1040- 1070 kW

SPECIFIC POWER CONSUMPTIC F 20 KW/ton 750 SPECIFIC POWER CONSUMPTIOI  F35 KW/ton

SPECIFIC THERMAL CONSUMPT  530¢ 550 0 SPECIFIC THERMAL CONSUMPTI 600¢ 650 kcal/kg
Kcal/kg 12%

21 h w9 ¢19 &.!5 D! {£éK

ROTARY DRIER + KILN 28% HAMMER MILL 38%
ID FAN 28% PROCESS FAN 50%

50



