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Resources — Metals “If you can’t grow it, you have to mine it’

e The world produced roughly 2.8 billion tonnes of metals in 2021.
”:r F Here are all the metals we mined, visualized on the same scale.

IN 2021

IRON ORE @™ - 1000000 tonnes _ » ‘
2600000000 tonnes* LARGEST END-USE Steelmaking Construction Alloying Agents
Energy/Batteries Magnets Electronics Other

INDUSTRIAL METALS TECHNOLOGY AND
181,579,892 tonnes PRECIOUS METALS

1,474,889 tonnes

5 . . . *Ore production does not reflect actual metal production **Smelter/refinery production. ***Represents titanium mineral concentrate production.
ECEMENES St Moera Conodty Suiipanes Lz as metals only make up a certain portion of ores. ELEMENTS.VISUALCAPITALIST.COM
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https://www.visualcapitalist.com/all-the-metals-we-mined-in-one-visualization-2022/

=F7L  Processing - Metals

After ore extraction, metal is refined and prepared for further
processing.

Several possible techniques are available to produce metal parts,
including:

. Forging, metal is heated to the point it can be shaped with
the help of a hammer

. Casting, molten metal is poured into a mold and let cool
down to solidify

. Drawing, a tensile force is applied to pull metal through a
die (e.g. pipes)

. Welding, strong heat is used to join two or more individual
pieces together

. Machining, subtractive shaping process used to remove
unwanted material and refine the final form

B MSE 341



=PFL  Properties & Uses - Metals

Main properties Main uses

= Versatility =  Construction

= Strength = Food packaging
= Toughness = Electronics

= Machinability Automotive

= Recyclability Luxury goods

B MSE 341



=PrL  Metals and Clean 5

Enerw U ALL THE METALS FOR
. The clean energy
transition will be mineral
intensive, requiring a
variety of specific metals.

Here are the metals that

Clean energy technology is heavily TR ey

dependent on metals!

= Electric cars require 6xmore
metallic materials than conventional
cars

= Wind turbines require 9x more
metallic materials than gas-fired
power plants

Inevitably, more mining will be required
to meet the increasing demand of
metallic materials for a renewable

The Growing Role of Minerals

e n e rgy tran Siti O n and Metals for a Low Carbon Future

B MSE 341




=PFL UN SDGs and metals 9 - New tech, product design

INDUSTRY, INNOVATION
AND INFRASTRUCTURE

o

12 RESPONSIBLE
CONSUMPTION

AND PRODUCTION

O

13 CLIMATE
ACTION
12 RESPONSIBLE

CONSUMPTION

AND PRODUCTION
m INCREASING WATER-USE EFFICIENCY CLEAN WATER

AND SANITATION
The metal packaging industry is committed to reducing water
usage across its operations. It has achieved consistent E
improvements in water-use efficiency by developing and using
new technologies, re-using water, consistently monitoring water
data and sharing best practices.

12 - Metal food packaging to

reduce waste, keep metals In l .
circulation, recycle 13,6 — Renewable energy, efficient water use

B MSE 341
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End of life - Metals

R Reading the graph: color map for
recycling rate (upper left) and loss
rate (upper right)

R Loss can happen across life cycle,
but usually lost at end of life to
landfill or environment

| Strategic metals (e.qg., lithium) have
low rates of recycling (< 5% due to
cost and complexity) and high rates
of loss; compare to Al

| Poor end of life management can
result in accumulation in the
environment (ex. heavy metal
pollution)

https://www.nature.com/articles/d41586-022-01467-8

“The longer we use metals, the less we need to mine”

[l End-of-life recycling rate (%)
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. HEAVY METAL POLLUFION
=L End of life - Metals : p

S - 24%
i | of pecple when surveyed, st

&nmb-ﬂmu FISH CONTAINING SIGNIFICANT TEVELS
metalpollutionatall. OF MERCURY _
O 0|

« Toxic metals, like mercury, can ‘((

OIL

contaminate soil and water Somm vov o i, s

dmrvyinq the original ecosystem, and restircting mil-

through natural events, like S

Metal based paint peels off

Wegt_h_erlng or volcanic | — Serase W D!Mm:h\,(\
activities, or through (=l -l <
manmade sources, such as O 1)) s AN TO OcER
improper waste disposal, | - S

: 3 0UT OF 5

Industrial activities such as 7Y el
mining, agriculture, etc., ! |

 These metals can GWEDIATION
(11 - 7 ‘ :
bioaccumulate” up through the e
food chain e o
- L
f Image from San Diego Oceans Away Project 3 o e srm g

pollution. harsh pollutants



http://bryannarivera.weebly.com/oceans-away.html

EPFL Sustamable perspectives - Bioremediation

B MSE 341

= Bioremediation refers to the use of either
naturally occurring or deliberately
Introduced microorganisms to consume
and break down environmental

pollutants (ex. oll, solvents, heavy

metals), to clean a poIIuted site

|\|‘ z‘ = -

RECOVERY




=P*L  Focus on steel

= Iron is the 24 most abundant metal in
the crust (after aluminum)

zbonia 55, 845 - atomic weight - Irqn ore makes up 93% of total metals
| acid-base properties m|ned (2021)
symbol\ F e of higher-valence oxides
Iil . . :
i _\\ st imaturs 3 First traces of iron objects were found
T [Al’]3d6482 \physical state |n Egypt dated aI'OUﬂd 3400 BC
name —— | iron at 20 °C (68 °F)
: Roughly 98% of iron ore goes into
D Transition metals — Solid Steelmakln
g
Body-centred cubic O Equal relative strength

: Steel is an alloy of carbon and iron

2 Critical to building infrastructure — key
to urbanization and growth

B MSE 341
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Global steel demands

2,250

2,000

],834 1,815

1,783
1,767 1,725

1,750

1,500

1,250

1,000

Demand in million metric tons

/50

500

250

2019 2020 2021 2022 2023F

© Additional Information

1,849

19

2024F

© Statista 2024 &

Show source @

Global steel demand
IS projected to
increase by 1/3 by
2050 (from ca. 1.8
million metric tons
now)

Steel stats

11


https://www.statista.com/statistics/216525/global-demand-for-steel/

=PrL
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Environmental impact of steel, 2019

« The steel sector is currently the

largest industrial consumer of coal,
Mioe per year which provides around 75% of its
energy demand.

Final energy demand of selected heavy industry sectors by fuel, 2019 Open 2

1250

1000 « Coalis used to generate heat and
] to make cok_e, which Is instrumental
750 Steel In the chemical reactions necessary
O Coal: 627 Mtoe per year

SR to produce steel from iron ore.
500
 Mtoe? million tonnes of oll
equivalent; unit used to compare
energy sources; 1 toe is the amount
0| p—— : — : — ! of energy releas_ed by burning 1
tonne of crude oil, about 42 GJ or
12 MWh

250

IEA. Licence: CC BY 4.0

© Coal © Oil © Gas O Electricity O Importedheat @ Bioenergy © Other Renewables
lron and steel roadmap

12


https://www.iea.org/reports/iron-and-steel-technology-roadmap

=PFL  Environmental impact of steel, 2019 )

B MSE 341

Direct CO2 emissions from selected heavy industry sectors, 2019

GtCO2 per year

3

B

Chemicals

© Energy emissions

@ Process emissions

Steel

Open ¢

Cement

IEA. Licence: CC BY 4.0

The iron and steel sector directly
accounts for 2.6 gigatonnes of
carbon dioxide (Gt CO,)
emissions annually

This is about 7-9% of all
anthropogenic CO, emissions

Steel decarbonization strategies
are critical!

Iron and steel roadmap



https://www.iea.org/reports/iron-and-steel-technology-roadmap

=PrL
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Steel production

= Starts with resources: mining (ca. 0.25 tCO,e/t) and recycled

= Next step Is smelting to convert iron ore to pig iron, usually in a blast furnace
(BF), with hot CO as the reducing agent

= Next step is refining usually in basic oxygen furnace (BOF) — oxidation to
remove excess carbon and other impurities to get steel

= Alternatively, can use direct reduced iron (DRI) instead of blast furnace, with
hot H, and CO gases as reducing agents + electric arc furnace (EAF) to
refine (DRI is lower carbon than BF — natural gas or hydrogen alternatives
Instead of coal)

= EAF instead of BOF (refining alternative)! DRI instead of BF (smelting
alternative)!

Steel emissions

14


https://www.carbonchain.com/blog/understand-your-steel-emissions

=PrL
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Steel production

- BF-BOF emits an average of 2.2 {CO.e

= DRI+EAF emits an average of 1.2 {CO.e

= We will briefly explore both approaches

Steel emissions

15
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https://www.belfercenter.org/sites/default/files/files/publication/how-clean-is-the-us-steel-industry-nv.pdf
https://www.belfercenter.org/sites/default/files/files/publication/how-clean-is-the-us-steel-industry-nv.pdf
https://www.carbonchain.com/blog/understand-your-steel-emissions

=PFL Iron production in a blast furnace

B MSE 341

Skip car

Pttt

(a) Blast furnace

Alternating
layers of
iron ore and
coke

The furnace is charged with alternating layers of iron ore
(largely Fe,O3) and a mixture of coke (C) and limestone
(CaCoOs,).

Blasting hot air into the mixture from the bottom causes it to
Ignite, producing CO and raising the temperature of the
lower part of the blast furnace to about 2000 °C.

As the CO that is formed initially rises, it reduces Fe,O5to
form CO, and Fe, which absorbs heat and melts as it falls
into the hottest part of the furnace.

Decomposition of CaCO; at high temperatures produces

CaO (lime) and additional CO,, which reacts with excess
coke to form more CO.

Steel making Smelting = iron ore — pig iron



https://chem.libretexts.org/Bookshelves/General_Chemistry/Map%3A_General_Chemistry_(Petrucci_et_al.)/23%3A_The_Transition_Elements/23.3%3A_Metallurgy_of_Iron_and_Steel

=PrL
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1. Furnace is charged up!

Roasted ore,
coke, limestone

——[cO,CO,.N,

Molten iron

Steel making

3Fe,0, + CO —> 2Fe,0, + CO,
Fe,0, + CO —> 3FeO + CO,

FeO + CO —> Fe + CO,

C+C0, —> 2CO

Iron production making in a blast fumace

A
Fe,O3(s) + 3C(s) — 2Fe(1) +3CO(g) Overall reaction

7. Pollution and nitrogen

4. Iron oxides are reduced by CO (reducing agent)
generating Fe and CO,

3. Hot CO, is reduced to CO by reaction with coke

- 75 ft, 230 °

L L]
‘.?:: o
Pt 65 ft, 410

LT
e "0’ °
Lo 55 ft, 525

[ Pl
So iy 45 ft, 865 °

Seecy

0. . - e
td e’ 35ft, 945 °

25ft, 1125 °C

cacO, —> CaO + CO,; C + CO, —> 2CO

Cao + Si0, —> CaSiO,; C + CO, —> 2CO

5. Limestone decomposes to CaO (lime), which
reacts with silicates to form slag (CaSiO,)

15 ft, 1300 °C

C+0, —> CO,

5 ft, 1510 °C

2. Coke (C) reacts with hot air to produce CO, and heat

6. Slag and Fe are molten, denser slag protects Fe from oxidation; Fe and
slag are removed (referred to as pig iron — impure)

What is “‘coke” ? Coal that is heated in the absence of air to remove impurities

17


https://chem.libretexts.org/Bookshelves/General_Chemistry/Map%3A_General_Chemistry_(Petrucci_et_al.)/23%3A_The_Transition_Elements/23.3%3A_Metallurgy_of_Iron_and_Steel

=F7L What Is the reducing agent that convertsironoreto
iron in a blast fumace?

Hot air

Carbon dioxide
Carbon monoxide
Coke

cow?>

B MSE 341
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How the molten Fe is converted to steel

* Molten pig iron is refined, usually in a Basic
Oxygen Furnace (BOF)

In BOF:

« Molten iron, containing high amounts of carbon, is
fed into furnace

« Oxygen blown through at high pressure to oxidize
the excess carbon and other impurities to get
product known as steel

Refining = pig iron — steel

Decarbonizing steel

19


https://www.sciencedirect.com/science/article/pii/S2214629622000706

=PFL  Emissions from typical steel mill (blast fumace)

72 kWh
138 kg scrap Limestone = 105 kg CO,
288 kg
5-10% CO,. CO
o -
coal 12 kg
57 kg limestone 133 kg Blas 329 kg
30% CO, 25% CO
e urnage E
Sinter strand Hot blast
Pellet plant Stov
AT A B coal A/
: : S0 187 kg g

Coal =1710 kg CQ,

=

1255 kg eq CO,
in BF gas

--------------------

Lime Kiln

g

limestone
109 kg

B MSE 341

: 25% CO,
O o B

285 kg

Coke plant

-

coal
382 kg

Decarbonizing steel

- L] n
lllllllllllllllllllllllllllllll '.ll"
-

Total CO, emission :
1815 kg/t rolled coil

709 kg

@; 20% CO,

Power
plant

Hot

strip mil

CO»

84 kg
10% CO,

Flares, etc
63 kg

« BF/BOF - blast
furnace/basic oxygen
furnace

* Primary emission source
IS raw materials and fuel
combustion

« 1.8t CO, emissions per
t rolled coil, With 1.7 t
from coal use and 0.1t
from lime use*

* Some source-related
discrepancies

20


https://www.sciencedirect.com/science/article/pii/S2214629622000706

EPFL Scrap

B MSE 341

Pellets
_—
—

\b X
—_—
Limestone

Converter Ladle

i (Refining)
Goal (Steelmaking)

Goke Blast furqace
(Ironmaking)
— 4

* BF to remove oxygen from ore to get
pig iron (smelting)

« BOF to remove excess carbon and
remove impurities to get steel

« Coal for energy

 Best suited for steel from ore

Decarbonizing steel

Electric Arc Furnace Steelmaking 2
Pellets

‘/ n -— Iron Ore
Instead of BOF ‘
/ Coal/Natural Gas
_\//I‘ ; . Direct
\ — - reduction
Instead
Ladle of BF
(Refining) Electric arc fgmace Scrap
(Steelmaking) \ i .
DR removes oxygen from ore to get a
usable form of iron (natural gas,
syngas, hydrogen for energy)

Continuous casting

- —

« EAF is fed with pig iron (“pellets”),
DRI, and scrap steel (removal of
iImpurities) — best suited to steel
from scraps

 EAF uses electricity for energy


https://www.sciencedirect.com/science/article/pii/S2214629622000706

=PFL  Steelmaking in electric arc fumace

Continuous casting

B MSE 341

Electric Arc Furnace Steelmaking

ellets
A ’
£ -— Direct
R — = reduction
Poxoxoxoxel
Ladle

Electric arc furnace Scrap
(Steelmaking) \ i -

——

Decarbonizing steel

/ Coal/Natural Gas
208

22

DRI — iron reduced in solid state, without
melting; lower temperatures (<1000 °C),
less carbon, less energy

In EAF, high voltage arcs are generated,
heating and melting scrap steel, DRI and pig
iron; less CO,

Compared to BF/BOF, more efficient and
better for environment (if renewable energy,
scrap steel), can be flexible with raw
materials (DIR, scrap)


https://www.sciencedirect.com/science/article/pii/S2214629622000706

Two sources of metallics to make steel Steel scrap decarbonization

Approx. 85-90% of steel scrap potential
is recovered

Volume of end

Steel scrap offfescrp “finite”
‘l‘ constrained

Secondary by society’s

SOuUrces ﬁ-..ﬁ End of disposal habits
6“ life disposal :

@

Iron ore
Primary sources :

Volume of iron ore

can be expanded

based on society’s “expandable”

Y

demand for steel

Page1 ek 10 adkd ext 1 ” E .

170172023

Corfiriantial ArcelorMittal



https://www.weforum.org/agenda/2023/01/davos23-steel-scrap-decarbonization/

Steel’s CO, challenge, it’s all about primary steel Steel scrap decarbonization

Secondary electricity @
sources -7 GJ

scrap

Primary 18-22 GJ
sources
0.4

< )

Iron ore

1t crude steel

Page 2 Source: ArceloiMiztal Corparate Strategy P E »

17012023 :
Confidential ArcelorMittal


https://www.weforum.org/agenda/2023/01/davos23-steel-scrap-decarbonization/

We cannot escape it, primary steel will be needed over the long term

Steel scrap decarbonization

Key drivers of steel

Global steel demand outlook demand growth

3,%0 @
convergence to

2.000 Secondary developed world
s (end-of-life scrap) ~ Standards

*Developing world

* Transition to clean

energy economy

1,000 F_‘rimary

gt -Partially
neutralised by

material efficiency

1990 2000 2010 2020 2030 2040 2050 P

Confidential Source: ArcelorMittsl outlook ArcelorMittal


https://www.weforum.org/agenda/2023/01/davos23-steel-scrap-decarbonization/

=PrL
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Further steel decarbonization

Some strategies Characteristics

Improve energy
efficiency

Reduction with
hydrogen

Carbon capture,
utilization and
storage

Material efficiency
and recycling

Biomass

Exactly as it sounds

Instead of carbon-intensive coke (coal derived) used hydrogen as a
reducing agent

Exactly as it sounds (will discuss in a later class)

Maximize the use of scrap steel, design more efficiently to use less
steel

Replace fossil fuels with biomass

26
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Steel ﬂﬂw in the EU -recycling EU metal recycling factsheet

STEEL FLOW ANALYSIS IN THE EU (IN THOUSAND TONNES/YEAR)
Exported as processed Finished products
Fe/steel 37,608 128,905
A A
Fe extracted within EU }
12,002
A 4 |

_ RECYCLING PROCESS
Imported as

raw/processed Fe/steel 130,734 Steel scrap 69,744
Data from 2015

* Using steel scrap reduces CO, emissions by 58%.

. Recycling steel saves 72% of the energy needed for primary production.

. Recycling one tonne of steel saves 1.4 tonnes of iron ore, 0.8 tonnes of coal, 0.3 tonnes of limestone
and additives, and 1.67 tonnes of CO,.

. In 2018, 157 million tonnes of CO, were saved in the EU by recycling 94 million tonnes of scrap, an
equivalent amount to all automobiles circulating in France, Great Britain and Belgium.

 Using recycled steel to make new steel reduces air pollution by 86%, water use by 40%, and water
pollution by 76%.

27


https://circulareconomy.europa.eu/platform/sites/default/files/euric_metal_recycling_factsheet.pdf

=PrL
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Other metals

INDUSTRIAL METALS
181,579,892 tonnes

Aluminum, most abundant metal in the
Earth’s crust (8% by weight)

=  Around 75% of the 900 million tons

ever produced is still in use

n Found in electronic devices, vehicles,

and aircrafts

Copper, used in many applications ranging
from wiring to construction due to its
durability, malleability, and electrical and
thermal conductivity

Manganese, fundamental in steel
production and lithium-ion batteries

28



=PrL

WHERE IN THE WORLD ARE ALL

THE RARE EARTHS?

Rare earth elements (REEs) are a group of 17 elements whose Rare earths are abundant in the Earth's crust but mineable concentrations
importance is critical in high technology. Their use has exploded as are less common, making reserves potential very valuable and strategic.

l ics and ble technologies increasingly have become
part of everyone's daily lives.

Rare earth metals

*The USGS tracked the world's reserves in tons (imperial).

TECHNOLOGY AND
PRECIOUS METALS

1,474 889 tonnes

@ World Total
115,820,000t*

Reserve data

Average Price of Global Rare Earth Imports

$120k

$100k 44,000,000t

China tops the list for reserves
and mine production.

$80k

$60k While the U.S. has 1.5 million tons
in reserves, it still depends on China
for refined rare earths.

<0 Other Countries 310,000t

$40k ® Australia 4,100,000t

Price per Metric Ton (USS$/t

$20k $ South Africa 790.000t

@ Tanzania 890,000t
£ Greenland 1,500,000t

WHERE ARE
Rare Earth Metals — Cerium Compounds -—— Ofher Compounds — Average THE WORLD'S
CSIS China Power Project | Source: UN Comtrade Database e RARE EARTH

. RESERVES?
@ Russia

B MSE 341

2010, China reduces REM
export by 37%

Lithium and Cobalt, fundamental for

lithium-ion batteries (e.g., electric vehicles)

12,000,000t

{#) Canada 830.000t
£ 1.5, 1,500,000t

Source: USGS Mineral Commodity Summaries, Rare Earths

ELEMENTS

elements.visualcapitalist.com

Africa Asia Oceania Other

©Vietnam ———
22,000,000t

Vietnam and Brazil have the second
and third most reserves, their mine
production is among the lowest with
only 1,000 tons per year each.

@ Brazil
21,000,000t @ India
. . 6,900,000t
= Rare Earth Metals, critical for current high-
tech devices (e.g., screens, catalysts,
rare earths must be refined and
batterie s) B o o o ool
Uses: Mine Production 2020 17,000t
@ @ @ @ @ 100t 500t wom1.uum2.@xz‘7uma.n_mn8‘
Magnets  Lights  Screens  Glass Catalysts Batteries  Steel "‘% ':"%/ 3% O/
|| Alloys o 4 %y o

00}.

The Earth's natural resources power our
everyday lives. VC Elements breaks down
the building blocks of the universe.

We live in a
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=P7L How many rare earth elements in an iPhone?

O 0O W »
oe)

.17

B MSE 341

Smartphone chemistry 2014



https://www.acs.org/education/resources/highschool/chemmatters/past-issues/archive-2014-2015/smartphones.html

=PrL  Switzerland and Gold

= 4/7 global gold refineries their Switzerland

= Watches, jewelry, and investments are by far
the main uses of gold, and Switzerland is a world
leader in all 3 areas

= Demand for new mining operations — due to
growth in investment sector

= Lack of transparency in sourcing — most watch
companies were not able to trace their supply
chain to understand where their raw materials
were sourced (2018 WWEF study)

B MSE 341

From: The impact of gold Sustainability aspects in the gold supply-chains and Switzerland’s role as a gold hub — 2021 WWF report



EXPORTER

PRODUCT

United Arab
Emirates

9.96%

1ong

ong

0.42%

Singapore

Switzerland

Importers of gold in 2021
From: Atlas of Economic
Complexity

20.37%

Shown: $427B | Total: $4278 @

United
States of
America

Thailand Turkey

Germany

Jnited

Canada

1.85%
Cambodia

Kingdom

Serfin Belgium
0.14% 013% | 0.12%
oland
04
* 0.72% | 046% | T EH




=PFL Gold stats - executive summary

= 1 tonne of gold produces 100 000 tonnes of waste rock (or 1000 kg of
soll moved for one 10 g ring!)

= 1 kg of gold generates 12 500 kg of CO, equivalents (almost 3%
Switzerland’s transportation emission)

= 38% of worldwide total anthropogenic mercury emissions in 2015 were
attributed to artisanal and small-scale mining (focus in Sub-Saharan
Africa and South America — 163% increase between 2010-2015)

= Large scale mining (80% of global gold mine production) also
challenging with local environmental problems as massive deposits are
mined after long periods of time — contaminants, heavy metals, acid
mine drainage...

B MSE 341

From: The impact of gold Sustainability aspects in the gold supply-chains and Switzerland’s role as a gold hub — 2021 WWF report
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=P7L  Engineering materials categories (variable)

B MSE 341

Metals and alloys
Polymers
Ceramics
Composites
Semiconductors
Biomaterials

Metals

and

alloys

Biomaterials
Engineering
materials
Semi-

conductors

Composites
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https://en.wikipedia.org/wiki/Materials_science

=PFL  Ceramics vs. glass

B MSE 341

Ceramics are crystalline, which
contributes their almost always
high melting temperatures and
thermal stability

Glasses are amorphous and
soften/melt upon heating

GLASS FORMERS

FLUXES

OPACIFIERS COLORANTS S

OEEEREEE

n
B | |

STABILIZERS

36



=PFL  Ceramics -

= Considered one of the greatest and earliest
successes of humankind — control of fire

= Among the 15t objects manufactured
= From Greek “keramos” meaning burned earth

= Defined as non-metallic inorganic solids,
obtained by firing powders

= Characteristics — long service life, low density,
chemically inert, corrosion resistant,
electromagnetic response, non-toxic, heat and
fire resistant, sometimes electrical resistance
or porosity

Decarbonizing ceramics 2022

B MSE 341


https://www.sciencedirect.com/science/article/pii/S1364032122000119

=PFL  Ceramics "

= 1St pieces reported ca. 24,000 years ago

= Many uses today: promising for aerospace and high temperature
structural applications, information storage and optical devices, oral
prosthetics, water purification, bone void fillers, CO, adsorbents, etc.,

= Value of global ceramics market was approx. 230 billion in 2018, and
growing due to constant growth in the construction industry,
technological advancements in nanotechnology, 3D printing, and
ceramics Iin health

B MSE 341

Decarbonizing ceramics 2022



https://www.sciencedirect.com/science/article/pii/S1364032122000119
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Main uses - Ceramics and Glasses

Ceramics

Clay
products

Refractories Abrasives

= Optical fibers = Pottery = Refractory " Sandpaper

= Glasses = Whitewares bricks for high = Polishers

= Household = Bricks and T (furnaces) = Cutlery
tiles

Constructions
Composites

Advanced
ceramics

Electronics
Turbines
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Environmental cost of ceramics

CO, emissions by fuel or industry, World

BB Table | Chart

= |In EU: production of
refractories, wall and floor
tiles, and bricks and roof
tiles emit around 19 Mt CO,

= Globally: brick manufacture
IS responsible for 2.7% of
annual carbon emission;
cement (considered a
ceramic in this course’s
context) is responsible for
5-8% of annual emissions

Decarbonizing ceramics 2022

Projecting future carbon emissions from cement 2023

40
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https://www.nature.com/articles/s41467-023-43660-x

=PFL  Traditional ceramics

« Traditional ceramics are made from naturally
occurring minerals

* Mineral extraction has the usual
consequences: habitat destruction, soll
erosion, water pollution

» Open pits and quarries common

(a)
I RIS 77 VP77 7Aoo VIl
(1) Preparation of powders  (2) Shaping of wet clay (3) Drying (4) Firing
Loose powders Clay and water Dried clay Fired clay
(b)

B MSE 341



https://www.slideserve.com/Albert_Lan/processing-of-ceramics

=PFL " Powders

a .
(@) Container
4 / s S/

(1) Prapération of powders

Loose powders Stock

(b)
Drive rolls

« Starts with a powder
 Powder usually made by ball crushing and
then grinding, which is very energy intensive!

B MSE 341
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=P7L  Shaping

S S S
A (2) Shaping of wet clay

Dry prGSS|ng Y Plaster mold

Y Clay and water
o s
?; 7£— Semi-dry pressing yi
D
Q.
N
3 Plastic forming
o
e

/— Slip casting
O ¥ I
Nl 1 L >
0 10 20 30 40

Water content (%)

« Water is needed for shaping only/plasticity
« High pressures required for semi-dry/dry shaping

B MSE 341
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=PFL Drying - 2 stages

't

Volume (shrinkage)

Aggregate
volume

< Progress of drying

/ L Stage 1 drying

Drying rate

Stage 2 drying

Moisture content
(volume of water)

« Stage 1: fast and constant rate to evaporate
surface water (prone to shrinkage)

« Stage 2: enough water has been removed so
particles are in contact (no shrinkage)

B MSE 341



https://www.slideserve.com/Albert_Lan/processing-of-ceramics

=PrL
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Firing

« Heat treatment to sinter — form bonds between
particles, occurring with densification

e Performed in kiln

« Biggest impact to emissions, related to use of
fossil fuels to heat the kiln and process
emissions from carbonate raw materials which
emit CO, when heated

« If glaze is applied, the ceramic is fired again!

Fired clay



https://www.slideserve.com/Albert_Lan/processing-of-ceramics

=PFL  Advanced ceramics

B MSE 341

Same general steps:

Made from manmade raw materials
Developed to meet industrial, technological, and biomedical needs
Exhibit exceptional properties: high strength, resistance to wear, electrical insulation or
conductivity, piezoelectricity, etc.,

1.

2.

Starting material preparation — to satisfy high strength requirements grain size is
smaller! Controlled by mechanical and chemical methods

Shaping — some methods borrowed from powder metallurgy, like hot pressing, which
sinters as you press; separate firing step is not needed, or injection molding, where
ceramic particles are carried by a polymer that is removed after shaping; lower
temperatures need to shape but sintering still needed

Sintering — plasticity is not usually based on water so drying is not needed, but sintering
s still needed

Finishing — to improve finish or dimensions, usually abrasive

Advanced ceramics roadmap ‘ .



https://www.sciencedirect.com/science/article/pii/S0955221908005761?casa_token=Jq5vzDDAJ4kAAAAA:Rnko7QXgBYzGrG5zpzKDgrzNjxwi0uwiklmI1xl60FGHKcTwuv8ORZf17WGz-V5oT4mX9Z1azw
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Lithium connection?

= Lithium is used in new ceramics due to its ability to enhance certain properties: low
thermal expansion, high strength and toughness, melting point reduction, improved
optical properties, enhanced electrical properties, lightweight

Year
(C) 200 [X103]
O Batteries - -~ Extended 3-year CAGR
160 T © Ceramiks &glass — — Kingetal, 2018
= | A Greases == Martin et al., 2017
g 120 !
= )
£
-

Now batteries, but
before 2015, ceramics
and glass was the main
iIndustry using lithium

Decarbonizing ceramics 2022
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How cement is made

Cr'usher's AN
Old tires \L\\ \

Grinder
Kurt Friehauf - friehauf@kutztown.edu

@ Shale = Alumma
m Limestone = CaO }

\ o
—~

CaCOg (limestone) + heat -> CaO (lime) + CO,

sum

Portland

Cement 5.

»

[ //.

Quar'r'y /

1. Limestone, shale, silica, and iron

oxides are quarried from the
ground. (Some limestones
already contain enough silica).

. Rock materials are run through a

crusher that turns rock into
smaller pieces.

. Crushed limestone + silica + shale

+ iron oxides are mixed together
and run through a rotary kiln,

. Rotary kiln continuously mixes

ingredients and "calcines”
limestone so that CO, is driven
of f, forming clinker.

Clinker is ground to fine powder
and mixed with gypsum (helps
moderate how fast the cement
"sets), then bagged for sale.

Cement manufacture



https://www.greenspec.co.uk/building-design/cement-materials-and-manufacturing-process/

=PFL - Cement

Raw materials, energy,

and resources Clinker and cement manufacturing

https://www.mckinsey.com/industries/chemicals/our-insights/laying-the-
foundation-for-zero-carbon-cement

Share of global CO; emissions, % in 2017

==

Quarry Crusher Transport' Raw Kiln and preheater/ Cooler® Cement mill Logis- Total
mill precalcinator? tics*
Energy, 40 5 40 100 3,150 160 285 115 3,895
mega-
joule/ton
CO,, 3 1 7 17 479 319 28 49 22 925
kilogram/ton Calcination Fossil
process  fuels
. The cement industry alone is responsible for about a quarter of all industry CO,

emissions, and it also generates the most CO, emissions per dollar of revenue

. About two-thirds of those total emissions result from calcination, the chemical
reaction that occurs when raw materials such as limestone are exposed to high
temperatures.

B MSE 341

Industry

Power

Transport

Others
Buildings
Agriculture
gre N Iron and
4 .""‘. steel
Other industry
. ‘ | Cement
Mining Qil and gas
Chemicals

kg of CO, per $

Chemicals
Iron and steel . 1.4
Mining I 04

Oil and gas l 0.8

|
o
w
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Decarbonizing cement:

EPFL connection

—) | Zér0C0,

CO, chimique

+

CO, combustion de
combustibles

LC3 - more sustainable cement

Gypse

Zéro CO,

= CO, combustion de
combustibles

CO, chimique
+

CO, combustion de
combustibles

Replaces half of clinker
with calcined clay and
ground limestone, neither
of which releases CO2
when heated the way
limestone does

Clay is heated to lower
temperatures, reducing
fuel needed and
emissions

Lower temperatures
mean that cleaner
electricity like clinker can
be used


https://www.epfl.ch/labs/lmc/the-future-of-construction-with-more-sustainable-cement/
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PHOCES"\SILNG Transport ¥ T .
i &_ ¥ {
: Transport MATERIAL

i ] Transport | = — ]

~mouny [ > 3 Phoovonon
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o J T 45k CONSTRUCTION®
G ENGR S | g

Concrete

= About 60% of what is crushed can be
used for downcycling processes (recovery
of materials with a more limited range of
uses than the original material).

= These fragments can be used as base

materials for structures such as roads.

https://www.archdaily.com/933616/is-it-possible-to-recycle-concrete

End of life - Ceramics and Glasses "

GLASS:

GOOD FOR THE ENVIRONMENT
AND GOOD FOR YOU

nalls
AND CAN BE RECYCLED % PACKED

ENDLESSLY WITHOUT LOSS s
IN QUALITY OR PURITY. m cooLen %

A FACT THAT FEW OTHER FOOD Y CRUSHED

AND BEVERAGE PACKAGING A=

OPTIONS CAN CLAIM. | PP L

(s
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= Next meetings: will also consider plastics and composites
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=P7L  Key take aways

= Hotspots in steel making: mining, coal, ore to pig iron using coke

= Hotspots in ceramics: mining, drying, firing, except for glass —
downcycling instead of recycling, lithium or other CRMs in advanced
ceramics

= Approaches to decarbonize
= Rare earth metals — not rare in terms of abundance

= What's with Switzerland and gold?

B MSE 341
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