«The importance of Silicon to Society»
Professor Leiv Kolbeinsen, Dep. Mat. Sci. & Eng., NTNU

Including a short course in Process Metallurgy
- or rather “Resources, Energy & the Environment”

* Climate change has gone from If to When to Now (World Bank)
* Everyone is entitled to his/her own opinion, but not his/her own facts.
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) metal production

REE -Group
What/Who am [?

Metal production/-reduction/-oxidation:
* Liquid Slags and Metals

* Chemical reactions, Mass and energy transfer,
Phase relations/transitions

*  Process modeling

«Environmental metallurgy»:

* Recycling of metals/slags/dross/energy etc
* Reduction materials

*  Waste material prevention

* Resource characterization and optimization

“Process symbiosis (Industry parks)” in
cooperation with e.g. TSO Sustainability

Outline

3 Introductary postulates

Industrial overview

Resources, Energy & Environment

* About «Far-i-kal» & «Kransekake»

* Words on energy

*  From Oxide to Metal

*  Why CO,-emission?

CE: Cirkular (Green) Economy

*  Process metallurgy - Arolei CE?

* Industrial symbiosis (Industry parks)



@) et prosucion Three Postulates:

The sources of materials obtained from the Earth's crust,
though very large, are finite.
- This is a fact

The capacity of the Earth's ecosystem to cope with the
wastes from human production and consumption is finite and
by many measures is approaching the limit.

- This has universal support from scientists and other professionals with
deep knowledge of the issue.
The neo-liberal economic model of unrestrained capitalism as
practiced by developed and many developing countries,
despite its obvious material benefits over the past decades,
has resulted in social and environmental problems on a scale
that cannot be solved by market forces alone.

- This is a hypothesis although increasingly supported by empirical
evidence.

W. J. Rankin «Minerals, Metals and Sustainability — Meeting Future Material Needs» CSIRO publishing, 2011
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O nei Resource Depletion and Waste

roximately 10% of What Goes ‘in the Pipe’
ComesOutasGoodsandSemoes,

Pollution, Waste
and Environmental
Disturbances

Source: wri.org
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Industrial overview




Position|Plant name when started Year Product started Plant name today Products today Comments
) 1 Chistiania Spigerverk 1853 Iron Closed 1989 Elkem 1972 Jernverket 1984
m eta | p rod u ct| On 2 Meraker 1898 CaC2 Closed 2006 Owners: Union Carbide and Elkem
) 3 Hafslund 1899 | CaC2(1899-1967) Closed 2002
FeSi (1908- 2002) i ¢ ¢ A
4 Bjslvefossen Alvik 1905 CaC2 Later FeSi Elkem Bjglvefossen | FeSiand Foundry Products |Elkem from 1986
and FeCr
5 Odda smelteverk 1906 CaC2 Eﬁgﬁiﬁi Closed 2002 British Oxygen Company from 1937
(1924) 41 i
6 Fiskaa Verk (1917) 1907 Fertilizers Elkem Sola Solar Si, carbon Rebuilt 2005-2008
7 Vennesla 1908 Aluminium Hydro Vennesla Aluminium Hydro Aluminium
8  [Kristiansands 1910 Nickel Glencore Nikkelverket Nickel, coppercathodes, |Falconbridge Nikkelverk A/S (1929)
Nikkelraffineringsverk A/S cobolt, (gold, silver) Xstrata (2006)
9 Arendal SiC 1912 SiC Saint-Gobain Ceramic From 2005 only processing
Materials of SiC
10 |Eydehavn 1912 Aluminium i I Closed 1975
11 |Sulitjelma smeltehytte 1912 Cu i Closed 1991
12 |Pea Porsgrunn 1913 FeMn/SiMn Eramet Porsgrunn FeMn Eramet
13 1915 Mn Eramet Sauda FeMn SiMn Union Carbide to 1981 Elkem 1981-99
Electric Furnace Products Com Eramet from 1999
14 [Tinfoss Jernverk AS 1916 Iron Closed 1987 FeSi, SiMn and Silicon
15 |Tyssedal 1916 Aluminium TiZir Titanium and Iron Titania slag and Iron Repurposed in 1988 from Al
16 |Elkem Bremanger 1917 Iron Elkem Bremanger FeSi, Silgrain
17 Det Norske Zinkkompani A/S 1924 Zink Boliden Odda As Zinc / AIF
18 |Lilleby smelteverk 1927 FeSi | ¥ : _ G Closed 2002
19 |AS Tafjord Smelteverk 1930 FeSi Rinenl i i Closed 1962
20 |Orkla Metall 1931 Cuand$S Elkem Thamshavn Si + microsilica Orkla to 1986 - Elkem 1986 -
FeSi from 1964
21 |NorskJernverk 1946 Iron/Steel Celsa Armeringsstal, FeSil, Steel FeMn FeSi Started 1955 Restructured 1988
Glencore Manganese SiMn
22 |Ardal 1948 Al Hydro Aluminium AS Ardal Al Hydro Aluminium
23 |Sunndal 1954 Al Sunndal Primary Production Al Hydro Aluminium
24  |Mosal Mosjgen 1958 Al Alcoa Mosjgen Al, carbon Elkem/Alcoa - Alcoa 2009
25 |Fesil Nord 1960 FeSi Finnfjord Smelteverk FeSi Finnfjord Smelteverk from 1983
26 |Hollaverk 1962 FeSi Wacker Chemicals Norway Silicon FESIL sold to Wacker 2010
As Holla Metall
27 Husnes 1962 Al Hydro Husnes Al Rio tinto / Hydro
28 |Orkla Exelon 1962 SiC Washington Mills AS SiC Washington Mills 2004
29  |Hydro Karmgy 1963 Al Karmgy Primary Production Al Hydro Aluminium
30 |Elkem Salten 1967 FeSi Elkem Salten Si FeSi
31 |Elkem Lista 1971 Al Alcoa Lista Al Elkem/Alcoa - Alcoa 2009
32 |Tinfoss @ye 1974 SiMn Eramet Kvinesdal SiMn Eramet from 2008
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- SFI Metal Production
[ silisium

I:l Ferrosilisium

- Ferromangan

- Silikomangan

- Aluminium

- Nikkel, Kobber og Kobolt
Il Titanslagg og jern
B sink

- Silisiumkarbid
B Resirkulert st3l

[ ] Finnfjord

[ | Elkem Saiten

[] FesiliRrana

I Glencore Manganese i Rana

Il ce'saiRana

Alcoa Mosjpen
SFI Metal Production
Washington Mills
[ ] Elkem Thamshavn
[ | wacker Chemical Holla
Hydro Sunndalen
Hydro Ardal
[ | Elkem Bremanger
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TiZir Tyssedal

Boliden Odda

Hydro Husnes
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Overview
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metal production Net consumption of electricity in Norway.

MANUFACTURE OF

PRIVATE HOUSEHOLDS PULP, PAPER AND
AND AGRICULTURE PAPERBOARD
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metal production Greenhouse gas emissions by industry in Norway in 2014

Million tonnes CO,-eq.
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Resources, Energy & Environment

About «Far-i-kal» & «Kransekake»
Words on energy

From Oxide to Metal

Why CO,-emission?
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Kransekake (Almond Tower cake)

Fé r-i-kél (Mutton [Sheep] in Cabbage) Using an almond-grinder is
cumbersome; food-processor is much
Without Salt and Pepper? easier? (Is that so?)

Will I still be farikal?
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Food, Energy & Material use
Important elements ~1890:

Periodic Table of the Elements
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Ometal production

13

Food, Energy & Material use
Important elements ~1949:

Periodic Table of the Elements
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14

Food, Energy & Material use
Important elements “"NOW:

Periodic Table of the Elements
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-

A

SOLAR™
23,000 per year

World energy use
16 TW-yr
per year

« ;

TIDES *

0.5 peryesr:

source: Richard Perez* & Marc Perez - A FUNDAMENTAL LOOK AT ENE RESERVES FOR THE PLANET

Comparing finite and renewale planetary energy reserves ) Terawatt-years).
Total recoverable reserves are shown for the finate resources.

70 WIND"2

fotal

Natural Gas 18

240

total

Petroleum 18

90-300

Total

Uranium 1.2.10

Energy Crisis?

The annual global energy
consumption, for 2009,
was estimated at 16 TW-
yrs (or 140,160,000,000
KW-hrs) illustrated by the
orange sphere on the left-
most side



Ometal production Energy qua“ty o Energy o Exergy

(what is good use of renewable energy?)
Massflows are usually also Energy flows
— Exergy =f(T, P, a;) — Quality & amount: Ability to perform work
- =>Exergy is what people usually mean when they say «Energy»
Energy

(a)

| kg water
13 Ah at 43°C

It is wise to distinguish between:
— Heat
— Fuel
— Reducing agent
— Electricity

16



Metal production: Reductants/Energy sources

Stolen from Jean-Pierre Birat (and adapted by me)

Carbon
BlastFurnace (BF)

Blast furpace + plasma
Ferro alloys & Aluminium

NG reduction

Electro steel (EAF)
A Electrolysis

H, reduction

Electricity
ctrones

H, from water eIecironE'fe

Hydrogen
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Ometal production

MeO, + xR = Me + xRO

[Me = Metal, MeO, = metal oxide;
R = Reducing gas (H, or CO) - RO = Oxidized Reducing gas (H,O or CO,)

Figure shows

Figure shows
dependance of

dependance of
log(Pro/Pg) ON log(Pro/Pg) ON
temperature for the temperature for the
equilibrium

equilibrium
MeO, + xR = Me + xRO
when R equals CO.

MeO, + xR = Me + xRO
when R equals H,.

log pofpeg ———a-
| + 5

108 pu.ofpy, ————sm

1600
= 1300°
N
~1100°
= 1000°
= 900

1047 ——

At first sight these two collection of curves look the same, but:
When solid carbon is present the CO, from reduction will react with C and form new CO gas that can
reduce metal oxide once more.
Reduction with Hydrogen do not involve a similar function.




metal production .
Q | Reduce => Refine

VS.
Refine => Reduce

Impure (e.g. pig iron, ferrochromium,
metal  ferromanganese, ferrosilicon)

v

Impure ; ;
Ore or concentrate Reduce p S| Refine > Refined (e.g. Fteel, copper, zinc, lead,
(green or pretreated) metal metal  tin, nickel)
Impurities Impurities
) Pure intermediate imi :
Ore or concentrate Refine > Reduce Pure (g.g.balumlnltfm, m:‘:\gnemum,
(green or pretreated) compound metal titanium, sodium, silicon)
Impurities

Figure 8.4: The reduce-refine and refine-reduce sequences for the production of metals.

W. J. Rankin «Minerals, Metals and Sustainability — Meeting Future Material Needs» CSIRO publishing, 2011
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Silicon is used in a number of processes/applications

e Ferrosilicon is used both for removing oxygen from liquid steel and cast iron (de-
oxidation), as well as being an alloying element. The end-users are the automotive and
construction companies.

e Silicon is mainly used for alloying other metals, especially aluminium (about 45 % of
global silicon production is for alloying purposes). As for ferrosilicon, the end-users are
automotive and construction companies.

e Silicon is also used as feedstock for the silicone industry (about 40 %). The end products
are typically cosmetics, construction, anti-foam, medical equipment, automotive parts, etc.

e Silicon is an essential ingredient in semiconductors and in the solar industry (about 10-
15 % and growing). In electronic equipment, the amount of pollution elements must be as
low as in the ppb (parts per billion) range. More than 90 % of all electronic components
are based on silicon. Another important market for the industry is silicon used in solar
cells. Here the pollution level is in the ppm (parts per million) range.




Ometal production

Germany — The Renewable energy leader in total cumulative installations globally and leads by a successful model. In 2014:

Cumulative installed solar e
capacity [GW] SR peoRe

The Renewable energy leader globally

ICRIER Working Paper 329 Ashok Gulati, Stuti Manchanda, Rakesh Kacker: Harvesting Solar Power in India! Aug 2016

Germany 38 469
China 28 20
Japan 23 181
India 3 2.3
Germany’s 38 GW accounts for nearly 21percent of total solar installed capacity in the world (2014). All this makes Germany a key leader in solar

power.
There are 2 key elements in Germany’s solar power success that have contributed to substantial rooftop installations:
guaranteed grid connection to renewable energy producers and
Feed-in-Tariffs (FITs)

By 2013,
23 percent of global residential solar rooftops and
37 percent of global commercial solar rooftop

installations took place in Germany*. Governed by the Renewable Energy Sources Act 2000 (Erneuerbare-Energien-Gesetz EEG), renewables
including solar enjoy priority grid connection and are supported through Feed-in-Tariffs (FITs) in Germany. This has enabled even the small
producers and farmers to connect to the grid and earn revenue by selling solar power.

* http://marketrealist.com/2015/02/german-rooftops-domniate-global-photovoltaic-capacity/ (Accessed: 6t June 2016)
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BRAIN (DURA) MEMBRANE
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metal production

ELEMENTS OF A SMARTPHONE

ELEMENTS COLOURKEY: @ ALKALI METAL @ ALKALINE EARTH METAL TRANSITION METAL @ GROUP 13 @ GROUP 14 @ GROUP15 @ GROUP16 @ HALOGEN @ LANTHANIDE

SCREENO

OELECTRONICS

Oxygen

m -
(0]
50
Sn
Tin

59 63 66
Pr | Eu | Dy
Praseodymium } Europium ] Dysprosium

[

Gd

Gadolinium

BATTERY O

3

Li

v 8
Lithium
: N
Oxygen
AI
Carbon

Aluminium

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(Al,0,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.

66 59
Dy | Pr
Dysprosium | Praseodyrmium|
65 60 64
Tb | Nd | Gd
Terbium I Neodymium} Gadolinium
14 8 51
Si O | Sb
Silicon Oxygen | Antimony
33 15 31
As | P | Ga
Arsenic JPhosphorus} Gallium

Tin Lead

O CASING

6 12

C | Mg
Carbon ) Magnesium

25

Br

Bromine

@ © COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem
Shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.

SOCO
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The Needle in a Haystack Trace elements

Not easily found — Unpleasant Dilution - poisoning
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RAW MATERIAL
Consumable

Carbon Quartz electrodes

Electric energy

CO,
Cleaned process gas

1\

Boiler Filter

i

Crater %
N

Liquid metal

¥
Crushing €= Solidification €= Refining

¥

Sizing
Electricorheat

energy recovery

SILICON
PRODUCTS

MICROSILICA




ometal production

Si production and CO, emissions
SiO,(s)+(1+x)C(s) = xSi+(1-x)SiO(g)+(1+x)CO(g)

Total spec. CO,

Electricity source

(kg €O, /kg Si)
Theoretical C - free L6100, /51] = 3.2/ (2 CO => 2C0,/Si)
Hydro/Nuclear 4.3
Gas Power 10.6

Coal power 17.7




C §i0: 5i0:

O metal pro duction (toallcoke) (qrulrt:) (mz'croiilim)

Inner
reduction

Silicon

Main steps in the Si-process (Elkem)




ometal production What happens when cold CH, (g) meets hot SiO (g)?

Water cooled lance
for CH4-ipjection

<« % CO
Gas analyser

Condensation chamber, and on the lance:

2 Si0 (g) = Si0; (s) + Si (s) (4)
3 Si0 (g) + CO (g) =2 SiO; (s) + SiC (s) (6)
Teumce. Reaction chamber
thermocouple SiO (g) +2 CHa (g) =SiC (S) +CO (g) +4 H, (g) (2)
CHs(g)=C(s)+2H2(g) (3)
Si10 generator (S10 formation chamber)
Heating | 2 Si0; (s) + SiC (s) =3 SiO (g) + CO (g) ®))
element

Tsiothermocouple Argon

d on a paper by B. Monsen, L. Kolbeinsen, S. Prytz, V. Myrvdgnes, and K. Tang at the INFACON conference in Kazakhstan June 2013
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Theory Practice
2,5 1900 80 .
. Thermodynamic calculations e Gasferrosil exp. work ||~ 5!02
“e. Hot SiO at 1650°C meets cold CHs at 25°C o 70 P Hot SiO meets cold CHa | +(S:IC
— o
7 60 - Total production il i

1500

1300

Species (mole)
Temperature (°C)

1100

Product composition (%)

200

0 0,4 0,8 1,2 1,6 2 2,4 2,8

Mole of CH4/ 1 mole SiO(g) 00 05 10 15 2,0 2,5 3,0 3,5

Molar ratio (CH4/SiO)
Based on a paper by B. Monsen, L. Kolbeinsen, S. Prytz, V. Myrvdgnes, and K. Tang at the INFACON conference in Kazakhstan June 2013



Ometal production GasFerroSil project
Oxygen in Silica is used to convert CH, to “Syn Gas” (H, + CO) with Si as bi-product

4H+ 2CO

SiOs

Pure fines

S| Ultra clean

Start up with bought SiC.
Si-production with self-produced SiC.




Ometal production

most favoured option A Waste Hiera rchy
prevention
- minimisation
A, recycing
AR, energy recovery
g 7 least favoured option _ landfill




Ometal production

CE: Cirkular (Green) Economy
* Process metallurgy - Arole i CE?
* Industrial symbiosis (Industry parks)




Ometalproduction From “Introduction to Materials” — last century

|__Oppredning _J#---------- !
: Energi brukes hovedsakelig
: innenfor det avmerkede omradet
:
1 ﬁ
\ Ki emls-ke Framstilling av
T produksjons- -1 .
1 . \ ferdigvarer
1 trinn .
1 1
] ]
1 1
A ! 1
Gruvedrift | : 1
A 1 :
1 1
' e Slutt-
| Termo-mekanisk bruker
- " lq--F------=-= 4
handling
Prospektering

—




Ometal production

ey

Residugy We
s,

Towards a circular economy: A zero waste
program for Europe, European Commission, COM
(2014) 398 final, Brussels, 2.7.2014
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SFI
Metal
Production

ENERGY

SYSTEM
DESIGN

0 @4$ MINERALS, ot

RAW METALLURGICAL . S F I
MATERIALS PROCESSING |

EXPLORATION besieN | ) Manufacture
S0t AR paner®
pl e
4%

K PRODUCTION,

. REMANU-
—od Circular FACTURING
REGYGLING,

REMINING Economy N

=

MINING . DISTRIBUTION

CONSUMPTION, USE,
COLLECTION N\ peysE, REPAIR

B Helmholtz Institute Freiberg for Resourse Technology



() metal production

Packaging
—
_
(" Others
— ¥
Stock
-
( Buildings
— 2
Stock
\
( Transport
— L 4
Stock

Today’s aluminium recycling system:

cascading use

The bottom reservoir is formed by
automotive secondary castings
(mainly engine parts).

Today, the cascading system is
economically and ecologically meaningful.
- It makes use of all the metals
(aluminium, alloying elements,
other elements)
- This saves alloying elements for
secondary casting

In the future, the same system with

the same resources may become

unsustainable.

- Increasing amounts of scrap

- Limited capacity of engine parts
to absorb this scrap

- Scrap surplus?

37



Ometa' production Tomorrow’s aluminium recycling system:

Packaging
— 4—'
.
[ Others
* ]
Stock
.
[ Buildings
— ¥ |
Stock
—
e ~
Transport :
. ¥
Stock

Closed alloy cycles?

» Aclosing of alloy cycles would reduce
the amount of scrap to be absorbed by
automotive secondary castings.

- Use scrap for alternative applications
(sinks)

How could this be achieved in the

transport sector?

—> Currently, there is a cascading use
of about 200 aluminium alloys used
In vehicles.
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0 : Ilustration of the circular economy, Ellen MacArthur Foundation

Where does this company sit within the circular economy?

Mining/materials manufacturing

Parts manufacturer Technical nutrients

|
Product manufacturer

Voo

Service provider

U Reflirbish/
remjanufactyre
Reusg/redistgibute
Maintepance

illection Collection

LA

W RAW MATERIAL "2 1
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Ilustration of the circular economy, Ellen MacArthur Foundation

Where does this company sit within the circular economy?

Mining/materials manufacturing

]
[ ]

L

Parts manufacturer

T
Biochemical

Product manufacturer
Biosphere feedstock

Voo

Service provider
Restoration

S L

Biological nutrients

Technical nutrients

Biogas

Maintepance
Consumer
Anaerobic
digestion/
composting

Collection Collection

Extraction of
biochemical
feedstock
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N.i

Groupings

Archetypes

Examples

Technological Social Organisational
[ ]|
Substitute
Maximise Deliver
. with . . Adopt a Repurpose Develop
material and || Create value functionality n Encourage A
renewables stewardship for society/ scale up
energy from waste rather than sufficiency . .
. and natural " role environment solutions
efficiency ownership
processes
L JL _ll_
Low carbon Circular Move fram non- Product-oriented Biodiversity Cansumer Not for profit Collaborative
manufacturing,/ economy, i approaches
solutions closed loop Hybrid {sourcing,
l;!usinesses, production,
Lean ) Social enterprise lobbying)
manufacturing - (for profit)
it l"d"s,t”all p Incubators and
A ltwe_ symbiosis N O Alternative Entrepreneur
manufacturing ||~ © © ownership: support models
Reuse, recycle, cooperative,
At DT T re-manufacture mutual, Licensing,
materialisation ;
farmers Franchisi
e Take back 0 ° { o ) ng
3 management collectives B
packaging) Open innovation
Social and latforms
Increased Use excess bindlhre (p J
functionality (to capacity m @S S g i
regeneration Crowd sourci ng/
reduce total Sharing assets initiatives funding
number of {shared [‘net positive’)} | [,
products ownership and Patient / slow
s collaborative | S ¢ | | Base of pyramid capital”
consumption) : | services (cwms) | ° solutions collaborations
Respansible Localisation
Extended product
produ:elr distribution/ Home based,
responsibility promotion flexible working
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Industrial symbiosis: cooperative manage-ment
and exchange of resource flows - particularly
materials, water, and energy - through clusters of
companies.

‘& Businesses have become increasingly attentive to
& the price and availability of these resources, the

& notion of interfirm coordination and

¢ Mmanagement remains underdeveloped and

8 collaborative opportunities are continually

E overlooked.

This article! describes a theory of industrial
symbiosis examining the development of what
2™ have been called, industrial ecosystems or

™ industrial networks, drawing on a mix of biology
and ecology, complex systems-, and
E® organizational theory.

\ 1Chertow and Ehrenfeld, Organizing Self-Organizing Systems:Toward
e \ a Theory of Industrial Symbiosis Journ. Industrial Ecology Volume 16,
Issue 1 February 2012 pp 13-27

DOI: 10.1111/j.1530-9290.2011.00450.x

Organizing Self-Organizing Systems

Industrial Symbiosis: Main Development Stages

1) Sprouting: Firms begin to exchange resources on a
random basis for a variety of reasons. A limited network of
interlinked flows takes shape as “kernels” of industrial
symbiosis that face a market test and, even when
successful, may or may not lead to further exchange
activity.

2) Uncovering: The realization that some networks have
created positive environmental externalities becomes
consciously revealed or “uncovered”.

3) Embeddedness and institutionalization: In addition
to self-organization, further expansion of the network
becomes intentionally driven by an institute-ional entity
created at an earlier stage that becomes more deeply
established during this stage. As for how long this might
last, we have evidence that industrial symbioses can
persist over many decades, as is the case of Kalundborg,
Denmark, and Kwinana, Australia



Qmetal production Industry-parks/-symbiosis

“Business Models”

B&R (Build & Recruit): Public or private developers create an industrial park or zone and then seek
compatible tenants to whom land can be leased or sold. Often an “anchor tenant” is already known;
sometimes attracting such a tenant becomes the linchpin for additional development.

PE-IP (The Planned Eco-Industrial Park): draws most directly from the build and recruit model. It adds
another step, which is a directed effort to identify companies from different industries with a plan to locate
them together so that they can share resources across and among themselves. Versions of the PE-IP model
have proven to be the least successful of the various approaches so far, particularly in Europe and North
America

In the SOS (The self-organizing symbiosis) model an industrial ecosystem emerges from decisions by private
agents economically motivated to exchange resources to meet goals such as cost reduction, revenue
enhancement, or business expansion.

The RIP model (Retrofit Industrial Park), existing industrial parks are targeted for conversion to eco-industrial
parks after build and recruit has occurred. Success is likely to hinge on the degree to which firms in these
parks come to accept the norms and values that enable collaboration and interfirm exchange.

The CEE-IP (Circular Economy Eco-Industrial Park) model is a new form emerging in China associated with the
implementation of the Circular Economy Promotion Law in 2009. So far more than 20 existing sites have been
designated as “demonstration eco-industrial parks” as part of the circular economy preparations. Most are
retrofits rather than build and recruit models, although many are significant expansions closer in concept to
the PE-IP model. Theory suggests that a very positive context for the evolution of symbioses in China now
exists.
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Economic

A

resilience

§ Business Eco-efficiency Symbiotic
< synergy synergy
)
% By-product
§ reuse Recyding,
g
2
IS
low intermediate high
Environmental
resilience

Economy vs.
Environment

Source: Artem Golev & G.D. Corder
«Developing a classification system
for regional resource synergies»
Minerals Engineering 29 (2012) 58—
64
doi:10.1016/j.mineng.2011.10.018

Resilience is here the system’s ability to absorb disturbances before it changes the variables and processes that control behavior
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Ometal production The 2052 Forecast:
What will happen?

How can metal production contribute?

Jorgen Randers Professor Emeritus Climate Strategy Bl Norwegian Business School

1. Make sure production does not include any fossil inputs

2. Make sure process is suited for solar power —i.e. direct
current and intermittent power

3. Make sure there exist technologies (like CCS) to neutralize
greenhouse gas emissions (e.g. CO, and CH,)

4. Work for a global ban on metals made from fossil fuels — or
at least labelling of climate friendly metals




Ometalproduction Metal production: Reductants/Energy sources

Stolen from Jean-Pierre Birat (and adapted by me)

Carboncok

BlastFurnace (BF)

ible\development?

SynGas A Blast furnace + plasma
Ferro-alloys/silicon & Aluminium

G reduction

Electro steel (EAF)

v H, Electrolysis
H, from water electrolysis F|ecinc|t
Hydrogen Electrones
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Money is like muck, not good except it be

spread.

(Francis Bacon)

izquotes.com




metal production

Q It Is time to act — decisively!

jorgen.randers@bi.no www.2052.inf
o
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CO, fra aluminiumproduksjon CO, fra silisiumproduksjon
Alternativ C fra CH, (Natur- eller Bio-gass) Alternativ C fra CH, (Natur- eller Bio-gass)
Al,05 - r—b CO,+ H,0+ Si/FeSi produksjon - Varm SiO mgter kald CH4
Gas "scrubber" ] SiO +2CH, =SIC+ CO + 4 H,
ALO, + 6HF > 2AIF; + 3H,0 | eksisterende prosess i, +200:

40 mill Nm? naturgass trengs
for & produsere 25 000 t Si
= 80 000 tonn CO,

= 3.2'tonn CO, /tonn Si

Si02 +1.95C e

AlLO, + AlF3l t o

CH,

feeder ‘ !

removable cover _

0.05 SiC + Som ny prosess

(x- 0.05)C

carbonanode ~.__ = Al203+CH4=A|+C02+H20 ,,J
. 2CHs
_frozenledge 0.95Si g
electrolyte — o> <Ny - G 25°C SiO2
——8iC sidelining Pure fines
steel shell  — 3 —efractories Si uttra clegn

Thermal insulation

Start up with bought SiC.
Fra Monsen, GassFerroSil project Si-production with self-produced SiC.
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Elkem: Carbon Neutral Metal Production (CNMP)
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Finnfjord Vision

World’s largest ferrosilicon produce
4 without CO, emissions

D2

|

VISJON

Finnfjord - verdens fgrste ferrosilisiumprodusent uten CO2z u
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Type | industrial eco-system (linear material flows)

& Business synergy Eco-efficiency Symbiotic
synergy

S

E 0
o Unlimited
e | Cooperative By-product reuse Recycling resources Products
= |2 infrastructure ’
z W
5§
El=
c
e
w (SpOSa Waste Waste mining

5 neutralisation

| Unlimited

wastes

low intermediate high >
Environmental resilience (a)

BS — business synergy; BP— by-product synergy



Ometal production

Economicresilience
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Economicresilience

intemmediate high >
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