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=F'L Need to act fast
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B CWSC, Centre of Worldwide Sustainable Construction

Embodied vs
operational emissions

Replacement and maintenance

® Operational
@® Embodied c
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Upfront Carbon

Locked in upon building completion
and cannot be improved over time
Initiatives must be accelerated

Operational Carbon

Improved over time by shifts to energy
efficient technology and renewable
sources

Addressed in various govt schemes

60

Infrastructure is even more about embodied emissions

Graph: The Institutional Investors Group on Climate Change
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‘ 6 to 2060, the world

is expected to add the
equivalent of an entire
New York City to the
world, every month,
for 40 years.

- Architecture2030.org

This will NOT HAPPEN in the Global North

B CWSC, Centre of Worldwide Sustainable Construction



=prL It will happen HERE

Global building floor area
is expected to double by 2060.

© Architecture 2030. All Rights Reserved.
Data Sources: Global ABC, Global Status Report 2017

B CWSC, Centre of Worldwide Sustainable Construction



From cliché to real aspiration!
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=rrL  World Use of materials:
90% construction

39 Gt

Mass of Material Production (Gt)

Mass

19 Gm3

Volume of Material Production (Gm?3)

Volume

2
(00]
Fossil CO, Emissions from Material Production (Gt) 2}

CO, emissions

= wood
m plastics
m aluminum
m steel
m asphalt concrete
mglass
brick

W concrete

Replacing just 25% of
concrete with wood
sustainably would
require new forest 1.5
times the size of India

|

THE GLOBAL LAND

SQUEEZE: MANAGING
THE GROWING
COMPETITION FOR

LAND



=pr.  Changing pattern of cement use:

Cement based materials are more than two thirds of all
construction

Historical and forecast cement supply per region
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We need solutions for people in developing countries
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B Myths of low carbon concrete

Cement/capita [kg'y]

Concrete “Hump” a normal
phenomenon of growth

g , 2019 2050
J
g -
g ' T South Korea
WAL
81 |
=
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GDP/cap [constant 2023 § PPP)]

100000

In China maybe 1000
out 1500 cement
plants will close

Karen Scrivener ©



=pr.  What is available on earth?
No miracle solutions

Na - K

Al Y 00 - 0o

Aluminum

Si”

Silicon

Na,0

K,0

Fe,0,
Mgo

Ca0
Sio
AlLO,

Too soluble

Too insoluble
in alkaline solutions

The most useful
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What about getting Ca
not from Limestone?



“"The advantages of limestone

= A concentrated source of calcium due to
geological slow carbonate silicate cycle

= Long time scales
« Lithosphere: Small fluxes, large reservoirs

® CClSlOg + COZ A ad CaC03 + SlOZ Volcanic

Py 3 degassing
B SR 0.085

ke Slide
colsl;ng arc ggot;eagr;:dg; H2CO3 melct:::g:‘pag%m frO m
2 assing 2 degassi Si02 releases 2
pracpitaton Silicate weathering :°°3 Ry ben
l 0.125 l Snellings
CaCOg P < Oohiolite
Calcium ) Kerogen KULeuven
carbonate (12,500,000)
(65,000,000) =

w. Figure: Katerina Kostadinova

B 5/12/24

[numbers in Gt C per year, number in parentheses in Gt C; source: Kasting, 2019; Hilton & West, 2020]



=prL.  Basalt

Name of oxide

Content, % by weight

S10,

Al,O;

MgO

CaO
FeO+Fe,0;
KQ_O +Na20

T10,

LE 20 3

MnO

Other

46.5-51.5
15.0-19.0
40-10.5
75-115
8.0-12.0
3.0-6.0
03-25
0.02-0.05
<0.1
Up to 100

Source research gate

13

Dissolve in acid

Precipitate oxide separately

Common technology
In mining industry

Make clinker with
uncarbonated calcium oxide

Estimated cost ~ $800 / ton
>80% reject materials
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No silver bullet

Despite the media interest they attract, most niche technologies
— such as alkali activated materials, cement from algae, etc are:

= impractical,

= costly,

= unscalable,

=  will take too long to mature

so have little to no possibility of delivering any significant impact.



But there is good news



=prL  The sustainable construction pathway

Build nothing

Explore alternatives

100%

Build less
Maximise use of existing assets

Build clever
Optimise material usage and design
with low carbon materials

CARBON REDUCTION POTENTIAL

Build efficiently
Use low carbon construction
technologies and eliminate waste
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- Figure: WorldGBC, 2019 PROJECT DEVELOPMENT STAGES

16

More applicable for the
Global North

More applicable for the
Global South



EPFL
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
°
A L

Cost savings High cost



epeL We can do a lot if we act
through the value chain

A SUSTAINABLE FUTURE FOR .

CONCKETE INDUSTRY Reduce CO, Reduce Reduce Reduce
o b s from clinker clinker cement concrete

production in cement in concrete in building

Efficient plants » Aggregate grading
Waste fuels ° SC M S *  Good admixtures
Alternate raw o Use filler
materials

SRR
ETHzirich _#°

Report for
European Climate
Foundation 2017

More
efficient
(re)use of
buildings

RECYCLE!
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Near-term pathways for decarbonizing
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Calculated 76% with these strategies
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Cement emissions [kg of CO2/cap/year]

Can decouple growth in CO, emissions
from Growth in GDP
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EPFL
Need for metrics in applications:

Not just EPDs but the final use including lifetime

Embodied carbon per m2 by building structure type for all
EU-ECB cases

2000
8 0
~ 1500
t : °
N 1000 T 8 0
o)
+ @8 E g = e g
0

Massive concrete
Massive brick
Massive wood

Frame concrete
Frame concrete/wood
Frame wood

Frame steel

Other

No data

Building use subtype

Roéck M, Sgrensen A, Tozan B, Steinmann J, Le Den X, Horup L H, Birgisdottir H, Towards EU embodied carbon benchmarks for
buildings — Setting the baseline: A bottom-up approach, 2022, https://doi.org/10.5281/zenodo.5895051.



. @ To realise these gains
‘ the industry needs to work together

’ E.} L U B E Global consensus

on sustainability in the built environment
* High level policy advice I’ g

. oo
* More than 150 nations @
* 5000+ experts @'
Environmental

* 50+ years of expert networks @ @
* Standards and guidelines \

e Research and education

* Innovation www.globe-consensus.com | %

- See on-line presentation from COP28 for more details




=prL  10-80% possible at low or negative cost.
Remainder will need CCUS

co

- -
*02 savings

Efficiency in design and construction

CCUS will
increase cost of
Savings in cement & binders prOdUCI ng CI : nker
(overall zero cost) 2-4 times

Carbon Capture, Usage and

Storage can help save CO,, Carbon Capture,
but at a very high cost Usage and Storage

[ J
L - N ______3 > s
Cost savings High cost

Most emission reductions Efficiency in concrete production
can be achieved with costs

lower than 20 USD/t CO,

Switching to alternative fuels and
energy efficiency




=prL  1he Materials lever is the easiest to activate

QCCQ - Tanzania Roadmap to Net Zero 2050

20

BAU 17.8 Mt CO2

O et | o
16
Need to be 4/14
further
assessed 12

_________________

12.9 Mt CO2

m decrease (green)

W increase (blue)

]

Potential for
Calcined Clay

CO, em issX\s(Mt Co,)
o S

¥ Indirect CO2 emissions (Mt CO2)
w Direct CO2 emissions (Mt CO2)

0.3 Mt CO2
4.6 Mt CO2
& & & @\A Unrealistic for
v be’@ ‘&c ooc R = ?, .
AR A < A AR S | most African
2 & .
TS ¢ countries
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Most promising approach - reducing the clinker factor

. | CO, ’
Process optimisation | clinker fact

g | g
X
T

Clinker Gypsum Cement
SCMs — Supplementary Cementitious
|£|3./ ash Slag Limestone B Calcined clays

\ }
|

By-products or
wastes from other

industries




=prL  Availability of SCMs

silica fume

Classic SCMs — fly ash and slag are only around 15% of current cement
production,
will drop to < 10% in near future

I

waste glass |}

Vegetable ashes |
Natural Pozzolan |}
__B

m Used m Available
Slag

Fly ash
Portiand cement

Limestone I
Calcined Clay - I N



=prL  There IS no magic
solution

= Blended with SCMs will be best solution for sustainable cements for
the foreseeable future.

= Only material really potentially available in viable quantities is clay.

= Synergetic reaction of calcined clay and limestone allows high levels
of substitution

= EPFL led the LC? Project supported by Swiss Agency for
Development and Cooperation (SDC), 2013-2022.

= Climateworks Foundation supporting the LC? Project since 2022.

Schweizerische Eidgenossenscha ft

3 O SEEE climateworks
LC PROJECT  ceumywomiom FOUNDATION



=z How does LC3 reduce
emissions?

Fuel
30% Combustion
Calcined Clay Cco2
Non-Fuel
Combustion Non-Fuel
Cco2 Combustion
+ Fuel CO2 + Fuel
95% Combustion 50% Combustion
Clinker Cc02 Clinker CO2
LC3
co,
i
LOW
CARBON




=rr.  LC3 has comparable
strength to OPC

70

< LC3-50 = 50% clinker.

2

5 = 1 day = 50% less clinker

S = 40% less CO,

g =7 days = Similar strength

2 m 28 days = Better chloride

E resistance

S m 30 days = Resistant to alkali silica
reaction

IPC LC3-50

=@

HIGH
PERFORMANCE




=PFL  Reactivity of SCMs is
important

natural pozzolan (R3 test)

1100 -
2407 , o 1000 -
E | 40 C Chilean Natural Pozzolan E
2 2004 9007
Se ——95.0% S 8001
- & 1601 —79.4% $ 700
g 9 —66.2% 2 600 ]
2 & 120- ———50.3% =
273 ] ——38.9% < 500
T N . ) © 1
o2 80- 35.0% = 400
Tg | 17.0% S
B 40- 0% T 300—_
Z 200
0 1 v 1 N | v 1 N 1 r 1 N | v 1 - 1 100 =
0 20 40 60 80 100 120 140 160 0 1
. T T T T T
Time (hours) =4 FA SL cy SF
#N =6 #N =8 #N=6 #N =10 #N =5

unino,
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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
space filling hydrates
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=PrL
World distribution of kaolinitic clays

/] \,‘_j_‘_j"ﬁk
A 1> ;

Source: Ito and Wagai, Scientific data
2017

SCALABLE b




LC3 “ technology”

NOT a company
All IP in public domain

33

LC3-x: x=clinker content
LC3-50
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Landscape of Partners  LC¥roject




p=  Whereis LC3 now?

n

LC3 projects database

o ©
L
@5@

© o
24 plants in production @ 0
24 plants in progress: 6
- North America: 5 T
_ South America: 3 »
- Europe: 7
- Africa: 4

_ Asia: 6
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Capacity development and cumulative Co2 savings

Calcined Clay capacity in place (in Million tons of CC) 400

14.0
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10.0
8.0
6.0

4.0

2.0

0.0
2020 2021 2022 2023 2024 2025 2030 2040

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

Cumulative CO2 avoided using LC3 (in Million tons of CO2)

8.9

6.3

4.7

2.8

t;; [ 25

2020

2021 2022 2023 2024 2025

By 2040, the goal of achieving one-third of global cement production
with LC3 would require reaching a calcined clay production capacity
of 400 million tons, which means an increase of 25 million tons
annually.
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Constructions with LC3 materials




Some examples
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Comparison of LC3 concrete with

concretes prescribed in Dubai

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

m
v
"
r




Limestone

Calcined 3
Clay CS12Nns
Cement

Y é@ (A
Seon ¥ CAPITAL PEAFORMANCE  SCALABLE
Strength class C28/35 C40/50 C72/90
Materials (kg/m®)  Dubai
Total binder 380
GGBS ratio 36%
SF ratio
w/b ratio 0.42
SP (%) 0.50
Slump test (mm) 10

Materials and Methods



Limestone

Calcined 3
Clay C lgnS
Cement

Y é@ (C2
Seon ¥ CAPITAL PEAFORMANCE  SCALABLE
Strength class C28/35 C40/50 C72/90
Materials (kg/m®)  Dubai LC?® LC’opt. Dubai LC?® LC%opt. Dubai LC? LC’opt.

Total binder 380 380 325 420 420 375 510 510 510
GGBS ratio 36% V 36% v 26%

SF ratio 55kg (15%) 45kg (11%) 3%
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



Limestone

Calcined

Clay
Cement

HIGH

LOW

LOW

Lc3

SCALABLE

PERFORMANCE

CAPITAL

J

CARBON

Compressive strength and GWP

]0.1%

400 ~

()
(4]

21.6

C72/90

C40/50

C28/35

0

5

3

C72/90

C40/50

Over designed

C28/35

E Dubai @ LC3 BLC3 opt.

100

80 +
0 +
0 +
0 +
0

(BdIN) yaSuans dAISSAIdwoo-pyy

Results and Discussions



Limestone JJ
e D S0 o §
emen HIGH

LOW J, LOW
CARBON CAPITAL PERFORMANCE SCALABLE

ASTM C1202-12, Appendix X1 — Chloride lon Penetration

1000
900 - 872 BDubai BLC3 &LC3 opt. Low
- 8007 736
é 700 +
600 + B o 526
< 500 & / 3
BN | |
200 + %
g N
log é 21 é S| Negligib]
C28/35 C40/50 C72/9

Results and Discussions



Limestone

Calcined
Clay

Cement

g

[l <

LOW

®
CARBON ‘l’

2
LOW

HIGH
CAPITAL

PERFORMANCE

oncrete blocks




GWP in kg eqCO,/m? of wall

Limestone ¢
Calcined —
Cley v =0 2
Cement Low J Low HIGH
CARBON CAPITAL PERFORMANCE SCALABLE

o SOLID = HOLLOW

, Fired clay [
120.0 20.0 +
I Fired clay
1000 T | 0.0 N
80.0 30.0 +
60.0 30.0 + OPC
LC3 }
) I | I I I
Solid Solid Solid Solid Solid Solid Solid Solid Solid Hollow Hollow Hollow Hollow Hollow Hollow Hollow Hollow Hollow
Al A2 A3 200 145 200 145 200 145 Al A2 A3 200 145 200 145 200 145
Fired Clay Brick with OPC mortar OPC system LC3-50 system LC3-35 system Fired Clay Brick with OPC mortar OPC system LC3-50 system LC3-35 system
A1: Africa Traditional kiln & Down Draught kiln; A2: Fixed Chimney Bull's Trench kiln & Tunnel kiln;
A1: Africa Traditional kiln & Down Draught kiln; A2: Fixed Chimney Bull's Trench kiln & Tunnel kiln; A3: Vertical Shaft kiln, Zig-zag kiln & Hybrid Hoffman kiln; 200 & 145: Cement content in kg/m3

A3: Vertical Shaft kiln, Zig-zag kiln & Hybrid Hoffman kiln; 200 & 145: Cement content in kg/m3
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World Potential?
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co,
i
LOW
CARBON

55

50

45

40

35

30

Calcined Clay only SCM which
can expand substitution

?

al

LIC? potenti

LC? potential

aaaaa

nnnnnnnnn

nnnnnnn

v 800 million tonnes CO,/yr

v 400 million tonnes CO,/yr
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Financial Feasibility

www.lc3.ch

Financial
Attractiveness

Study by LC3 Project partner Iu CEMENTIS

-

LOW
CAPITAL

Report available to download:

US $/tonne

E clay close to

plant
=clay @ 200 km

from plant

OPC ref

ITTIITEETEETIL

|

Integrated Plant

OPC ref

LTI

W

Grinding Plant
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ubstantial reductions in emissions ~80% could be
achieved by working through the whole value chain

Few
Few Many producers Chain of . .
d
producers pro ucrs Implementation deciders B_lgdchrf[mgesdlnd
Quick wins emainng very difficult Implementation mindset neede
implemented potential very difficult

More
Reduce CO, Reduce Reduce o
. : efficient
from clinker clinker cement concrete
: : : : o (re)use of
production iIn cement in concrete in building o
buildings
+ Efficient plants * Aggregate grading
+  Waste fuels * Good admixtures
* Alternate raw « Usefiller
materials

A SUSTAINABLE FUTURE FOR
THE EUROPEAN CEMENT AND
CONCRETE INDUSTRY

for full decor

of the industry by 2050

? S

ETHzirich _#0
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Efficiency of bin

N
o

RN
&)

Binder Intensity (kg/m3.MPa)

o

&)}

o

use (29 countries)

3D printing!

U

NG
2 )/

- 250kg/m?®

0

20 40 60 80
Compressive Strength (MPa)

100

DAMINELL, et al.
Measuring the
eco-efficiency of
cement use.
Cement and
Concrete
Composites, 32,
p. 555-562, 2010
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We can have concrete
at 109 kg C02 eq/m3

16

10

Carbon Intensity (CO,eq/m3-MPa)

100 kg CO,eq/m?3
216 kg COeq/m?

20

30

40

50 60
Compressive Strength @ 28 days (MPa)

70

80

90

100



EPFL
What are the blockages?

> We have solutions:
= Atcementlevel: LC3
= At concrete level: use admixtures, aggregate grading

= At structure level: lean design, stick to codes, do not over design

> What are the barriers to implementation?
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Cement level

> No time to do anything new

> Cannot find clays

> Need to some investment

> Lack of awareness: largest companies only make up 30% of market

> Allowed in codes and standards



Concrete level

> Difficult to incentivise the v.large number of companies
> “we’ve always done it like that”

> Minimum cement content in codes from days before admixtures

12 4

10

Superplasticizer content (wt.%)
(o]
1

Compressive strength (MPa)

10 +

150 200 250 300 350 400 150 260 250 360 350 460

Binder content (kg/m® of concrete) Binder content (kg/m® of concrete)



Structure level

> An engineer’s time costs more than extra concrete

> Paranoia about safety

> Difficulty to calculate and compare possibilities
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Complexity costs carbon!

=PrL

NOILONHLSNOD NI ALIOITANIS TVHNLONYLS 404 ASYO IHL W



=Prl

B CWSC, Centre of Worldwide Sustainable Construction

Carbon cost of irregularity

4m

Oyt = 800kPa

Source: David Ruggiero

57
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-
L
E
-
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E
-
-
E
-
A S
E
-
VS.
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E

”

E

L

- \

O = 800kPa Foundation
wall

~50% more embodied carbon on average



=PrL Output of Panda software
from Cyrille Dunant,
Cost-Carbon trade-off University Cambridge

colour by frame type ; B cost-optimised @ carbon optimised
1010.0 -

805.0
W Hide/Show all
= @ Glulam frame | CLT Decking (1 Way Flat Slab)
O Glulam frame | Softwood Joists
s .-. [ RC frame | Flat Slab
u mE B RC frame | Ribbed Slab
® ..‘ U @ RC frame | Waffle Slab

600.0 | L]
u ® ﬁ# O Steel frame (Composite) | Precast Decking (Hollowcore ; Screed)
|
o % N ﬂ =

Cost (£/m?)

= [@ Steel frame (Composite) | Precast Decking (Solid Plank ; Screed)
H ‘ O Steel frame (Composite) | Steel Decking (Re-Entrant)

[ Steel frame (Composite) | Steel Decking (Trapezoidal)
- @ Steel frame (Non-Composite) | CLT Decking (1 Way Flat Slab)

O Steel frame (Non-Composite) | Precast Decking (Hollowcore ; no Screed)

395.0

u O Steel frame (Non-Composite) | Softwood Joists

| | [@ Steel frame (Non-Composite) | Steel Decking (Trapezoidal)

190.0

100.0 202.5 305.0 407.5 510.0
Carbon (kg CO/m?)
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Overall

» Thinking there are miracle alternatives

> Wasting time, effort and money on unscalable or ideas of dubious honesty

> Getting the different parts of the industry to work together



=prL  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

co,

N e @ dy

™ LOW LOW HIGH
CARBON CAPITAL PERFORMANCE
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