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Abstract

WORLD6 model was developed and applied to simulate potential future supply and scarcity of a num-
ber of natural resources within the system dynamics modelling workpackage of the SimRess project.
The main objective of this report is to outline the overall structure of the WORLD6 model and provide
a detailed description of the “resources” module implemented in the model.

In the WORLD6 model, resources are clustered under METALS, MATERIALS and ENERGY sub-mod-
ules. The metals sub-module includes copper, zinc, lead, technology metals (silver, antimony, bismuth,
tellurium, selenium, cadmium, germanium, indium, gallium), manganese, chromium, nickel, iron, stain-
less steel, speciality metals (molybdenum, rhenium, niobium, tantalum, cobalt, wolfram, platinum
group metals (platinum, palladium, rhodium), super alloys) and light metals (aluminium, lithium). The
materials sub-module includes sand, gravel and stone, where as the energy sub-module includes fos-
sile fuels more specifically hydrocarbons.

For each of the modelled resources, model simulation results were presented and an associated inte-
grated assessment was provided under separate sections of this report. In general, the WORLD6
model simulation results suggests that most of the supply peaks for metals, materials and fossil fuels
will occure around the middle of this century. This will lead to some of the most serious industrial, po-
litical and social challenges of our times and will require careful preparation and research in order not
to disrupt the functioning of society. Substantially better degree of recycling offers a long term sustain-
able and secure supply of most resources.

Kurzbeschreibung

Das Modell WORLD6 wurde zur Simulation einer potentiellen zukiinftigen Versorgung und Verknap-
pung einer Reihe von natiirlichen Ressourcen im Modellierungsarbeitspaket fiir die Systemdynamik
im Rahmen des SimRess-Projektes entwickelt und eingesetzt. Hauptzielsetzung dieses Berichtes ist die
Darstellung der Gesamtstruktur des WORLD6-Modells und die Vorlage einer ausfiihrlichen Beschrei-
bung des im Modell verwendeten ,Ressourcen“-Moduls.

Beim WORLD6-Modell werden die Ressourcen in die Kategorien METALLE, MATERIALIEN und ENER-
GIE aufgegliedert. Das Untermodul Metall umfasst Kupfer, Zink, Blei, Technologiemetalle (Silber, Anti-
mon, Wismut, Tellur, Selen, Kadmium, Germanium, Indium, Gallium), Mangan, Chrom, Nickel, Eisen,
Edelstahl, Spezialmetalle (Molybdan, Rhenium, Niob, Tantal, Kobalt, Wolfram, Metalle der Platin-
gruppe (Platin, Palladium, Rhodium), Superlegierungen) und Leichtmetalle (Aluminium, Lithium). Das
Untermodul Materialien umfasst Sand, Kies und Stein, und zum Untermodul Energie gehoren fossile
Brennstoffe, insbesondere Kohlenwasserstoffe.

Flir jede modellierte Ressource wurden die Modellsimulationsergebnisse prasentiert und es wurde
jeweils eine integrierte Beurteilung in einem separaten Abschnitt dieses Berichts vorgelegt. Ganz allge-
mein legen die Ergebnisse der WORLD6-Modellsimulation nahe, dass die meisten Versorgungs-spitzen
bei Metallen, Materialien und fossilen Brennstoffen etwa in der Mitte dieses Jahrhunderts auftreten
werden. Dies wird zu einigen der schwersten industriellen, politischen und sozialen Herausforderun-
gen unserer Zeiten fithren und sorgfaltige Vorbereitungen und Forschungs—-arbeiten erforderlich ma-
chen, damit die Funktionsfahigkeit der Gesellschaft nicht zerstort wird. Ein deutlich hoheres Niveau
beim Recycling eroffnet die Moglichkeit einer langfristig nachhaltigen und sicheren Versorgung mit
den meisten Ressourcen.
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Summary

This report is the final deliverable of the system dynamics modelling workpage of the Simress project.

The overall aim with this report is to present the general structure of the current version of the
WORLD model - WORLD6 - and provide a detailed description of the “resources” module, which con-
sists of a number of individual resource sub-modules.

This report is structured as follows:
Chapter 1 provides a very brief background information to this report.

Chapter 2 provides an overview of the WORLD6 model. The WORLD6 model incorporates World3
model in its structure and enhances it with a more detailed resource module. Thus, the WORLD6
model provides more detailed simulation results on the global supply of various resources. These re-
sources include metals (i.e. BRONZE (Copper, Zinc, Lead, Silver, Gold and the dependent metals Anti-
mony, Bismuth, Cobalt, Gallium, Germanium, Indium, Cadmium, Tellurium, Selenium), STEEL (Iron,
Chromium, Manganese, Nickel, stainless steel), LIGHT METALS (Aluminium, Lithium), SPECIALTY
METALS (Platinum group metals, Molybdenum, Rhenium, Niobium, Tantalum, Rare Earth Metals), ma-
terials (i.e. phosphorous, stone, sand, gravel) and energy resources (i.e. oil, coal, and gas). The model
also provides detailed simulation results on the energy consumption associated to extraction of these
resources (see Figure 2.1 in Chapter 2).

Chapter 2 also describes the methodology used in the model development. For each of the resources,
systems analysis was used to conceptually model the production, trade and consumption systems. The
flow pathways, the causal chains and the whole feedback structure of the systems were mapped using
causal loop diagrams and flow charts. The resulting coupled differential equations were transferred to
computer codes for numerical solutions. For all of the resources, first a stand-alone model was devel-
oped and tested. When that model worked satisfactorily, it was then integrated as a submodule in the
WORLDG6 model structure. The model was used to first reconstruct the past (1900-2015) to assess per-
formance and robustness of the model. When the performance was satisfactory, then the model was
applied to simulate the possible future (2015-2400), having the support of being able to reconstruct
the observed past pattern for 115 years. The model was developed iteratively by repeatedly testing it
on data gathered from the literature and corporate sources. The iterations were used to set the param-
eterization to such values that the mining history, observed ore grades and price picture could be re-
produced.

Prior to the assessment of resource scarcity and the sustainable supply of resources (later in Chapter
4), scarcity was defined in Chapter 2 as:

» Softscarcity, where shipments into the market do not match the demand for delivery from the
market, leading to an adjustment of price up, reducing demand and sometimes increasing the
amount offered to the market. This down-sized demand is the sign of soft scarcity. The adjustment
goes on until the offering into the market matches the demanded amount. The presently imple-
mented open market economic mechanisms work well to handle soft scarcity. The previously con-
sidered command-and-control regimes did not cope well with scarcity, but had a tendency to
worsen the situation.

» Hard scarcity has two variants:

» Economic scarcity, where the demand is downsized by the increased price, but where the demand
gets cut to zero by lack of ability to pay, while there is still material available (at high prices). If the
use of the resource is a major bulk resource for society, then economic crisis will be the result if
the resource is a keystone resource for the economy. Oil and coal are two such examples. If it is for
a specialized but not essential technology, then failure of provision or/and technical regression
will be the result.
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» Physical scarcity is where the supply cannot sufficiently cover the demand. There will be a demand
gap, a difference between the adjusted demand and what really can be supplied. Even if money to
pay whatever is asked, the material is not available. This is something that we have observed with
platinum and rhodium from time to time in platinum metal trading. Failure of provision is the final
result. Rhodium is an example where this has occurred on frequent occasions.

Chapter 3 assesses the amount of extractable resources available on the seafloor in relationship to the
resources available on land for some key infrastructural and technology metals; Iron, manganese, cop-
per, nickel, cobalt, molybdenum, platinum group metals (PGM), silver and gold.

A literature review was performed to harvest the relevant data, assessments and evaluations. Esti-
mates of technically extractable amount in the oceans graded with estimated extraction costs and de-
grees of extractability were compiled. Three types of deposits included in the assessment:

1. Manganese nodules on the main sea floor

2. Cobalt crusts on submerged seamounts

3. Massive sulphide deposits associated with black smokers and deep sea hydrothermal activity
along mid-ocean ridges and tectonic separation- and subduction-zones

Results present the area cover, metal ore density and contents of different metals in the different nod-
ules, crusts and massive sulphides on the ocean floor. The results from this assessment were used in
setting the right input resource sizes for iron, manganese, copper, nickel, cobalt, molybdenum, plati-
num, gold and silver in the WORLD 6 model development.

The results of this asssessemnt suggest that for all the metals considered, significant amounts are pre-
sent and located in mainly 5 limited regions of the oceans: two areas in the Pacific Ocean, one in the
Atlantic Ocean and one in the Indian Ocean. Most of the tonnage of the interesting metals in nodules
and black smokers are located at great water depth, from 1 km to more than 4 km depth, involving
huge technological challenges. Only a smaller fraction (5-25%) of the detected amounts can be consid-
ered to be extractable under the most favourable of conditions.

Chapter 3 concludes that the role of huge new resources for metals on the ocean floor to replace land
supply seems limited for most metals. For some of the main metals in society (iron, copper, platinum
group metals, gold, silver), the actual extractable amounts of seafloor resources are significantly
smaller than those on land, and mostly more expensive to extract. For some of the key technology met-
als that are in short supply and with small extractable resources (where every ton of supply counts
and when the price is consistently high) the ocean resources may be an interesting and significant
source of metals. The metals cobalt, nickel and silver may be in this category, with additional side
products of gold, copper or perhaps molybdenum and platinum group metals. There is a large amount
of manganese nodules available, however, the manganese price is at present very low, and would in no
way pay for the effort to harvest them and then extract the manganese. The extraction of these re-
sources may be commercially viable for the metals identified above, and they may under certain condi-
tions contribute significant amounts to the total supply. Considering the difficulty of mining and based
on an ore grade to metal price evaluation, it seems that only cobalt or silver would perhaps be inter-
esting on a commercial level in the near future.

Chapter 4 provides indepth information on the WORLD6 Model’s resources module. The resources
module consists of: 1) Metals sub-module; 2) Meterials sub-module; and 3) Energy resources sub-
module. Sections 4.1, 4.2 and 4.3 of the Chapter 4 present each of the individual resources modelled
under these three sub-modules, including brief background information on the resource, underpinned
hard data (eg. known individual metals and mineral reserves) used in the WORLD6 model, key model

39




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

results and vericifaction on available historical data (eg. extraction amounts, price) for the period
1900-2010, as well as major discussions and conclusions.

Section 4.1 in Chapter 4 describes the Metals sub-module of the WORLD6 Model. A number of metals
were clustered and modelled under four sub-modules. These are:

1. BRONZE sub-module

2. Copper (Cu), Zinc (Zn), Lead (Pb)

3. Technology metals - (Silver (Ag), Antimony (Sb), Bismuth (Bi), Tellirium (Te), Selenium (Se), Cad-
mium (Cd), Germanium (Ge), Indium (In) and Gallium (Ga))

4. STEEL sub-module

5. Manganese (Mn), Chromium (Cr), Nickel (Ni), Iron (Fe) and Stainless steel

6. SPECIALITY METALS sub-module

7. Molybdenum (Mo) and Rhenium (Re)

8. Niobium (Nb) and Tantalum (Ta)

9. Cobalt (Co)

10. Wolfram (W)

11. Platinum group metals - (Platinum (Pt), Palladium (Pd), Rhodium (Rh))

12. Super alloys

13. LIGTH METALS sub-module

14. Aluminium (Al)

15. Lithium (Li)

BRONZE Sub-module: Copper, Zinc, Lead (Section 4.1.1) and Technology metals (Ag, Bi, Cd, Ge, In, Sb,
Se, Te) (Section 4.1.2)

The consistently declining copper, zinc and lead ore grades over the last 150 years are closely matched
by the WORLD6 model. This is a strong indication of the coming scarcity and increased price for cop-
per, zinc and lead. Failure to take this message in would be a very serious mistake. For governance, it
would constitute a failure of taking responsibility, for corporations, to ignore key business obstacles or
opportunities. In a historical perspective, it will appear as totally unforgivable to have ignored these
scientific messages. However, using the BRONZE sub-model embedded inside the WORLD 6 model
does give a richer picture, including more details and essential feedbacks. The model is able to recon-
struct the past history of mining rates, ore grade decline and approximate metal price levels. The
WORLD6 model provides reasonable estimates of the production rates for the technology metals de-
pendent on copper, zinc and lead for their production. We need to carefully distinguish between the
primary production from mines and total supply to the market. Long after primary metal mining has
been reduced to insignificant levels, supply may be kept up by efficient recycling. The time after 2050
will be the age of urban mining, where more copper, zinc and lead metal is supplied from recycling
that from primary extraction from mines. However, for the technology metals, many have at present
low rates of recycling and these are much more vulnerable for decline in mining, unless the recycling
efficiency can be significantly improved. The conclusion is that there is not an immediate risk for scar-
city but that in the longer run (after 2030), scarcity manifested as rising metal prices should be ex-
pected and prepared for.

STEEL Sub-module: Manganese, Chromium, Nickel, Iron and Stainless steel (Section 4.1.3)

It is evident from the model simulation results that the world will not run out of iron in the next 400
years. However, it should be noted that by 2200, all of the rich ore grades and most of the high grade
ores will be gone. As soon as the rich grade starts to run out, a significant rise in iron price should be
expected. This increase comes from the increase in mining costs, ore treatment costs and iron extrac-
tion costs.
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The model was used to simulate the supply of the individual metals used for stainless steel; iron, man-
ganese, chromium and nickel. In the production of stainless steel nickel is predicted to become limiting
metals for production, shifting a part of stainless steel to chromium-based stainless steel. Model re-
sults show that the global stock-in-use for stainless steel reaches a peak in 2140, and then decline.
Shortage will become very pronounced after 2140, when demand can no longer be satisfied. After
2140, most supply will come from metal recycling. The long term supply of stainless steel is deter-
mined by several factors: Nickel is a limited resource, and even with very generous estimates of nickel
reserves, it may set limits to how much stainless steel it is possible to make. Based on the model simu-
lation results, after 2050, nickel will start to run out and nickel-based stainless steel production will
start to decline after peaking at about 68 million to per year. The missing amount will be replaced by a
simpler chromium-manganese stainless steel alloy. The available amounts of molybdenum, vanadium,
niobium or cobalt are far too small to act as proper substitutes for nickel.

With increased price because of scarcity, we may expect recycling to go up and soften the decline
somewhat. At recycling degrees above 80%, the supply of nickel, chromium and manganese will be
sufficient for a century, but eventually run out.

The energy needed for mining, smelting and production of these metals (Fe, Mn, Cr, Ni and stainless
steel) amounted to approximately 5% of all global energy available in 2016. By 2060, this will have in-
creased to an amount five times the amount in 2016. It is self-evident that this will cause a huge de-
mand on energy markets and sending energy prices up. The energy needs for the iron and steel sector
will be most challenging to satisfy in the time after 2100. This will need future attention from science
and policy.

LIGHT METALS sub-module (Aluminium) (Section 4.1.4)

The WORLD6 model simulation results for the aluminium supply, stocks in use and ore reserves sug-
gest that supply to the market will peak around year 2080 and decline after that, reaching 2014 level
in about 2300. Recycling will peak around the year 2100 and decrease with the stock-in-society after
that. Primary extraction from bauxite will peak in the next decade 2020-2030, unless extra effort is
made to increase mining efforts. This will, however, require a higher market price for aluminium. After
2030, recycling or urban mining will be the major source of aluminium. This will be the age of scrap
metal, and probably provide the basis for growing many new companies and enterprises. Bauxite re-
serves may potentially run out, but more than one century from now. The aluminium production from
mining will reach a peak about year 2030 and decline begins after 2040, because of diminishing ore
grades and increasing energy prices. Aluminium scarcity will manifest itself as increasing metal price,
and supply limits may likely come from energy limitations and not only reserves running low. The in-
creased price will change demand and considerations for what aluminium is used for. It does not seem
possible to substitute a significant fraction of the iron supply with aluminium. Nor will it be possible to
increase the global aluminium production very much more, without upsetting the global energy bal-
ance.

Very large bauxite or aluminium reserves are available, but they are not inexhaustible. It is doubtful
that we have enough carbon-based energy available to exhaust the reserves, because the amount car-
bon needed for alumina reduction may be difficult to source. At a production of 250 million ton alu-
minium per year, the production would consume about 14% of the present total global energy produc-
tion. That would amount to about 1,600 million ton oil equivalents per year as electricity. The global
energy production is to about 85% from fossil fuels, and by 2100 the energy production from fossil
fuels may have declined to about half (Campbell 2013). Then the energy consumption used to maintain
an aluminium production at the present level will consume an ever increasing fraction of the total
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global energy. That would significantly upset global energy prices and transfer to the aluminium mar-
ket price. Thus, we may run out of energy and money to buy it, long before we run out of aluminium
metal.

LIGHT METALS sub-module (Lithium) (Section 4.1.5)

Our assessment of the extractable amounts (resources) of lithium shows that the amount is far larger
than what the scientific literature suggests it is. Instead of the often suggested URR of 40 million ton
lithium, our assessment suggests a maximum resource estimate of 116 million ton lithium, a middle
best estimate resource of 73 million ton lithium and a worst case low resource estimate of 34 million
ton lithium. In the assessment we quantified extractable amounts across high, low and ultralow ore
grades and included resources in salt brines, pegmatite hard minerals, lithium contained in different
types of in clays, and accumulated deposits in all countries. The assessment on resource data con-
cludes that 73 million ton lithium is the most plausible resource estimate for what is actually extracta-
ble, and this is taken as baseline modelling scenario. This amount is both technically feasible and eco-
nomically possible.

The model simulation results suggest that a production peak is likely to occur in the period 2050-
2055, with a slow decline in supply and a steady increase in price in the decades after 2120. The re-
sults also suggest that a maximum level of primary extraction may be reached in 2020, followed by a
flat plateau to 2120, and followed a slow decline in primary extraction output.

The low recycling fraction for lithium remains is a technical hurdle to be overcome and a political man-
agement challenge. Model results show that it will stabilize around a maximum of 50% by market
force mechanisms alone, which is not sufficient for solving the electrical vehicle transition challenge.
That is not very good, and some considerations need to go into how that can be significantly improved.

The estimates for maximum number of battery units for vehicles, indicate that we have some chal-
lenges to solve:

1. It would be beneficial if the lithium use per battery unit could be reduced. Research and devel-
opment is needed, to increase battery efficiency as well as capacity and safety. If alternatives are
found, these are helpful only if they use less material of elements more abundant than lithium.
Alternatively, one should develop batteries where more electricity can be stored per kg lithium.

2. Cobalt will be limiting for high-density batteries as lithium at the present level of use, cobalt
abundance (extractable amounts) and production rates are lower than for lithium. However, co-
balt extraction is dependent on copper, nickel and platinum extraction, and there are fewer op-
tions available for increasing the production significantly. Substitution for cobalt will be im-
portant, and manganese and nickel are acceptable substitutes with sufficient supply.

3. Thedegree oflithium recycling in the global system is far too low, and substantial improvements
are required. This will need intensified efforts like those of UNEP, but also involvement of larger
economic forces.

4. The estimates for the extractable amounts are uncertain, and the resources need to be far better
investigated for extractability and extraction costs. However, finding larger potential resources
will not be sufficient, they must also be technically recoverable, and this without large environ-
mental damages. All in all, and Effort Return On Effort Investment (EROEI) must be performed.
Substantially better degree of recycling is required to have a more long term secure supply.

SPECIALITY METALS sub-module: Cobalt (Section 4.1.6)

The present use of cobalt shows a low degree of recycling and systemic losses are significant. The ex-
tractable resources of cobalt are not very large, about 32 million ton extractable from land-based re-
sources and about 34 million to from ocean seabed resources, a maximum of about 66 million ton.
Model results show that some time after 2200, the supply of cobalt will have run out under a business-
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as-usual scenario, depending on the population scenario adopted. Too much cobalt is lost if only mar-
ket mechanisms are expected to improve recycling, and unnecessary cobalt is wasted if no policy ac-
tions are taken. We can conclude that the market mechanisms alone neither have the goal nor the com-
petence to make cobalt use sustainable without governmental interventions and regulations. A sci-
ence-based solution-oriented policy is needed to correct the situation before it is too late and too much
cobalt has been lost. Failure to take this message in will risk that society one day will be without co-
balt. In order to conserve cobalt and allow it to be available for coming generations, present policies
must be changed and the large observed losses mitigated within the next decades.

SPECIALITY METALS sub-module: Molybdenum and Rhenium (Section 4.1.7)

The WORLD6 model results show that molybdenum will always be in soft scarcity. But, after price-ad-
justment to demand, no hard scarcity and failure of provision will occur. The simulations shows a
steady decline in molybdenum ore grade with time. Known reserve of about 14 million ton in 2015
peaks at 20 million ton in 2060. Under business-as-usual the molybdenum reserves will provide suffi-
cient supply to about 2150, after which it declines quickly. By 2150, virtually all hidden resources will
have been detected and included in minable reserves. The model suggests that by 2250, all known mo-
lybdenum reserves will have been exhausted.

Model simulation results show that molybdenum and rhenium will only last for another 150 years un-
der the present metal conservation paradigm. These metals are so important for high performance al-
loys and advanced technologies, that much better metal conservation efforts need to be made than
those that presently are being applied. The present policy that “the market will fix it” has very evi-
dently failed to regulate the issue of molybdenum and rhenium conservation so far. It illustrates the
need for governmental participation in creating a fair, stable and transparent market that is sustaina-
ble (Sverdrup et al,, 2015c). The model performs well in tests against observed data and is thus a valid
assessment tool. The model predicts a significant decline in molybdenum and rhenium supply after
2100 with severe scarcity after 2150 under the present regime of recycling. In the molybdenum-rhe-
nium system the losses are too large for the system to be sustainable for more than 150 years. Most
chemical uses are not followed by recapture. In metallic uses, a large portion is lost to dilution into
general stainless steel scrap.

SPECIALITY METALS sub-module: Niobium and Tantalum (Section 4.1.8)

The model results show a steady decline in niobium and tantalum ore grades with time. Results show
that the WORLD6 model is capable of capturing the observed trands in extraction rates, market price
and the ore grade. On the systemic level, the results suggest that most chemical uses of tantalum and
niobium are not followed by recapture. The present lack of consistent efforts in niobium and tantalum
conservation cause an unsustainable supply situation to persist. In the long run, business as usual for
these metals will lead to scarcity. At present, too large amounts of tantalum are irreversibly lost or lost
into copper due to simplified electronics scrap handling. In metallic uses, a far too large portion of nio-
bium is lost to dilution into stainless steel.

SPECIALITY METALS sub-module: Wolfram (Section 4.1.9)

In the future, worlfram can be expected to have an increasing demand, as there are many advanced
technologies where it gives a technical advantage. Two parameters are the most important for the as-
sessment of wolfram scarcity: global average supply per capita per year (necessary to assess whether
we can have growth, if we will get global stagnation or global contraction) and global average stock-in-
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use per capita (necessary to assess wheter we can increase global utility provision, if it will develop
into global stagnation or global contraction).

Simulation results show that soft scarcity for wolfram occurs around 2030 and hard scarcity occurs
after 2200 because of resource exhaustion. The stock-in-use per capita declines aftetr 2100, first
slowly, then fast (after 2220), and service provision is lost. There will be a significant worlfram scar-
city problem after 2200.

SPECIALITY METALS sub-module: Super alloys (Section 4.1.10)

WORLDG6 model results were used to assess the sufficiency of the molybdenum, rhenium, niobium, tan-
talum, cobalt and nickel supply for production of superalloys, considering its technical use in rocketry,
high performance turbines and advanced jet engines. The assessment suggest that:

1. Military and strategic great power aspects:

a.

Without metals like tantalum, niobium, molybdenum, rhenium and hafnium available to
the technologies demanding superalloys for their function, a sufficient number of ad-
vanced jet engines necessary for 5th and 6th generation fighter planes will not be avail-
able. States desiring these technologies in volume can no longer have that kind of hard-
ware. That could mean loss of military superiority enjoyed by the few nations that have
this today. Other sophisticated military hardware also depends on these metals to main-
tain their edge, and this will not be available to the same extent as before.

Several types of missile engine nozzles and rocket engines will no longer be possible to
make without at least 5th generation single crystal superalloys. This will limit military
hardware performance, and weaken the military potential of states without own secure
access to these metals.

2. Technological aspects:

a.

The limitation that could be caused to advanced jet engine technology is serious for fu-
ture development of flight technologies and high-temperature jet turbines needed for
fuel-efficient engines. Superalloys without the key metals (Made from molybdenum, ni-
obium, tantalum, platinum group metals, zirconium, hafnium, cobalt, chromium, nickel
(all which may face shortage risks in the next decades, with the only exception of zirco-
nium and chromium) have definitely poorer technical performance and thus, this could
become a problem in a future world with higher volatile hydrocarbon prices. In addition,
those metals mentioned are also in scarce supply.

Some very corrosion-resistant alloys can be made with superalloys containing molyb-
denum, tantalum, niobium, platinum group metals or rhenium and these are important
for containment of corrosive molten salts containing halides. Examples of uses are:

i. In molten salt cooled systems in advanced high-performance nuclear reactors.
These are important for the development of the next generation molten salt
cooled nuclear power plants based either on uranium 238 or thorium.

ii. They are important for developing turbines for civil society power generation at
higher temperature to increase thermal efficiency.

iii. They are also important for the development of inert electrodes for smelting of
light metals like magnesium or aluminium and for production of silicium and fer-
rosilicium.

SPECIALITY METALS sub-module: Platinum group metals (platinum, palladium, rhodium) (Section

4.1.11)

Our assessment of the extractable amounts (resources) of platinum group metals are twice as big as
earlier anticipated and estimated. This result does not affect the fact that the metals are very scarce
and can be expected to remain scarce for the foreseeable future. The assessment suggests an ulti-
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mately recoverable resource (URR) of about 216,000 ton platinum group metals (The platinum re-
source is approximately 99,000 ton, and the palladium resource is approximately 93,000 ton), sum-
ming up both primary resources and resources coming through dependent secondary extraction. The
sensitivity analysis suggests that the resource size given above is the most probable estimate.

The WORLD6 model simulation results show that peak production from mines will occur in the period
2035-2050, and a peak in supply to society 20-35 years later. The model outputs suggest that diffuse
and dissipative losses are at present too large on the global systemic level for the platinum group met-
als, and that conservation efforts would be needed to be strengthened if we consider the very long
term perspective. Because ore grade and cost of extraction is included in the model, effort required per
amount platinum group metals extracted increase with time, eventually closing down extraction. In
summary, based on the model results:

1. Production of supply and extraction
a. The platinum group metals extraction will go through a peak in 2035-2050 and market
supply reach a peak during 2070-2080. The delay between extraction and supply peak
depend on the degree of recycling and the relative size of the loss flows to the extraction
flows.
2. Reserves and resources
a. The total extractable amounts of platinum group metals if we take in the latest resource
assessments, consider new technology for mining at great depth, and the resources ex-
isting at great depth are about 220,000 ton
The known reserves will stay at about 60,000 ton and slowly decline after 2030.
c. The ratio between the cumulative amount supplied to society and the cumulative
amounts primary extracted is about 2.6, this is called Factor X.

Section 4.2 of Chapter 4 describes the materials submodule of the WORLD6 Model. For this report only
sand, gravel, crushed rock and stone were assessed as a part of the materials submodule.

The simulation results under assumed business-as-usual scenario, show that cut stone production will
reach a maximum level about 2020-2030 and slowly decline after that. The cause for this is that de-
mand exceeds extraction as well as slow exhaustion of the known reserves of high quality stone. Sand
and gravel also show peak behaviour and reach their maximum production rate in 2060-2070. The
reason for the peak behaviour is partly driven by an expected population peak in 2065 and increasing
prices for sand and gravel, limiting the demand.

While in a global perspective supply may seem inexhaustible, supply and availability is already a grow-
ing problem at a local to regional scale, signalling that global trade with sand, gravel and stone will
continue to increase. We need better data on production rates, use and recycling to better assess risks
of regional scarcity, as well as a model of this kind divided into different regions. The state of the re-
search is not at present at a stage where this is possible without substantial research funding to sup-
port it. The materials sub-module of WORLD6 model, given better data, could be used for this as it
could be down-scaled to regions.

Section 4.3 of Chapter 4 defines the energy sub-module of the WORLD6 model. For this report only fos-
sil fuels (hydrocarbons) were assessed as a part of the energy submodule.

Only a fraction of the world’s detectable resources of fossil fuels is extractable, one of the major rea-
sons for widely different estimates of the resources. There are several reasons for the differences in
resource estimates:
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1. Asignificant part of the resources is hidden behind an energy barrier; the energy cost to extract is
larger than the benefit of what can be extracted. When the extraction costs exceed the income, then
extraction stops.

2. Asignificant part of detected resources is blocked hidden behind a technological barrier. The re-
sources are located in such places, that the technology to extract it does not exist now nor in the
foreseeable future. The resource is unreachable.

3. Asignificant part is behind a capital barrier. The resource is hypothetically extractable, but there is
not enough capital to make the investments, nor the liquid money to buy the product at the price it
would imply. Hydrocarbon fossil fuels are out of reach when the oil price reaches 1700 $ per ton
oil equivalent.

4. A significant part of the resources is hidden behind an environmental destruction barrier. The re-
source is of such a poor environmental quality, or the extraction and use have such large environ-
mental detrimental impact, that it remains unfeasible.

Thus, the world does not run out of fossil fuels because of lack of fossil carbon in the ground. The pro-
duction comes to a stop because the implications of continuing extraction are unacceptable.

Chapter 5 provides overall conclusions that most of the supply peaks for metals, materials and fossil
fuels come in the period 2040-2060. This will amount to some of the most serious industrial, political
and social challenges of our times and will need careful preparation and research in order not to dis-
rupt the functioning of society. A business-as-usual is a worst-case scenario with respect to material
resource use, leading to challenges of material scarcity and a significant potential for society disrup-
tions. With increasing recycling peak extraction of resources can be shifted towards the future, in-
creasing the Factor X, i.e. the number of times one weight unit is used before it is lost.
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Zusammenfassung

Dieser Bericht ist das endgiiltige Ergebnis des Modellierungsarbeitspakets fiir die Systemdynamik im
Rahmen des SimRess-Projektes.

Hauptzielsetzung dieses Berichtes ist die Darstellung der allgemeinen Struktur der aktuellen Version
des WORLD-Modells (WORLD®6) und die Vorlage einer ausfiihrlichen Beschreibung des ,Ressourcen”-
Moduls, der sich aus einer Reihe einzelner Ressourcen-Untermodule zusammensetzt.

Dieser Bericht ist wie folgt aufgebaut:
Kapitel 1 enthélt sehr kurze Hintergrundinformationen zu diesem Bericht.

Kapitel 2 ist ein Uberblick iiber das WORLD6-Modell. Das WORLD6-Modell umfasst das World3-Mo-
dell, baut auf dessen Struktur auf und erweitert diese um ein ausfiihrlicheres Ressourcenmodul. Somit
bietet das WORLD6-Modell ausfiihrlichere Simulationsergebnisse {iber die globale Versorgung mit
verschiedenen Ressourcen. Zu diesen Ressourcen zidhlen Metalle (d. h. BRONZE (Kupfer, Zink, Blei, Sil-
ber, Gold und die damit zusammenhéingenden Metalle Antimon, Wismut, Kobalt, Gallium, Germanium,
Indium, Kadmium, Tellur, Selen), STAHL (Eisen, Chrom, Mangan, Nickel, Edelstahl), LEICHTMETALLE
(Aluminium, Lithium), SONDERMETALLE (Metalle der Platingruppe, Molybdan, Rhenium, Niob, Tantal,
Seltene Erden), Materialien (d. h. Phosphor, Stein, Sand, Kies) und Energieressourcen (d. h. Ol, Kohle
und Gas). Das Modell liefert auch ausfiihrliche Simulationsergebnisse in Bezug auf den Energiever-
brauch in Verbindung mit der Gewinnung dieser Ressourcen (siehe Abb. 2.1 in Kapitel 2).

In Kapitel 2 wird auch die bei der Modellentwicklung verwendete Methodologie beschrieben. Fiir jede
der Ressourcen wurde die Systemanalyse fiir eine konzeptionelle Modellierung der Produktions-, Han-
dels- und Verbrauchssysteme verwendet. Die Ablaufbahnen, die Ursachenketten und die gesamte
Feedback-Struktur der Systeme wurden in Form von Ursache- und Folgediagrammen sowie Flow-
charts aufgezeichnet. Die sich daraus ergebenden gekoppelten Differentialgleichungen wurden mit der
Zielsetzung numerischer Losungen in Computercodes umgewandelt. Fiir alle Ressourcen wurde zu-
nachst ein eigenstandiges Modell entwickelt und getestet. Als dieses Modell zufriedenstellend funktio-
nierte, wurde es als Untermodul in die Struktur des WORLD6-Modells integriert. Das Modell diente
zunachst zur Rekonstruktion der Vergangenheit (1900 bis 2015), damit die Leistung und Stabilitat des
Modells bewertet werden konnte. Als die Leistung zufriedenstellend war, wurde des Modell zur Simu-
lation der moglichen Zukunft (2015 bis 2400) ausgehend von der Erkenntnis verwendet, dass es ge-
lungen war, die beobachteten Vergangenheitsmuster von 115 Jahren zu rekonstruieren. Das Modell
wurde iterativ durch wiederholte Tests mit Daten entwickelt, die aus Literatur- und Unternehmens-
quellen stammen. Diese Iterationen dienten zur Festlegung der Parameter auf solche Werte, die eine
Reproduktion der Bergbauindustrie, der beobachteten Erzqualitidt und des Preisbilds ermdglichen.

Vor der Beurteilung der Ressourcenverknappung und der nachhaltigen Versorgung mit Ressourcen
(siehe Kapitel 4) wurde die Verknappung in Kapitel 2 wie folgt definiert:

» Sanfte Verknappung, bei der die Belieferung des Marktes nicht der Nachfrage des Marktes nach
Lieferungen entspricht, wodurch es zu Preiserh6hungen kommt, die wiederum einen Riickgang
der Nachfrage und manchmal auch eine Steigerung der dem Markt angebotenen Menge nach sich
ziehen. Die geringere Nachfrage ist ein Zeichen sanfter Verknappung. Die Anpassungen gehen wei-
ter, bis das Angebot fiir den Markt der nachgefragten Menge entspricht. Die gegenwartig wirksa-
men wirtschaftlichen Mechanismen des offenen Marktes reichen fiir die Bewaltigung der sanften
Verknappung aus. Die bereits frither in Erwigung gezogenen Plan- und Uberwachungsregelungen
konnen die Verknappung nicht in den Griff bekommen, sondern zeigten sogar eine Tendenz zur
Verschlimmerung der Situation.

» Beider schweren Verknappung gibt es zwei Varianten:
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» Die wirtschaftliche Verknappung, bei der die Nachfrage durch die Preissteigerung sinkt, aber dann
durch die fehlende Zahlungsfahigkeit auf Null sinkt, wenn noch Material (zu hohen Preisen) ver-
fligbar ist. Wenn die Nutzung der Ressource von grofder Bedeutung fiir die Gesellschaft ist, tritt
eine Wirtschaftskrise ein, falls es sich bei der Ressource um einen Grundpfeiler der Wirtschaft han-
delt. Ol und Kohle sind zwei Beispiele dafiir. Wenn es um eine spezialisierte, aber nicht unverzicht-
bare Technologie geht, wird der Nachschub ausfallen und eine technische Regression eintreten.

» Eine physikalische Verknappung ist dann gegeben, wenn die Versorgung die Nachfrage nicht aus-
reichend abdecken kann. Dadurch entsteht eine Nachfrageliicke, also ein Unterschied zwischen der
angepassten Nachfrage und der tatsdchlichen Versorgungsmaoglichkeit. Auch wenn Geld fiir jeden
geforderten Preis vorhanden ist, steht das Material nicht zur Verfiigung. Derartige Zustiande wur-
den bereits mehrfach bei Platin und Rhodium auf dem Platinmarkt notiert. Als Endergebnis fallt
der Nachschub aus. Rhodium ist ein Beispiel dafiir, dass sich dies schon mehrfach ereignet hat.

In Kapitel 3 wird die Menge der nutzbaren Ressourcen auf dem Meeresboden im Verhaltnis zu den an
Land verfiigbaren Ressourcen fiir einige wichtige Infrastruktur- und Technologiemetalle, Eisen, Man-
gan, Kupfer, Nickel, Kobalt, Molybdan, Metalle der Platingruppe (PGM), Silber und Gold bewertet.

Zur Erfassung der relevanten Daten, Beurteilungen und Auswertungen wurde die entsprechende Fach-
literatur herangezogen. Schatzungen der technisch nutzbaren Mengen in den Meeren im Verhaltnis zu
den geschitzten Abbaukosten und dem Umfang der Nutzbarkeit wurden zusammengestellt. Bei der
Bewertung wurden drei Arten von Lagerstatten berticksichtigt:

1. Manganknollen auf dem Hauptmeeresboden

2. Kobaltkrusten auf Seebergen unter Wasser

3. Massive Sulfidvorkommen in Verbindung mit Schwarzen Rauchern und Hydrothermalquellen in
der Tiefsee an Hohenziigen mitten im Ozean und tektonischen Trenn- und Subduktionszonen

Aus den Ergebnissen gehen die Bereichsabdeckung, die Metallerzdichte und die Anteile der verschie-
denen Metalle in den einzelnen Knoten, Krusten und massiven Sulfidvorkommen auf dem Meeresbo-
den hervor. Die Ergebnisse dieser Beurteilung wurden bei der Festlegung der richtigen Eingabegrofien
der Ressourcen fiir Eisen, Mangan, Kupfer, Nickel, Kobalt, Molybdan, Platin, Gold und Silber bei der
Entwicklung des WORLD6-Modells verwendet.

Die Ergebnisse dieser Auswertung legen nahe, dass bei allen bertiicksichtigten Metallen erhebliche
Mengen vorhanden sind und sich hauptsachlich in 5 begrenzten Regionen der Meere befinden: zwei
Bereiche im Pazifischen Ozean, einer im Atlantischen Ozean und einer im Indischen Ozean. Die grof3-
ten Vorkommen der interessanten Metalle in Knoten und Schwarzen Rauchern befinden sich in grofder
Wassertiefe, von 1 km bis mehr als 4 km tief, was enorme technische Herausforderungen beinhaltet.
Nur ein kleinerer Teil (5 bis 25 %) der entdeckten Vorkommen kdnnen als unter den glinstigsten Be-
dingungen forderbar eingestuft werden.

Kapitel 3 kommt zu der Schlussfolgerung, dass die Rolle der riesigen neuen Metallressourcen auf dem
Meeresboden als Ersatz flir die Gewinnung an Land bei den meisten Metallen begrenzt zu sein scheint.
Bei einigen der fiir die Gesellschaft wichtigsten Metalle (Eisen, Kupfer, Metalle der Platingruppe, Gold,
Silber) sind die tatsdchlich forderbaren Vorkommen auf dem Meeresboden deutlich geringer als an
Land und ihre Gewinnung ist meistens kostspieliger. Bei einigen der wichtigsten Technologiemetalle,
die Mangelware sind und nur als kleine forderbare Ressourcen vorkommen (wo jede Tonne zihlt und
bei stindig hohem Preis), konnen die Vorkommen im Meer eine interessante und wichtige Metall-
quelle sein. Die Metalle Kobalt, Nickel und Silber konnen in diese Kategorie fallen, wobei Gold, Kupfer
oder vielleicht Molybdan und Metalle der Platingruppe eine Rolle als zusatzliche Nebenprodukte spie-
len konnten. Es gibt eine Vielzahl von Manganknoten. Allerdings ist der Manganpreis gegenwartig sehr
niedrig und kann den Aufwand fiir deren Férderung und die anschlieféende Gewinnung von Mangan
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keinesfalls abdecken. Die Foérderung dieser Ressourcen kann bei den oben genannten Metallen wirt-
schaftlich tragbar sein. Unter bestimmten Umstdnden kénnen sie sogar in erheblichen Mengen zur Ge-
samtversorgung beitragen. Angesichts der Schwierigkeiten im Bergbau und auf der Grundlage einer
Auswertung der Erzgiite im Verhéltnis zum Metallpreis scheinen in naher Zukunft lediglich Kobalt o-
der Silber eventuell wirtschaftlich interessant zu sein.

Kapitel 4 enthilt tiefgehende Informationen iiber das Ressourcenmodul des WORLD6-Modells. Das
Ressourcenmodul setzt sich wie folgt zusammen: 1) Untermodul Metall; 2) Untermodul Materialien
und 3) Untermodul Energie. Die Abschnitte 4.1, 4.2 und 4.3 von Kapitel 4 prasentieren die einzelnen
im Rahmen dieser drei Untermodule modellierten Ressourcen einschlief3lich kurzer Hintergrundinfor-
mationen zur Ressource, unterlegt mit den belastbaren Daten (z. B. bekannte Einzelmetall- und Mine-
ralreserven) des WORLD6-Modells, der wichtigsten Modellergebnisse und der Abgleichung mit den
verfligbaren historischen Daten (z. B. Fordermengen, Preis) im Zeitraum 1900 bis 2010 sowie der be-
deutenden Erdrterungen und Schlussfolgerungen.

Abschnitt 4.1 in Kapitel 4 beschreibt das Metall-Untermodul des WORLD6-Modells. Einige Metalle
wurden in Gruppen zusammengefasst und unter vier Untermodulen modelliert. Dabei handelt es sich
um:

1. Untermodul BRONZE

» Kupfer (Cu), Zink (Zn), Blei (Pb)
» Technologiemetalle - (Silber (Ag), Antimon (Sb), Wismuth (Bi), Tellur (Te), Selen (Se), Kadmium
(Cd), Germanium (Ge), Indium (In) und Gallium (Ga))

2. Untermodul STAHL
» Mangan (Mn), Chrom (Cr), Nickel (Ni), Eisen (Fe) und Edelstahl
3. Untermodul SPEZIALMETALLE

Molybdéan (Mo) und Rhenium (Re)

Niob (Nb) und Tantal (Ta)

Kobalt (Co)

Wolfram (W)

Metalle der Platingruppe - (Platin (Pt), Palladium (Pd), Rhodium (Rh))
Superlegierungen

vVvyvyVvyyvyypy

-

Untermodul LEICHTMETALLE

» Aluminium (Al)
» Lithium (Li)

Untermodul BRONZE: Kupfer, Zink, Blei (Abschnitt 4.1.1) und Technologiemetalle (Ag, Bi, Cd, Ge, In, Sb,
Se, Te) (Abschnitt 4.1.2)

Die in den letzten 150 Jahren stindig sinkende Qualitdt von Kupfer, Zink und Blei wurde im WORLD6-
Modell bestatigt. Dies ist ein starkes Anzeichen fiir die bevorstehende Verknappung und steigenden
Preise fiir Kupfer, Zink und Blei. Eine Nichtberiicksichtigung dieser Botschaft ware ein sehr schwerer
Fehler. Fiir Regierungen wire es ein Versagen, die Verantwortung zu iibernehmen; fiir Unternehmen
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ware es eine Unterlassungsstinde, die wichtigen Geschéaftshindernisse oder -moglichkeiten zu ignorie-
ren. Aus historischer Perspektive wiirde es als absolut unverzeihlich eingestuft werden, diese wissen-
schaftlichen Botschaften zu ignorieren. Allerdings erhalt man durch die Einbeziehung des BRONZE-
Untermoduls im Rahmen des WORLD6-Modells ein umfangreicheres Bild mit mehr Einzelheiten und
wichtigen Riickmeldungen. Das Modell kann die Vergangenheit der Bergbauwerte, des Erzqualitats-
riickgangs und des ungefahren Preisniveaus rekonstruieren. Das Modell WORLD6 liefert verniinftige
Schatzwerte fiir die Technologiemetalle, deren Produktion von Kupfer, Zink und Blei abhangig ist. Wir
miissen sorgfaltig unterscheiden zwischen der Primédrproduktion der Bergwerke und dem gesamten
Marktangebot. Lange nach dem Niedergang des Primarmetallbergbaus auf unbedeutende Werte kann
die Versorgung durch effizientes Recycling gesichert werden. Der Zeitraum nach 2050 wird zum Zeit-
alter des stadtischen Bergbaus, weil dann mehr Kupfer, Zink und Blei durch Recycling gewonnen wer-
den als durch den Abbau in Bergwerken. Die Technologiemetalle zeichnen sich allerdings gegenwartig
durch einen geringen Recyclinganteil aus und reagieren viel anfélliger auf den Riickgang im Bergbau,
sofern die Recyclingeffizienz nicht erheblich verbessert werden kann. Die Schlussfolgerung lautet, dass
keine unmittelbare Verknappungsgefahr besteht, diese sich aber langfristig (nach 2030) manifestieren
konnte, weil man mit steigenden Metallpreisen rechnen und sich darauf vorbereiten sollte.

Untermodul STAHL: Mangan, Chrom, Nickel, Eisen und Edelstahl (Abschnitt 4.1.3)

Aus den Modellsimulationsergebnissen geht eindeutig hervor, dass es in der Welt in den nichsten 400
Jahren keinen Eisenmangel geben wird. Allerdings sollte beachtet werden, dass bis 2200 alle Reicherz-
vorkommen und die meisten hochwertigen Erze abgebaut sein werden. Sobald der Riickgang des Rei-
cherzes beginnt, sollte mit einem deutlichen Anstieg des Eisenpreises gerechnet werden. Dieser An-
stieg kommt durch die Kostensteigerungen im Bergbau, bei der Erzverarbeitung und beim Abbau von
Eisen zustande.

Das Modell diente auch dazu, die Versorgung mit den einzelnen Metalle zu simulieren, die fiir Edel-
stahl verwendet werden: Eisen, Mangan, Chrom und Nickel. Bei der Herstellung von Edelstahl wird
prognostiziert, dass Nickel zum Problemmetall wird, so dass ein Teil des Edelstahls mit Chrom als
Grundlage produziert werden wird. Die Modellergebnisse weisen auch aus, dass der weltweite Lager-
bestand fiir Edelstahl im Jahr 2140 seinen Hohepunkt erreicht und dann zuritickgehen wird. Die Ver-
knappung fallt nach 2140 immer massiver aus, wenn die Nachfrage nicht mehr befriedigt werden
kann. Nach 2140 stammt der Grofiteil des Nachschubs aus dem Metallrecycling. Die langfristige Ver-
sorgung mit Edelstahl hangt von mehreren Faktoren ab: Nickel ist eine begrenzte Ressource, und auch
bei sehr grof3ziigigen Schatzungen in Bezug auf die Nickelreserven konnen Grenzen fiir die tatsachlich
produzierbare Menge Edelstahl entstehen. Auf der Grundlage der Modellsimulationsergebnisse wird
Nickel nach 2050 knapper und die Produktion von Edelstahl auf Nickelbasis wird nach dem Hochst-
wert von etwa 68 Million Tonnen pro Jahr zuriickgehen. Die fehlende Menge wird durch eine einfa-
chere Edelstahllegierung aus Chrom und Mangan ersetzt werden. Die verfiigharen Mengen von Molyb-
dén, Vanadium, Niob oder Kobalt sind viel zu gering als dass sie als angemessener Ersatz fiir Nickel in
Frage kdmen.

Angesichts der Preissteigerungen aufgrund von Verknappungen kénnen wir mit einem Recyclingan-
stieg und dadurch mit einer leichten Abschwachung des Riickgangs rechnen. Bei Recyclingwerten von
tiber 80 % reicht die Versorgung mit Nickel, Chrom und Mangan fiir etwa ein Jahrhundert aus, bevor
auch diese Quelle versiegt.

Die fiir Bergbau, Verhiittung und Produktion dieser Metalle (Fe, Mn, Cr, Ni und Edelstahl) benétigte
Energie belief sich im Jahr 2016 auf etwa 5 % der gesamten weltweit verfiigbaren Energie. Bis 2060
wird sich dieser Wert von 2016 auf das Fiinffache erhohen. Es ist offensichtlich, dass dadurch eine rie-
sige Nachfrage aus den Energiemarkten entstehen wird, die fiir einen Anstieg bei den Energiepreisen
sorgen wird. Der Energiebedarf im Eisen- und Stahlsektor wird ab dem Jahr 2100 nur noch extrem
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schwer zu decken sein. Das macht die zukiinftige Aufmerksamkeit der Wissenschaft und Politik erfor-
derlich.

Untermodul LEICHTMETALLE (Aluminium) (Abschnitt 4.1.4)

Die Simulationsergebnisse des WORLD6-Modells in Bezug auf die Aluminiumversorgung, nutzbare La-
gerbestinde und Erzreserven legen nahe, dass die Marktversorgung ihren Hohepunkt etwa im Jahr
2080 erreichen und danach ungefahr bis zum Jahr 2300 auf den Wert des Jahres 2014 zurtickgehen
wird. Der Recyclinganteil wird seinen Hohepunkt etwa im Jahr 2100 erreichen und danach entspre-
chend dem in der Gesellschaft vorhandenen Bestand sinken. Die Primargewinnung von Bauxit wird im
nachsten Jahrzehnt (2020-2030) ihren Hohepunkt erreichen, sofern keine zusatzlichen Bemtiihungen
zur Steigerung der Bergbauertrage unternommen werden. Die Folge davon wird jedoch ein h6éherer
Aluminiumpreis auf den Markten sein. Nach 2030 wird Aluminium hauptsachlich durch Recycling o-
der stadtischen Bergbau gewonnen werden. Dann erreichen wir das Zeitalter der Altmetalle, das wahr-
scheinlich die Grundlage fiir die Entstehung und den Erfolg von vielen neuen Firmen und Gesellschaf-
ten bilden wird. Die Bauxitreserven kénnten letztendlich auch erschopft werden, was aber mehr als
ein Jahrhundert dauern diirfte. Die Aluminiumproduktion erreicht ihren Hohepunkt etwa im Jahr
2030, um dann ab 2040 zuriickzugehen, weil die Erzqualitat sinkt und die Energiepreise steigen. Die
Aluminiumverknappung wird in einem steigenden Metallpreis zum Ausdruck kommen, wobei die Lie-
fergrenzen wahrscheinlich eher durch Energieeinschrankungen und nicht nur durch abnehmende Re-
serven entstehen werden. Der hohere Preis wird die Nachfrage verandern und Gedanken dariiber aus-
16sen, wofiir Aluminium verwendet wird. Es scheint nicht méglich zu sein, einen wesentlichen Teil der
Eisenversorgung durch Aluminium zu ersetzen. Es wird auch nicht moglich sein, die weltweite Alumi-
niumproduktion wesentlich mehr zu steigern, ohne dabei das weltweite Energiegleichgewicht zu sto-
ren.

Es gibt sehr grofde Bauxit- oder Aluminiumreserven, aber auch diese sind nicht unerschopflich. Es ist
zu bezweifeln, dass uns fiir die Nutzung der Reserven gentigend Energie auf Kohlenstoftbasis zur Ver-
fligung steht, weil die fiir die Tonerdensenkung notwendige Kohlenstoffmenge schwierig zu beschaf-
fen sein diirfte. Bei einer Produktion von 250 Millionen Tonnen pro Jahr wiirde der Energieverbrauch
bei etwa 14 % der gegenwartigen weltweiten Gesamtenergieproduktion liegen. Der Stromverbrauch
wiirde rund 1.600 Millionen Tonnen Ol pro Jahr entsprechen. Die weltweite Energieproduktion be-
steht zu etwa 85 % aus fossilen Brennstoffen, und bis 2100 kénnte dieser Wert auf rund die Halfte ge-
sunken sein (Campbell 2013). In diesem Fall wiirde der fiir die Aufrechterhaltung der Aluminiumpro-
duktion auf dem heutigen Niveau benoétigte Energieverbrauch einen standig wachsenden Anteil der
gesamten weltweiten Energie ausmachen. Dadurch wiirden die weltweiten Energiepreise erheblich
steigen und sich auch auf den Aluminiummarktpreis auswirken. Somit kénnten wir keine Energie und
auch kein Geld mehr fiir den Kauf von Energie haben, und zwar lange bevor das Aluminiummetall ver-
braucht ist.

Untermodul LEICHTMETALLE (Lithium) (Abschnitt 4.1.5)

Unsere Beurteilung der forderbaren Mengen (Ressourcen) ergibt bei Lithium, dass die Vorkommen
wesentlich grofier sind als dies in der wissenschaftlichen Fachliteratur dargestellt wird. Statt der hau-
fig genannten URR (ultimately recoverable resources - schlussendlich forderbare Ressourcen) von 40
Millionen Tonnen Lithium kommt unsere Beurteilung auf einen maximalen Ressourcenschitzwert von
116 Million Tonnen Lithium, einen mittleren Bestwert von 73 Millionen Tonnen Lithium und einen im
schlechtesten Fall zu erwartenden Ressourcenbestand von 34 Millionen Tonnen Lithium. Bei der Beur-
teilung haben wir die forderbaren Mengen in den Erzgiiten hohe, niedrige und besonders schlechte
Qualitat quantifiziert und dabei Ressourcen in Salzlake, Pegmatit-Mineralien, Lithium in verschiede-
nen Lehmarten und angesammelte Vorkommen in allen Landern beriicksichtigt. Die Beurteilung der
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Ressourcendaten kommt zu der Schlussfolgerung, dass 73 Millionen Tonnen Lithium die plausibelste
Ressourcenschatzung der tatsdchlich forderbaren Menge ist. Dieser Wert dient als Grundlage fiir wei-
tere Modellszenarien. Diese Menge ist einerseits technisch machbar und andererseits wirtschaftlich
umsetzbar.

Die Modellsimulationsergebnisse legen nahe, dass ein Produktionsh6hepunkt wahrscheinlich im Zeit-
raum 2050 bis 2055 eintritt und die Versorgung in den Jahrzehnten nach 2120 bei gleichzeitigem
Preisanstieg zuriickgehen wird. Aus dem Ergebnis ist auch ablesbar, dass der Hochstwert bei der Pri-
margewinnung im Jahr 2020 erreicht wird. Daran anschlief3end wird sich bis 2120 nicht viel veran-
dern, bis danach ein langsamer Riickgang bei der Primdrgewinnung zu erwarten ist.

Der geringe Recyclinganteil bei Lithium bleibt eine technische Hiirde, die es zu iiberwinden gilt, und
eine Herausforderung fiir die politische Verwaltung. Aus dem Modellergebnissen geht hervor, dass
sich dieser Wert alleine aufgrund von Mechanismen der Marktkrafte bei etwa maximal 50 % stabilisie-
ren wird, was aber nicht zur Bewialtigung der Umstellung auf Elektrofahrzeuge ausreichen wird. Das
ist nicht besonders gut, und es bedarf einiger Uberlegungen, wie diese Entwicklung erheblich verbes-
sert werden kann.

Die Schitzungen in Bezug auf die Hochstzahl von Batterieeinheiten fiir Fahrzeuge machen deutlich,
dass wir einige Herausforderungen zu tiberstehen haben:

1. Es wire von Vorteil, wenn der Lithium-Verbrauch pro Einheit gesenkt werden kénnte. Ein er-
heblicher Forschungs- und Entwicklungsaufwand ist zur Verbesserung von Batterieeffizienz,
Kapazitit und Sicherheit n6tig. Wenn Alternativen gefunden werden, sind diese nur dann niitz-
lich, wenn sie weniger Material von Elementen verbrauchen, die reichlicher vorhanden sind als
Lithium. Alternativ sollten Batterien entwickelt werden, in denen mehr Elektrizitit pro Kilo-
gramm Lithium gespeichert werden kann.

2. Kobalt wird die Herstellung von hochdichten Lithium-Batterien bei der gegenwartigen Nutzung
begrenzen, weil der Kobalt-Uberschuss (férderbare Menge) und die Produktionsraten geringer
sind als bei Lithium. Allerdings hingt die Kobaltférderung von der Kupfer-, Nickel- und Platin-
gewinnung ab, und es gibt weniger verfligbare Optionen zur deutlichen Steigerung der Produk-
tion. Ein Ersatz fiir Kobalt ist sehr wichtig, wobei sich Mangan und Nickel mit ausreichenden
Vorréten anbieten.

3. Der Anteil des Lithium-Recyclings im globalen System ist viel zu gering, so dass erhebliche Ver-
besserungen benotigt werden. Dazu werden intensivere Bemiihungen wie die von UNEP not-
wendig, aber auch grofiere wirtschaftliche Krafte miissen einbezogen werden.

4. Die Schatzungen in Bezug auf die forderbaren Mengen sind unzuverlassig und die Ressourcen
miissen erheblich besser auf Forderbarkeit und Forderkosten untersucht werden. Eine erfolg-
reiche Suche nach grofieren potenziellen Ressourcen wird jedoch nicht ausreichen. Die Vorkom-
men miissen auch technisch forderbar sein, und zwar ohne grofe Umweltschdden. Insgesamt
muss ein EROEI-Wert erreicht werden (Effort Return On Effort Investment). Ein erheblich bes-
ser Recyclingwert ist Voraussetzung flr eine langfristig bessere und sichere Versorgung.

Untermodul SPEZIALMETALLE: Kobalt (Abschnitt 4.1.6)

Die gegenwartige Nutzung von Kobalt steht im Zeichen eines geringen Recyclingwerts und die system-
weiten Verluste sind erheblich. Die forderbaren Kobaltmengen sind nicht besonders grof3, etwa 32
Millionen Tonnen aus Ressourcen an Land und etwa 34 Millionen Tonnen auf dem Meeresboden, so
dass sich ein Hochstwert von etwa 66 Millionen Tonnen ergibt. Die Modellergebnisse zeigen, dass die
Kobaltvorkommen im Zeitraum nach 2200 erschopft sein werden, wenn abhingig vom den verwende-
ten Bevolkerungswerten am gegenwartigen Szenarium nichts gedndert wird. Die Kobaltverluste sind
zu hoch, wenn man davon ausgeht, dass der Recyclinganteil nur durch Marktmechanismen verbessert
werden soll. Unnoétig viel Kobalt wird verschwendet, wenn keine Richtlinien aufgestellt werden. Wir
konnen nur schlussfolgern, dass die Marktmechanismen allein weder das Ziel verfolgen noch tber die
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notwendige Kompetenz verfiigen, die Kobaltnutzung ohne gesetzliche Vorschriften und Regeln nach-
haltig zu gestalten. Eine Richtlinienlésung auf wissenschaftlicher Grundlage wird zur Korrektur der
aktuellen Situation benotigt, bevor es zu spat ist und zu viel Kobalt verloren gegangen ist. Sollte diese
Aussage nicht beriticksichtigt werden, besteht die Gefahr, dass der Gesellschaft eines Tages kein Kobalt
mehr zur Verfiigung steht. Zur Schonung von Kobalt und Sicherstellung, dass auch zukiinftige Genera-
tionen dariiber verfiigen kdnnen, miissen die gegenwartigen Richtlinien gedndert und die grofien beo-
bachteten Verluste in den nichsten Jahrzehnten abgeschwacht werden.

Untermodul SPEZIALMETALLE: Molybddn und Rhenium (Abschnitt 4.1.7)

Die Ergebnisse des WORLD6-Modells zeigen, dass bei Molybdan immer eine leichte Verknappung be-
stehen wird. Allerdings wird es nach einer Anpassung des Preises an die Nachfrage keine schwere Ver-
knappungen und Versorgungsausfalle geben. Die Simulationen weisen im Verlauf der Zeit einen stan-
digen Riickgang bei der Molybdan-Erzgiite aus. Die bekannten Reserven von etwa 14 Millionen Ton-
nen im Jahr 2015 erreichen ihren Hohepunkt mit 20 Millionen Tonnen im Jahr 2060. Wenn sich an der
bisherigen Praxis nichts dndert, ist mit den Molybddn-Reserven eine ausreichende Versorgung bis
etwa 2150 sichergestellt. Danach kommt es zu einem schnellen Riickgang. Bis 2150 werden praktisch
alle verborgenen Ressourcen entdeckt und in die forderbaren Reserven einbezogen worden sein. Aus
dem Modell geht hervor, dass bis 2250 alle bekannten Molybdéan-Reserven ausgeschopft worden sein
dirften.

Die Modellsimulationsergebnisse legen nahe, dass Molybdédn und Rhenium nur fiir weitere 150 Jahre
reichen werden, wenn die gegenwartigen Metallschutzparadigmen beibehalten werden. Diese Metalle
sind so wichtig fiir Hochleistungslegierungen und hochmoderne Technologien, dass erheblich bessere
Metallschutzbemiihungen erforderlich sind als dies bisher der Fall ist. Die gegenwartige Richtlinie,
derzufolge ,,der Markt es schon richten wird“, ist es bisher ganz offensichtlich nicht gelungen, das
Problem des Schutzes von Molybdan und Rhenium zu l6sen. Dies verdeutlicht den Bedarf an regie-
rungsseitiger Beteiligung bei der Erstellung eines fairen, stabilen und transparenten und nachhaltigen
Marktes (Sverdrup et al., 2015c). Das Modell schneidet in Tests im Vergleich zu bekannten Daten gut
ab und ist somit ein brauchbares Beurteilungswerkzeug. Das Modell prognostiziert einen deutlichen
Riickgang bei der Versorgung mit Molybdan und Rhenium nach 2100, wobei es nach 2150 beim gegen-
wartigen Recycling-Umfang zu einer schweren Verknappung kommen diirfte. Im Molybdan-Rhenium-
System sind die Verluste zu grof3 fiir eine Nachhaltigkeit von mehr als 150 Jahren. An die meisten
meisten chemischen Nutzungen schliefst sich keine Wiederverwertung an. Bei metallischer Nutzung
wird ein grofder Anteil durch Verwéasserungseffekte im Edelstahlschrott verloren.

Untermodul SPEZIALMETALLE: Niob und Tantal (Abschnitt 4.1.8)

Die Modellergebnisse weisen im Verlauf der Zeit einen standigen Riickgang bei der Erzgiite von Niob
und Tantal aus. Aus den Ergebnissen geht hervor, dass das WORLD6-Modell in der Lage ist, die beo-
bachteten Trends bei den Abbaukosten, beim Marktpreis und der Erzgiite zu erfassen. Auf der system-
weiten Ebene legen die Ergebnisse nahe, dass in den meisten chemischen Nutzungsbereichen von Tan-
tal und Niob keine anschlief}ende Wiederverwertung stattfindet. Der gegenwartige Mangel an konse-
quenten Bemiihungen zum Schutz von Niob und Tantal sorgen dafiir, dass die nicht nachhaltige Ver-
sorgungssituation bestehen bleibt. Langfristig wird eine ,,Weiter-so-Vorgehensweise“ bei diesen Me-
tallen zu einer Verknappung fithren. Gegenwartig gehen viel zu grofée Mengen von Tantal unwiderruf-
lich verloren oder gehen aufgrund einer vereinfachten Elektronikschrottverarbeitung im Kupfer unter.
Bei metallischer Nutzung wird ein viel zu grofser Anteil von Niob durch Verwésserungseffekte im Edel-
stahl verloren.
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Untermodul SPEZIALMETALLE: Wolfram (Abschnitt 4.1.9)

Man kann von einer zukiinftigen Erh6hung der Nachfrage nach Wolfram ausgehen, weil es bei vielen
hochmodernen Technologien mit technischen Vorteilen verbunden ist. Bei der Beurteilung der Wolf-
ram-Verknappung sind zwei Parameter von besonderer Bedeutung: die weltweite Durchschnittsver-
sorgung pro Kopf und Jahr (unverzichtbar bei der Beurteilung des Wachstums, ob eine globale Stagna-
tion oder ein globaler Riickgang zu erwarten ist) und die weltweiten durchschnittlichen Lagerbe-
stande pro Kopf (unverzichtbar bei der Beurteilung, ob wir die weltweite Selbstversorgung steigern
konnen, ob eine globale Stagnation oder ein globaler Riickgang zu erwarten ist).

Aus den Simulationsergebnissen geht hervor, dass eine sanfte Verknappung von Wolfram etwa 2030
und aufgrund der Ressourcenerschopfung eine schwere Verknappung nach 2200 eintreten wird. Die
Lagerbestidnde pro Kopf gehen nach 2100 zuriick, zunachst langsam, dann schnell (nach 2220) und die
Selbstversorgung ist nicht mehr vorhanden. Nach 2200 wird es ein schwerwiegendes Wolfram-Ver-
knappungsproblem geben.

Untermodul SPEZIALMETALLE: Superlegierungen (Abschnitt 4.1.10)

Die WORLD6-Modellergebnisse dienten zur Beurteilung der vorhandenen Mengen Molybdén,
Rhenium, Niob, Tantal, Kobalt und Nickel zur Herstellung von Superlegierungen unter Berticksichti-
gung der technischen Verwendung in der Raketentechnik, in Hochleistungsturbinen und in hochmo-
dernen Luftstrahltriebwerken. Die Bewertung lauft hinaus auf:

1. Militar- und strategische Grofdmachtaspekte:

2. Wenn Metalle wie Tantal, Niob, Molybdan, Rhenium und Hafnium den Technologien nicht zur
Verfiigung stehen, die Superlegierungen fiir ihre Funktion benétigen, dann wird es auch keine
ausreichende Anzahl hochmoderner Luftstrahltriebwerke fiir die 5. und 6. Generation der
Kampfflugzeuge geben. Staaten, die diese Technologien in grofien Mengen benétigen, konnen
dann nicht mehr auf diese Art von Technik zugreifen. Das konnte einen Verlust der militdrischen
Uberlegenheit nach sich ziehen, den einige wenige Staaten gegenwirtig geniefen. Andere aus-
gereifte militdrische Ausriistungen hangen bei der Sicherstellung ihres Vorsprungs ebenfalls
von diesen Metallen ab, die dann nicht mehr im bisher gewohnten Umfang zur Verfiigung stehen
werden.

3. Mehrere Arten von Antriebsdiisen fiir Flugkérper und Raketentriebwerke werden ohne zumin-
dest die 5. Generation der einkristallinen Superlegierungen nicht mehr hergestellt werden kon-
nen. Dadurch wird die Leistung der militarischen Ausriistung eingeschrankt und das militari-
sche Potenzial von Staaten ohne sicheren Zugriff auf diese Metalle geschwacht.

vl

Technologische Aspekte:

6. Die Gefahr einer Einschrankung fiir die hochmoderne Luftstrahltriebwerk-Technologie wirkt
sich ernsthaft auf die Entwicklung von Flugtechnologien und Hochtemperatur-Strahlturbinen
aus, die fiir verbrauchsarme Triebwerke bendtigt werden. Superlegierungen ohne die wichtigs-
ten Metalle (hergestellt aus Molybdén, Niob, Tantal, Metalle der Platingruppe, Zirkonium, Haf-
nium, Kobalt, Chrom, Nickel (bei denen in den nachsten Jahrzehnten eine Verknappung eintre-
ten kénnte, wobei Zirkonium und Chrom die einzigen Ausnahmen sind) erzielen definitiv eine
schwichere technische Leistung. So konnte daraus in Zukunft ein Problem in einer Welt mit ho-
heren und schwankenden Kohlenwasserstoffpreisen entstehen. Aufierdem stehen diese oben
erwahnten Metalle auch nur spérlich zur Verfiigung.

7. Einige ausgesprochen korrosionsfeste Legierungen konnen mit Superlegierungen hergestellt

werden, die Molybdan, Tantal, Niob, Metalle der Platingruppe oder Rhenium enthalten, die wich-

tig fiir die Einddmmung von zersetzenden geschmolzenem Salz sind, das Halogenide enthilt.

Beispiele fiir denkbare Einsatzbereiche:
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8. In mit geschmolzenem Salz gekiihlten Anlagen, wie sie in hochmodernen Kernreaktoren zu fin-
den sind. Diese sind wichtig fiir die Entwicklung der niachsten Generation der mit geschmolze-
nem Salz gekiihlten Kernkraftwerke auf der Grundlage von Uran 238 oder Thorium.

9. Sie haben auch eine grofie Bedeutung fiir die Entwicklung von Turbinen zur Stromerzeugung
fiir die Zivilgesellschaft bei h6heren Temperaturen zur Steigerung des Warmewirkungsgrads.

10. Sie werden auch fiir die Entwicklung von inerten Elektroden zur Schmelzung von Leichtmetallen
wie Magnesium oder Aluminium und zur Herstellung von Silizium und Ferrosilizium benotigt.

Untermodul SPEZIALMETALLE: Metalle der Platin-Gruppe (Platin, Palladium, Rhodium) (Abschnitt
4.1.11)

Unsere Einschitzung der forderbaren Mengen (Ressourcen) bei den Metallen der Platin-Gruppe sind
doppelt so hoch wie bisher erwartet und geschitzt. Dieses Ergebnis wirkt sich nicht auf die Tatsache
aus, dass die Metalle sehr selten sind und in der tiberschaubaren Zukunft auch knapp bleiben werden.
Die Bewertung geht von einer schlussendlich forderbaren Ressourcenmenge (URR) von etwa 216.000
Tonnen Metalle der Platin-Gruppe aus, wobei Platin bei etwa 99.000 Tonnen und Palladium bei etwa
93.000 Tonnen liegt. Dabei wurden sowohl Primarressourcen als auch Ressourcen berticksichtigt, die
aus davon abhéngigen Sekundarrohstoffen stammen. Diese Sensitivitdtsanalyse legt nahe, dass der
oben genannte Ressourcenumfang der wahrscheinlichsten Schatzung entspricht.

Die Simulationsergebnisse des WORLD6-Modells ergeben, dass die Spitzenproduktion der Bergwerke
in den Jahren 2035 bis 2050 liegen, wahrend der Spitzenwert bei der Versorgung der Gesellschaft
etwa 20 bis 35 Jahre spater eintritt. Die Modellergebnisse zeigen, dass die Diffusions- und Dissipati-
onsverluste gegenwartig bei den Metallen der Platin-Gruppe auf der weltweiten systemweiten Ebene
zu grof3 sind. Die Schutzanstrengungen miissten bei einer langfristigen Perspektive gestarkt werden.
Weil die Erzqualitiat und die Féorderkosten bei dem Modell beriicksichtigt wurden, erhoht sich der Auf-
wand pro geforderter Metallmenge der Platin-Gruppe im Verlauf der Zeit, bis die Forderung schlief3-
lich eingestellt wird. Zusammenfassung auf der Grundlage der Modellergebnisse:

1. Produktion von Versorgung und Forderung

2. Die Forderung der Metalle der Platin-Gruppe erreicht ihren Spitzenwert in den Jahren 2035 bis

2050 und die Marktversorgung ist in den Jahren 2070 bis 2080 am hochsten. Die Verzogerung

zwischen Forderung und Versorgungsspitzenwert hangt vom Recyclingumfang und der relati-

ven Grofe der Verluste im Verhéltnis zu den Férdermengen ab.

Reserven und Ressourcen

4. Die gesamte forderbare Menge bei den Metallen der Platin-Gruppe unter Beriicksichtigung der

neuesten Ressourcen-Schitzungen, der neuesten Technologie im Bergbau in groféen Tiefen und

der Ressourcen in grofden Tiefen liegt bei etwa 220.000 Tonnen.

Die bekannten Reserven liegen bei etwa 60.000 Tonnen und nehmen nach 2030 langsam ab.

6. Das Verhiltnis zwischen der kumulierten Menge zur Versorgung der Gesellschaft und der ku-
mulierten Menge der Primarforderung betragt etwa 2,6 und wird Faktor X genannt.

w

v

Abschnitt 4.2 von Kapitel 4 beschreibt das Material-Untermodul des WORLD6-Modells. In diesem Be-
richt werden lediglich Sand, Kies, Schotter und Stein als Bestandteile des Material-Untermoduls beur-
teilt.

Die Simulationsergebnisse unter der Voraussetzung, dass sich am aktuellen Szenarium nichts dndert,
weisen aus, dass die Produktion von Quadersteinen ihren Hochstwert etwa 2020 bis 2030 erreicht
und danach langsam sinkt. Ursache dafiir sind die Tatsache, dass die Nachfrage die Fordermenge iiber-
steigt, und die langsame Erschopfung der bekannten Reserven an hochwertigen Steinen. Sand und
Kies bewegen sich auch auf einen Hochstwert zu und erreichen ihre maximale Produktionsrate in den
Jahren von 2060 bis 2070. Griinde fiir diese Entwicklung sind einerseits der erwartete Bevolkerungs-
spitzenwert im Jahr 2065 und andererseits der Preis fiir Sand und Kies, der die Nachfrage einschrankt.
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Obwohl die Versorgung weltweit betrachtet unerschopflich zu sein scheint, sind Nachschub und Ver-
flighbarkeit bereits jetzt ein wachsendes Problem auf lokaler und regionaler Ebene. Daraus lasst sich
ableiten, dass der weltweite Handel mit Sand, Kies und Stein weiter zunehmen wird. Wir benoétigen
bessere Daten tliber die Produktionsraten, die Nutzung und das Recycling, damit wir die Risiken der
regionalen Verknappung besser beurteilen konnen, und auf3erdem ein Modell mit einer Aufteilung in
verschiedene Regionen. Der Stand der Forschung lasst dies gegenwartig nicht ohne eine erhebliche
Erhohung der Forschungsmittel zu. Das Material-Untermodul des WORLD6-Modells konnte mit besse-
ren Daten dafiir genutzt werden, weil es sich in Regionen unterteilen lasst.

Abschnitt 4.3 von Kapitel 4 legt das Energie-Untermodul des WORLD6-Modells fest. In diesem Bericht
wurden im Rahmen des Energie-Untermoduls lediglich fossile Brennstoffe (Kohlenwasserstoffe) be-
wertet.

Nur ein Bruchteil der weltweit nachweisbaren Vorkommen fossiler Brennstoffe kann gefordert wer-
den. Dies ist einer der Hauptgriinde fiir die weit auseinander gehenden Schitzungen der Ressourcen.
Fiir die Differenzen bei den Schiatzungen der Ressourcen gibt es mehrere Griinde:

1. Ein erheblicher Teil der Ressourcen ist hinter einer Energiebarriere verborgen. Die Forderkosten
sind grofier als der durch die Fordermenge entstehende Nutzen. Sobald die Forderkosten die Ein-
nahmen tberschreiten, wird die Forderung eingestellt.

2. Ein erheblicher Teil der bekannten Ressourcen wird hinter einer Technologiebarriere ausgeblen-
det. Die Ressourcen befinden sich an Orten, an denen die entsprechende Fordertechnologie weder
jetzt noch in der vorhersehbaren Zukunft vorhanden ist. Die Ressourcen sind unerreichbar.

3. Ein erheblicher Teil befindet sich hinter einer Kapitalbarriere. Die Ressourcen kdnnen theoretisch
gefordert werden, aber es gibt nicht genug Kapital fiir die notwendigen Investitionen, und auch
keine fllissigen Mittel fiir den Kauf des Produktes zum damit verbundenen Preis. Fossile Kohlen-
wasserstoff-Brennstoffe sind unerreichbar, sobald der Olpreis 1.700 $ pro Tonne Ol erreicht.

4. Ein erheblicher Teil der Ressourcen ist hinter einer Umweltzerstorungsbarriere verborgen. Die
Ressourcen sind von so schlechter Umweltqualitiat oder die Forderung und Nutzung haben so ver-
heerende Umweltauswirkungen, dass die Férderung undenkbar ist.

Der Welt stehen die fossilen Brennstoffe also nicht deshalb mehr zur Verfiigung, weil es keinen fossi-
len Kohlenstoff mehr im Boden gibt. Die Produktion wird eingestellt, weil die Auswirkungen der wei-
teren Forderung nicht akzeptabel sind.

Kapitel 5 enthilt die Gesamtschlussfolgerungen, dass die meisten Versorgungsspitzen bei Metallen,
Materialien und fossilen Brennstoffen im Zeitraum von 2040 bis 2060 eintreten werden. Dies wird zu
einigen der schwersten industriellen, politischen und sozialen Herausforderungen unserer Zeiten fiih-
ren und sorgfiltige Vorbereitungen und Forschungsarbeiten erforderlich machen, damit die Funkti-
onsfahigkeit der Gesellschaft nicht zerstort wird. In Bezug auf die Nutzung der Materialressourcen ent-
spricht eine Fortsetzung der aktuellen Vorgehensweise dem Worst-Case-Scenario, das zu Problemen
der Materialverknappung fiihrt und ein erhebliches Potenzial fiir gesellschaftliche Verwerfungen in
sich birgt. Mit mehr Recycling kdnnte der Spitzenwert bei der Férderung der Ressourcen weiter in die
Zukunft verlagert werden. So wiirde der Faktor X erhoht, d. h. die Haufigkeit der Nutzung einer Ge-
wichtseinheit vor ihrem endgiiltigen Verlust.

56




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

1 INTRODUCTION
1.1 Background

The overall objective of the systems dynamics modelling workpackage in the SimRess project was to
further develop the WORLD model and use it as a decision support tool in simulating potential re-
sources scarcities and testing alternative resource efficiency policy approaches.

1.2 Purpose and scope

The aim of this report is to present the overall structure of the existing version of the WORLD model
(WORLD6) and provide a detailed description of the resources module by presenting simulation re-
sults and integrated assessments for each of the individual resources modelled.

1.3 Report structure

Each of the following chapters present an individual resource sub-module including brief background
information on the resource, underpinned hard data (eg. known individual metals and mineral re-
serves) used in the model, key model results and vericifaction on available historical data (eg. extrac-
tion amounts, price) for the period 1900-2010, as well as major discussions and conclusions.
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2 WORLD MODEL OVERVIEW

2.1 Introduction

The WORLD model is a system dynamics model that runs iteratively to reflect the complex interactions
between population, economy, food production, ecology and resources over an extended time span
and aggregated to a global level i.e. all the parameters are global totals or averages, rather than model-
ing any differentiations between geographies. The WORLD model consists of several (sub-) modules,
four of which (population, economy, land/food, and ecology) are identical to the ones presented in the
latest instance of the World3 Model (Meadows et al. 2005), which is not much changed from the origi-
nal version (Meadows et. al,, 1972). The data used in World3 model is of two types including historical
data of key levels such as population and arable land, and other data derived from the modeling
group’s own analysis and/or other academic work that support the trends and interrelationships in
the model (see Meadows et. al., 1974 for full reference).

Incorporating World3 model in its structure, and enhancing it with a more detailed resources module
and an additional simple climate module considering the CO2 emissions due to use of non-renewable
energy resources, the current version of the model, WORLD®, provides more detailed simulation re-
sults on the global supply of various resources, including metals (i.e. BRONZE (Copper, Zinc, Lead, Sil-
ver, Gold and the dependent metals Antimony, Bismuth, Cobalt, Gallium, Germanium, Indium, Cad-
mium, Tellurium, Selenium), STEEL (Iron, Chromium, Manganese, Nickel, stainless steel), LIGHT MET-
ALS (Aluminium, Lithium), SPECIALTY METALS (Platinum group metals, Molybdenum, Rhenium, Nio-
bium, Tantalum, Tin, Rare Earth Metals), materials (i.e. phosphorous, stone, sand, gravel) and energy
sources (i.e. oil, coal, and gas), as well as on the energy consumption associated to extraction of these
resources (Figure 2.1).

This report provides a general overview of the WORLD model and a detailed documentation of its re-
sources module in the following sections. For a full description of the World3 model we refer the read-
ers to Meadows et. al., 1974.
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Figure 2.1. Schematic overview of the modules included in the WORLD6 model
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2.2 Methodology

Several methods were used in this study including systems analysis and system dynamics for model-
ling, and traditional assessment methods for appraisal of resources and reserves for mass inputs.

2.2.1 Systems analysis and system dynamics

In this study, we employed the standard methods of systems analysis and system dynamics modelling
(Roberts et al., 1982, Haraldsson and Sverdrup 2005, Haraldsson et al., 2006, Forrester 1971, Mead-
ows etal, 1972, 1992, 2005, Senge 1990).

The methodology for modelling follows the order of events as shown in Figure 2.2. Modelling always
start with a precise problem statement, followed by a conceptualization, and in that order. Systems
analysis is used as the standard methodology for conceptualization. Regardless of computational
method chosen (in our case system dynamics modelling), the modelling must without exception be
preceded by the conceptualization step.
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Figure 2.2. Modelling always start with a precise problem statement, followed by a conceptualiza-
tion.
Problem and Conceptualization; Simulation;
mission statement Systems analysis System Dynamics modelling

Source: Own Figure, Lund University/University of Iceland

We analyse the systems using stock-and-flow charts and causal loop diagrams. The learning loop(Fig-
ure 2.3) is the adaptive learning procedure followed in our studies (Senge 1990, Kin 1992, Senge et al.,
2008). The conceptualization is where the actual model is developed. The model is the bearer of the
knowledge employed and must be completely clear before any computational work can be under-
taken. It is fundamental to understand that the causal understanding is the model.

Figure 2.3. The learning loop is the adaptive learning procedure followed in our studies (Senge
1990, Senge et al., 2008).

Issues 4 ~
+ Develop
‘ solution
Clear
. B
question
Earlier
A / experiences
\ at /R\ at
Conceptual Learn
model / D _—
\ + T Scientific
+ . ¥ A + literature
Executable
model

R + —» Testing for

relevance Information
+v -

-
Data

PR N\

+ R +

Experiments,
Experiences data generation

Source: Own Figure, Lund University/University of Iceland

Systems analysis produces system mapping in terms of causalities (Causal loop diagrams) and flows
(Flow charts). Together these define the causalities and flow-paths and the structure of the system.
These different types of system maps need to be fully internally consistent, and constitute the design
plans for the computational system used.

“Data” enters the procedure late in the process (Figure 2.3). Data comprises both numbers that quan-
tify system states, changes and sizes, as well as structural and contextual information, and qualitative
information. If “collecting all the data” takes place before the problem statement and conceptualiza-
tion, then the data search will be a random effort, and most of the effort risks being wasted and unnec-
essary. The process must then be stopped and restarted from a problem statement. Data collection oc-
curs simultaneously with the construction of the computations system. Please note that the steps
problem statement and conceptualization needs to take place regardless of computational method, in-
cluding back-of-the-envelope calculations or using statistics packages.

60




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

For the computations, system dyanmics modelling is applied by using graphical high level program-
ming software STELLA® by ISEE systems. The entering of the code follows from the causal loop dia-
grams and flow charts developed in the conceptualization stage. The software tools have no conceptu-
alization power of their own. The computational modelling carries out calculations according to the
instructions derived from the conceptual model, only and uniquely that and nothing else. The mass
balance expressed differential equations resulting from the flow charts and the causal loop diagrams
are numerically solved using the STELLA® modelling environment (Sterman 2000, Senge 1990, Senge
etal. 2008, Haraldsson and Sverdrup 2005, 2017, Sverdrup et al. 2014a,b, 2015a,b, 2016a,b). The
“data” is divided on harvest into several different categories:

5. System boundary and initial conditions
6. System structures

7. System parameters settings

8. System states

Of these, categories 1-3 are used to parameterize the model before the simulations start. The state data
(4), are not used for model initialization, but saved and used for evaluation of model performance. A
major feature is to map up how well the embedded understanding actually reproduces the observed
development in systems states, and where the actual deviation brings an important message. It is not
the objective through extensive calibration of parameters to get a maximum likeness to the system
output, as is sometimes done with calibrated statistical models.

2.2.2 Modelling of individual resources submodules

For each of the resources, we used systems analysis to conceptually model the production, trade and
consumption system. The flow pathways and the causal chains and the whole feedback structure of the
system are mapped using causal loop diagrams and flow charts. The resulting coupled differential
equations are transferred to computer codes for numerical solutions.

For all of the resources first a stand-alone model was developed and tested. When that model worked
satisfactorily, it was then integrated as a submodule in the WORLD6 model structure. The model is
used to first reconstruct the past (1900-2015) to assess performance and robustness of the model.
When the performance is satisfactory, then the model is used to simulate the possible future (2015-
2400), having the support of being able to reconstruct the observed past pattern for 115 years.

The model was developed iteratively, by repeatedly testing it on data gathered from the literature and
corporate sources. This methodology was implemented through out the study and when developing
the model. The iterations were used to set the parameterization to such values that the mining history,
observed ore grades and price picture could be reproduced. This allows us to see where the interven-
tion points in the system are, and to propose policy interventions (Mason et al. 2011, Haraldsson and
Sverdrup 2004).

2.2.3 Defining scarcity

Before we assess resource scarcity and supply sustainability, we need to define what scarcity is in op-
erational terms. Scarcity is defined as:

» Softscarcity, where shipments into the market do not match the demand for delivery from the
market, leading to an adjustment of price up, reducing demand and sometimes increasing the
amount offered to the market. This down-sized demand is the sign of soft scarcity. The adjustment
goes on until the offering into the market matches the demanded amount. The presently imple-
mented open market economic mechanisms work well to handle soft scarcity. The previously con-
sidered command-and-control regimes did not cope well with scarcity, but had a tendency to
worsen the situation.

» Hard scarcity has two variants:
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e Economic scarcity, where the demand is downsized by the increased price, but where the
demand gets cut to zero by lack of ability to pay, while there is still material available (at
high prices). If the use of the resource is a major bulk resource for society, then economic
crisis will be the result if the resource is a keystone resource for the economy. Oil and coal
are two such examples. If it is for a specialized but not essential technology, then failure of
provision or/and technical regression will be the result.

e Physical scarcity is where the supply cannot sufficiently cover the demand. There will be a
demand gap, a difference between the adjusted demand and what really can be supplied.
Even if money to pay whatever is asked, the material is not available. This is something
that we have observed with platinum and rhodium from time to time in platinum metal
trading. Failure of provision is the final result. Rhodium is an example where this has oc-
curred on frequent occasions.

Scarcity can be offset by increasing supply into the market with increased recycling, or by reducing de-
mands by substitution with other materials. Increasing recycling has both a price and a social compo-
nent. Substitution is sometimes possible, but often not without issues of functionality. Scarcity is not a
new phenomenon, but rather a standard component of economic systems.
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3 ON THE METAL CONTENTS OF OCEAN FLOOR NODULES, CRUSTS AND
MASSIVE SULPHIDES — AN ASSESSMENT OF THE EXTRACTABLE
AMOUNTS

3.1 Introduction

There is concern for the long term sustainability of metal supply to the world. Therefore mining the
ocean seafloors have been proposed. Many authors have highlighted risks of resource depletion loom-
ing (Meadows et al 1972, 1974, 2005, Hawkins 2001, Bardi 2013, Johnson et al. 2007, Eliott et al. 2014,
Elshaki and Graedel 2013, Heinberg 2001, 2011, Mohr et al. 2014, Northey et al. 2014, Kwatra et al.
2012, Nassar et al. 2012, Ragnarsdottir et al. 2011, 2012, Sverdrup and Ragnarsdottir 2014, Sverdrup
etal. 2013, 20144a,b,c, 2015a,b,c, Dawkins et al., 2012, UNEP 2011a,b,c,d, 2012, 2013a,b,c, Prior et al.,
2012, Northey et al., 2014, Alonso et al,, 2007, Ragnarsdottir et al. 2012, Sverdrup et al. 2013, UNEP
2011a,b,c,d, 2012, 2013a,b,c). Metals on the seafloor (Managese nodules, cobalt crusts, massive sul-
phide deposits) sometimes suggested as a calming message against metal resource scarcity concerns, a
“solution-to-all-worries”. We would like to inspect a bit closer how realistic this message is, and at-
tempt to substantiate this to tonnage numbers for realistic extractable amounts. We have assessed the
land-based resources extensively (Sverdrup and Ragnarsdottir 2014), and thus, time has come to ask if
there is some substance in mining the ocean seafloors and how much metal can we reasonably well
expect to get out of it. Nodules are found on the flat sea floors, cobalt crusts are associated with vol-
canism and seamounts, and massive sulphides with deep sea brines, and deep sea hydrothermal wells
associated with techtonic division lines, such as the mid Atlantic Ridge.

3.2 Scope

To preliminarily asses the amount of extractable resources available on the seafloor in relationship to
the resources available on land for some key infrastructural and technology metals; Iron, manganese,
copper, nickel, cobalt, molybdenum, platinum group metals (PGM), silver and gold. We would consider
the impact of setting different assumptions on technical feasibility of actually doing extraction from
the Ocean floor, using literature descriptions of the available and potential future technology. The re-
sults will be used for helping set the right input resource sizes for iron, manganese, copper, nickel, co-
balt, molybdenum, platinum, gold and silver in the WORLD 6 model being developed by the authors
(Ragnarsdottir and Sverdrup 2011, Sverdrup and Ragnarsdottir 2014, Sverdrup et al., 2015a,b,
2016a,b).

3.3 Methods

The method is to use a literature review and harvest it for data, assessments and evaluations, compil-
ing estimates of how large the technically extractable amount in the oceans will be, grading these with
estimated extraction costs and degrees of extractability. We will make simple mass balances in tables
and overview tables, using extractability estimates to gain recoverable resources from metal detected
from any type of deposit. We will be studying three types of deposits:

1. Manganese nodules on the main sea floor

2. Cobalt crusts on submerged seamounts

3. Massive sulphide deposits associated with black smokers and deep sea hydrothermal activity
along mid-ocean ridges and tectonic separation- and subduction-zones

Figure 3.1 indicates the approximate location of detected locations of ocean floor nodules, cobalt
crusts and massive sulphides. We will use earlier resource estimates by the authors for these metals
based on what is available on land (Ragnarsdottir et al., 2012, Sverdrup 2011, Sverdrup et al., 2012a,b,
2013, 2014a,b,c, 20153,b,c, 2016a,b,c,d). These were in turn based on a number of scientific studies:
Alonso etal.,, 2007, Alonso 2010, Bardi 2013, Sverdrup and Ragnarsdottir 2014, Berger et al,, 2011,
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Brown et al., 2015, Cailtreaux et al., 2005, Crowson 2011, Dalvi et al., 2004, Dawkins et al., 2012, Davis
2000, Drake Resources 2015, Eckstrand and Hulbert 2007, Eilu 2014, Gordon et al., 2006, Graedel et
al,, 2004, 2011, Graedel and Erdmann 2012, Geoscience Australia 2009, Hageliicken and Meskers
2009, Halada et al., 2008, Harper et al 2012, Johnson et al., 2007, 2014, Keseler et al., 2013a,b, Kwatra
etal, 2012, Mohr et al.,, 2014a,b, Mudd 2007, 2009a,b, 2010a,b,c, 2012, Mudd et al., 2013a,b, Mudd and
lowitt 2014, Nassar et al.,, 2012, Newman 2011, Nickless et al., 2014, Norgate and Rankin 2002,
Northey et al., 2014, Nuss and Eckelmann 2014, Slack et al., 2010, Shedd 2015, Tilton and Lagos 2007,
UNEP 2011a,b, 2012, 2013a,b,c, US EPA 1994, US Department of the Interior 1980, USGS 2014, Wagner
and Fettweiss 2001, Walter 2014).

Figure 3.1. Location of detected locations of ocean floor nodules, cobalt crusts and massive sul-
phides. As can be seen from the maps, these can be found in specific areas of the
world’s oceans, depending on their geological history.
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3.4 Materials and data sources

A number of articles have reviewed the amount of resources and their locations in the World’s Oceans
(Allsopp et al., 2013, Beaudoin et al., 2014, Beckmann 2007, Berger et al.,, 2011, Bertram et al,, 2011,
Boschen et al., 2013, Clark et al., 2013, 2010, Fouquet and Scott 2009, Hein 2004, Hein et al., 2009,
2010, 2013, Herzig and Hanninton 1995, Hoagland et al., 2009, Kojima 1999, Mudd et al., 2013, Muinos
etal,, 2013, Roberts 2012, Schmidt 2015, Smith and Heydon 2013, SPC 2012, Tilton 1983, Zhou 2007,
International Seabed Authority 2012, World Ocean Review 2013a,b,c). Table 3.1 shows a general rela-
tionship between ore grade, the approximate production cost and minimum supply price to society, as
well as impact of price on the recycling in market supply (Adapted after Sverdrup et al., 2015a,b,c,
Wellmer 2008, Phillips and Edwards 1976). The cost estimates were generalized and approximated by
the authors using literature data. The metal resources were stratified according to such an extraction

cost scheme on the ocean floor. Boschen et al,, 2013 and Hannington et al.,, (2014) locates where the
deposits have been found.

Table 3.1.

General relationship between ore grade, the approximate production cost and minimum
supply price to society (Adapted after Sverdrup and Ragnarsdottir (2014), Sverdrup et

al., 2014a,b, 2015a,b).

Metal content Extrac- Land ex- Ocean floor Land
tion traction extraction energy
yield, % cost, $/kg | cost, S/kg need,
MJ/kg
Rich 40-5 400,000-50,000 | 100 4-15 15-28 30
High 5-1 50,000-10,000 | 99 15-28 28-50 33-64
Low 1-0.2 10,000-2,000 98 28-50 50-100 120-160
Ultralow | 0.2-0.04 2,000-400 91-95 50-100 100-160 400-600
Extralow | 0.04-0.01 | 400-100 80-91 100-160 160-400 700-1,100
Trace 0.01-0.002 | 100-20 75-80 160-400 400-1,200 3,000-20,000
Rare >0.002 20-4 55-75 >400 >1,200 >20,000

Hannington et al,, (2014), Hein et al,, (2012) and Beaudoin et al,, (2014) made efforts to estimate the
size of the deposits and their average contents (ore grades). Roberts (2012) assesses the location and
amount of metals in sulphides. Many samples have been taken from the sea floor, however, how well
they actually cover the territory is only known on an overview level. We estimate that this is still suffi-
cient for a preliminary estimate. Figure 3.2 shows the development of copper ore grade with time
(Data compiled by Sverdrup et al., 2014, 2017). Most ores mined today have an ore grade of 1% or
lower, whereas ocean floor massive sulphides have ore grades from 3-15% copper content. Diagram
(a) shows the decline in ore grade in the land-based ultimately recoverable resource for copper. Sev-
eral other metals (For example iron, nickel, zinc, gold or platinum) show similar patterns. Copper con-
tents in nodules and cobalt crusts are normally lower (Table 3.1). At the same time, the ultimately re-
coverable resources of metals like copper is converging on a fixed and finite number. The land-based
resource is somewhere between 3.5 and 4 billion ton of copper (b). This is what the human society can
expect to be able to extract.
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Figure 3.2. Development of copper ore grade with time Diagram (a) shows the decline in ore grade
observed for land-based copper deposits. Diagram (b) shows how the size of the recov-
erable copper resource is converging on a finite number somewhere around 4 billion ton
copper. This is what the human society can expect to be able to extract, and what it will
have to make the best of.
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In deep sea mining, the mining extraction operation and actual hauling the material up and processing
it out at sea cause larger costs than similar operations on land. Waste management will also be more
expensive if serious environmental damage is to be avoided. The different types of metal resources are
found at different depths in the oceans;

1. Manganese nodules on the sea floor are found from 1,800 to 4,000 meter depth

2. Cobalt crusts on submerged seamounts are found on 400 to 4,000 meter depth

3. Massive sulphide is found on 800 to 3,500 meter depth in connection with hydrothermal activities,
but some deep trenches also develop warm salt brines such as in the Red Sea.

These factors all conspire to make the mining operations technically challenging and expensive. The
southern and northern Polar Regions are at the moment off limits because of ice conditions and the
rough environment. The Southern Seas are also largely off limits because of their storm-infested wa-
ters and bad weather. Part of the Penrhyn area in the Pacific Ocean is host to some of the largest coral
reefs on the planet, and large scale mining in significant parts of the area may not be such a good idea
from an environmental point of view (Allsopp et al,, 2013, Beckmann 2007, Smith and Heydon 2013,
Zhou 2007).

3.5 Results

The results have been compiled in Table 3.2, 3.3 and 3.4. Table 3.2 shows the area cover, metal ore
density and contents of different metals in the different nodules, crusts and massive sulphides on the
ocean floor. Table 3.3 shows the estimated seafloor metal resources, before assessment of technical
extractability. Table 3.4 shows the estimated seafloor metal resources, coming to assessment of tech-
nical extractability. We found that significant amounts are present located in mainly 5 limited regions
of the oceans for all the metals considered, two areas in the Pacific Ocean, One in the Atlantic Ocean
and one in the Indian Ocean. Most of the tonnage of the interesting metals in nodules and black smok-
ers are located at great water depth, from 1 km to more than 4 km depth, involving huge technological
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challenges. Only a smaller fraction (5-25%) of the detected amounts can be considered to be extracta-
ble under the most favourable of conditions (Mudd et al., 2013, Allsopp et al., 2013).

Table 3.2. Area cover, metal ore density and contents of different metals in the different nodules,
crusts and massive sulphides on the ocean floor. The estimates are very approximate.

Size Den- Amount Fe Mn Cu Zn Ni Co PGM Au Ag

sity
Deep sea nodules

Clarion-Clip- 9.0 2.3 21 18 22 0.2 04 04 05 5 1 |10

perton

Peru Basin 4.5 10 45 18 22 0.2 04 04 05 |5 1 |10

Penrhyn 0.75 25 19 18 22 0.2 04 04 05 5 1 10

Atlantic 0.20 25 4.8 18 22 0.2 04 04 05 |5 1 |10

Indian Ocean | 0.75 5 3.8 18 22 0.2 04 04 05 5 1 |10

Cobalt crusts

Northeast Pa- | 9.0 0.84 7.55 17.8 [ 229 0.2 04 05 08 3 20 | 200

cific

Southwest Pa- | 4.5 0.7 3.2 18.1 |[21.7 |0.1 02 05 08 |3 20 | 200

cific

Penrhyn 0.75 0.7 0.53 145 | 209 0.2 04 04 05 2 20 | 200

Atlantic 0.20 0.7 0.15 15.0 | 20 0.2 04 04 05 |2 6 | 200

Indian ocean 0.75 0.7 0.53 170 [ 223 023 04 05 06 2 20 | 200

Massive sulphides and brines

Pacific CC+PB | 13.5 0.22 3.000 10 0.2 3.5 13 |01 07 |1 3 | 150

Penrhyn 0.75 1.25 1.000 10 0.5 8.5 7 01 07 |1 3 |80

Atlantic 1.50 1.3 2.000 10 0.5 8.5 7 01 07 1 3 |80

Indian Ocean | 0.75 0.3 0.250 10 0.5 0.9 4 01 07 |2 2 | 100
Table 3.3. Estimated seafloor presence of metal resources, before assessment of technical ex-

tractability. The estimates are very approximate.
Area Fe Mn Cu Zn Ni Co Mo PGM Au Ag
Nodules

Clarion-Clipperton 6,000 5,990 | 226 @ 452 274 44 12 15 52 | 520

Peru Basin 8,145 9,765 | 450 | 900 587 94 26 30 104 | 1,040

Penrhyn Basin 3,420 4,180 | 203 | 406 247 40 10 15 48 | 480

Atlantic 864 1,056 | 10 20 62 10 3 4 12 | 220

Indian Ocean 1,080 1,078 | 41 82 49 8 2 - 1 10

Sum 19,509 22,069 | 930 | 1,860 | 1,219 | 196 53 64 217 | 2,270

Crusts

Northeast Pacific 1,344 1,714 7.4 | 1.8 32 50 35 |12 2 17

Southwest Pacific 2,870 3,668 15.8 4.0 68 107 7.7 24 4 34

Penrhyn 77 111 1.2 2.4 2.1 2.7 0.3 2 - 2
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Atlantic 2 27 0.4 0.6 0.5 0.7 0.8 | 05 - 0.5
Indian ocean 90 118 13 04 2.2 2.9 0.3 3 - 2
Sum 4,383 5,636 | 26.7 9.2 104.5 1633 | 12.6 | 415 6 55.5
Sulphides
Pacific 300 150 60 405 6 21 21 6 60 | 600
Penrhyn 100 50 20 49 2 7 7 2 20 | 200
Atlantic 200 10 170 | 140 4 14 14 4 40 400
Indian Ocean 25 12 5 10 0.5 P 2 - 5 50
Sum 625 222 85 604 12.5 44 44 12 125 | 1,250
Table 3.4. Estimated seafloor metal resources, coming to assessment of technical extractability.

The estimates are very approximate.

Area Fe Mn Cu Zn Ni Co Mo PGM Au Ag

Sum nod- 19,509 22,069 | 930 1,860 | 1,219 | 196 53 63,000 217,000 | 2,270,000
ule

Sum crusts 4,383 5,636 | 27 9 105 163 13 41,500 | 6,000 55,500
Sum sul- 625 222 85 604 13 44 44 12,000 | 125,000 | 1,250,000
fides

Sum 24,517 | 27,727 | 1,042 | 2,473 | 1,337 | 403 110 116,000 348,000 @ 3,505,000

Considering different extractability in the total picture of all extractable metal resources.
The URR estimates are very approximate

Ocean, 6,129 6,932 | 261 618 334 100 | 26 29,000 | 87,000 | 876,300
25%

Ocean, 5% | 1,226 1,386 | 53 124 67 20 6 5,800 17,400 | 175,260
Land; 2015 340,000 5,600 | 3,770 | 2,676 300 32 80 210,000 | 150,000 | 1,200,000

How much metal resources do we have on land and ocean floors?
The estimates are very approximate

URR low 341,226 6,986 | 3,823 2,800 @ 367 52 86 215,800 | 167,400 | 1,375,260
URR high 346,129 | 12,532 | 4,032 | 3,294 | 634 132 106 | 229,000 | 237,000 | 2,074,300

% on land 99-98 81-41 | 98- 96- 82- 62- 94- 97-91 90-66 87-58
92 81 49 24 79

3.6 Discussions

Despite huge optimism in the field, no profitable commercial operation has yet been started. Consider-
ing the difficulty of mining, it seems that based on an ore grade to metal price evaluation, that only co-
balt or silver would perhaps be interesting on a commercial level, with by-products of copper, gold,
perhaps also molybdenum and nickel. There are few assessments of how much of the detected seafloor
deposits that can actually be extracted. Many reports and prospects available are optimistic stories
about new technologies aimed at potential investors and shareholders, and these do not constitute ob-
jective assessment of real extractability. The extractability estimates in the scientific literature vary
from 5% (Mudd et al., 2013) to 25% in the most optimistic views (Allsopp et al., 2013, Beckmann
2007). We have taken 5-25% as the minimum to maximum range. For iron (1-2% of the resource is
located on the sea floor), manganese (19-59% of the resource is located on the sea floor), copper (2-
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8% of the resource is located on the sea floor), molybdenum (6-21% of the resource is located on the
sea floor), PGM (Platinum Group Metals) (3-9% of the resource is located on the sea floor), gold (10-
34% of the resource is located on the sea floor), silver (13-42% of the resource is located on the sea
floor), the contribution from seafloor extraction will never be significant for any longer time. The re-
sources on land for these metals are far larger than what is extractable from the sea floors. There are
similar proportions for zinc and lead, however, these have so low market price at present that they do
not support any deep sea floor mining operations with the present cost situation. Some of the metals
with significant fractions located in the ocean floor include; Manganese (19-59% of the extractable re-
sources in the ocean floor), cobalt (38-76% of the extractable resources in the ocean floor), nickel (18-
51% of the resource is located on the seafloor), gold (10-34% of the resource is located on the sea-
floor) and silver (13-42% of the resource is located on the seafloor). This has been listed in Table 3.4.

Considering the importance of cobalt, silver and nickel for production of new advanced technologies,
the ocean floor resources provide interesting and significant back-up resources for future global sup-
ply. It has been speculated about mining Rare Earth metals and phosphorus from the ocean floors, but
at the moment, these are traded at prices where an extraction operation would be very far from profit-
able. Extraction from ocean floors are subject to the same consideration as is valid for the extraction of
low quality reserves and exotic sources of oil, a concept called EROI (Energy Return On Invest-
ment)(Hall et al,, 2001, 2009, Hall 2008). For rare metals and materials, we would have the same limit-
ing indicator; Utility Return On Effort Investment. When the benefit from extracting the resource is
less than the cost, energy use, effort and environmental damage cost, then it will not be extracted. If
ocean floor mining is profitable or not in the future, depends completely on the future raw material
prices and how the demand will develop in the time to come. To be able to pay for the extraction costs,
as well as to do this in a manner that is not destructive to the oceans, several things are still needed.

Firstly, the technology available at present, is technically capable of extracting the ore, but at a high
price. But the technology has seen great advances in the recent years. Secondly, many reports discuss
the potential environmental impacts of ocean floor mining (Allsopp et al., 2013, Beaudoin et al., 2014,
Beckmann 2007, Clark et al., 2010, Clark and Smith 2013, Zhou 2007, Schmidt 2015, International Sea-
bed Authority 2012, World Ocean Review 2013a,b,c). Unless special precautions are taken, huge im-
pacts may be expected on marine ecosystems and water quality. Much work remains to ensure that the
mining can be done environmentally sound and without causing irreversible damage to marine eco-
systems and without causing deleterious damage to physical structures. This homework has definitely
not been done yet, and the industry should use the time to solve this issue, rather than protesting
against not being allowed to cause damage to nature.

3.7 Conclusions

The role of huge new resources for metals on the ocean floor to replace land supply seems limited for
most metals. For some of the main metals in society (iron, copper, platinum group metals, gold, silver),
the actual extractable amounts seafloor resources are significantly smaller than those on land, and
mostly more expensive to extract.

For some of the key technology metals in short supply and with small extractable resources, where
every ton of supply counts, when the price is consistently high, then the ocean resources may be an
interesting and significant source of metals. The metals cobalt, nickel and silver may be in this cate-
gory, with additional side products of gold, copper or perhaps molybdenum and platinum group met-
als. There is a large amount of manganese nodules available, however, the manganese price is at pre-
sent very low, and would in no way pay for the effort to harvest them and then extract the manganese.
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The extraction of these resources may be commercially viable for the metals identified above, and they
may under certain conditions contribute significant amounts to the total supply. Considering the diffi-
culty of mining, it seems that based on an ore grade to metal price evaluation, that only cobalt or silver
would perhaps be interesting on a commercial level in the near future.
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4 WORLD MODEL — RESOURCES MODULE

This Chapter provides indepth information on the WORLD Model’s resources module. The resources
module consists of:

1. Metals sub-module;
2. Meterials sub-module; and
3. Energy resources sub-module.

Following sections in this Chapter prodive detailed information on how each of these submodules are
formulated in the current version of the WORLD model, and present and assess model simulation re-
sults of selected key resources modelled under these sub-modules. The reader should keep in mind
that the WORLD Model development is an ongoing process and there may be additional resources im-
plemented to the WORLD model in addition to the ones presented in this report.

4.1 METALS SUB-MODULE

There are a number of metals included in the WORLD Model’s metals sub-module as can be seen in
Figure 4.1. Among them, we distinguish between metals that are fully independent in their extraction,
mother metals, and a number of metals, which are partially or fully dependent on the extraction of
some other metal. We clustered and modelled these metals under various sub-modules:

1. BRONZE sub-module

e COPPER, ZINC, LEAD

e TECHNOLOGY METALS - (SILVER (Ag), ANTIMONY (Sb), BISMUTH (Bi), TELLIRIUM (Te),

SELENIUM (Se), CADMIUM (Cd), GERMANIUM (Ge), INDIUM (In) and GALLIUM (Ga))

2. STEEL sub-module

e  MANGANESE (Mn), CHROMIUM (Cr), NICKEL (Ni), IRON (Fe) and STAINLESS STEEL
3. SPECIALITY METALS sub-module

¢ MOLYBDENUM (Mo) and RHENIUM (Re)
NIOBIUM (Nb) and TANTALUM (Ta)
COBALT (Co)
WOLFRAM (W)
PLATIMUM GROUP METALS - (PLATINUM (Pt), PALLADIUM (Pd), RHODIUM (Rh))
SUPER ALLOYS
4. LIGTH METALS sub-module

e ALUMINIUM (Al)

e LITHIUM (Li)
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Figure 4.1. Flowchart for the primary production of some metals and the metals whose extraction
depend on other metals
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4.1.1 BRONZE sub-module — COPPER, ZINC, LEAD
4.1.1.1 Introduction

The four most important strategic metals for human society are iron, aluminium, copper and zinc. The
extraction of copper, zinc and lead is normally done from poly-metallic ores. All metals exist in limited
reserves on Earth, the genesis of metal ore is very slow and nowhere near the extraction rates due to
present mining rates. There are no really good substitutes for copper, zinc nor lead available, consider-
ing their specific technical and chemical properties according to the literature on the subject (Hein-
berg 2001, Johnson et al,, 2007, Graedel et al, 2011, Rauch and Graedel 2007, Norgate and Rankin
2000, 2002, Graedel and Edelmann 2012, Grandell and Thorenz 2014, Goe and Gaustad 2014,
Sverdrup et al., 2014). The differences in metal production amounts, and the fact that significant
amounts already are booked for important purposes in society, makes substitution a significantly lim-
ited option for coping with larger scarcity issues. Likewise, the specialty metals like indium, germa-
nium, gallium, selenium and tellurium are used in applications where there are no obvious substitutes
according to the cited literature. Failure to secure them may cause failure of provision of certain tech-
nologies. We are not the first to be concerned about the global sufficiency of these metals; this was
pointed out already by Meadows et al. (1972, 1974, 1992, 2004), and more recently by Gordon et al.
(2006), Rauch and Graedel (2007), Heinberg (2001, 2008, 2011), Laherrere (2010), Morrigan 2010,
Northey et al. (2014), Ragnarsdottir et al,, (2012) and Sverdrup et al. (2013, 20144a,b, 2015a,b). These
studies presented different types of metal supply assessments and expressed worries about a potential
scarcity or future peak in production. Further recent assessments are found in reports by the Interna-
tional Resource Panel (UNEP 2011a,b, 2013a,b,c). They discuss recycling of metals in many aspects
and are a valuable synthesis of state-of-the-art.

The technology metals indium, bismuth, germanium, gallium, tellurium, cadmium, selenium, antimony
and silver are all supplied fully or partly as dependent by-products of copper, zinc and lead primary
extraction from poly-metallic ores. Figure 4.1.1.1 shows the pathways of extraction of copper, zinc and
lead.

Figure 4.1.1.1. Pathways of extraction of the base metals (i.e. copper, zinc and lead) subject to primary
extraction are shown to the left; the technology metals, mostly obtained by secondary

extraction, are shown to the right.
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4.1.1.2 Objectives and scope

The objective is to develop an integrated dynamic model for the global market for copper, zinc, lead.
The model must be able to simulate primary metal production rates from mines, recycling flows, mar-
ket supply, world market price and to predict how the known and hidden extractable amounts and ore
grades will develop with time. The model will be used to assess the long term supply sustainability of
copper, zinc and lead and the metals that depend on them for their extraction, as a sub-module in the
WORLD6 model (Sverdrup et al,, 2012a,b, 2013, 2014a,b,c, 2015a,b,c, 20164a,b, Sverdrup and Ragnars-
dottir 2017, Sverdrup 2017). We include the whole global system in a generalized way; simulations
cover the recent past and the future (1900-2400).

4.1.1.3 Earlier modelling work

There have been several earlier attempts at modelling copper extraction rates. Roper (2009) used em-
pirical functions for assessing copper, zinc and lead mining rates and estimated when the production
would peak. Roper (2009) used systematically low reserve estimates, ignoring hidden resources and
the peaks were all predicted to come far too early. Van Vuuren et al.,, (2009) outlined the principles of
a model for the global metal cycling, looking at copper. Gloser et al. (2013) applied a mass and flows
model to the global copper cycle. Northey et al. (2014) and Mohr et al. (2014) used a Mass Flow Analy-
sis model for copper, reaching results similar to some of the results obtained in this study (they used a
low estimate for the extractable amount). Common for Mass Flow Analysis models are that they do not
incorporate feedbacks, nor do they have any market dynamics and cannot generate metal prices inter-
nally to the models. They are step-by-step mass balances advanced one year at a time a spread-sheet.
Laherrere (2010) used Hubbert's model for copper, doing a valid analysis, but using a too small re-
serve estimate for the assessment. There is no earlier process-oriented systems dynamics model for
copper, zinc or lead known to us, and nothing for the dependent technology metals antimony, bismuth,
selenium, tellurium, indium, cadmium, germanium and gallium. We have earlier used simple back-of-
the-envelope methods like burn-off rates and peak discovery shift, but these methods only give a diag-
nostic indication of potential problems. During the course of SimRess project, we have also developed
stand-alone systems dynamics models for gold, silver, copper, aluminium, iron, lithium and platinum
group metals (Sverdrup etal., 2012, 20144a,b, 2015a,b,c, 2016a,b), rare earths (Kifle et al. 2012), stain-
less steel and associated metals manganese, chromium and nickel (STEEL) (See following sections). In
these models, one of the major advances were the development of a reality-based metal price model,
allowing for price estimation from market fundamentals inside the models, without external forcing
functions or calibration. This study represents a substantial improvement upon the earlier stand-alone
model for copper extraction and supply dynamics (Sverdrup et al., 2014b).

4.1.1.4 Data sources and estimations
Geological resources and reserves

The reserves and resources estimates are based on geological estimates, the interpretation of geologi-
cal data, and the allocation of extractable amounts according to ore quality, stratified with extraction
costs (Tilton 2007, 2009, 2012, Neumeyer 2000, Sweeneye 1992, USGS 2014). All major inputs were
extracted from earlier published information (Moskalyk 2003, 2004, Alfantazi and Moskalyk 2003,
Graedel et al. 2004, 2005, Spatari et al., 2005, Gordon et al. 2004, 2006, Graedel et al., 2005, Guirco
2005, Brown 2006, Rauch and Graedel 2007, Mudd 2007, 2010, Gerts 2009, Radetzki 2008, 2012,
Roper 2009, Geoscience Australia 2009, Rauch and Pacyna 2009, Rauch and Pacyna 2009, Laherrere
2010, MinEX 2010, Crowson 2011a,b, NGEX 2011, Singer 2011, 2013, ICCM 2012, Gloser et al. 2013a,b,
Anglo-American Mining Corporation 2012, Prior et al. 2012, Kesler and Wilkinson 2013, Johnson et al,,
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USGS 2013, Dehnavi 2013, Bardi 2013, Copper Development Association 2013, Laherrere 2010, Harm-
sen et al.,, 2013, Kesler and Wilkinson 2013, Kavlak and Graedel 2013a,b, International Zinc Associa-
tion 2013,2044a,b, Henckens et al., 2014, Northey et al. 2014, Sverdrup et al,, 2014b, Yoshimura et al.,
2013). Most actors trade metals through the market, trade takes place geographically dispersed, but is
linked through the price systems at the London and New York Metal Exchanges. The available data
was closely inspected for inconsistencies and averages and adjustments were made when the input
data were not internally consistent. Several of the numbers given in the literature are uncertain as
some of them severely mismatch in the overall mass balance. Generally, the recycling numbers often
appear inconsistent (UNEP 2011a,b, 2013a,b). The refining process from extracted ore to chemically
separable metal concentrate has about 85-90% efficiency for copper and zinc. Further refining runs
with 95-97% efficiency, thus the overall efficiency from mine output to metal to market is about 80-
87%.

In 2010-2011, the copper stock in the global society was estimated to be about 46 kg per person, the
demand on provision from the market was 2.4 kg primary extracted copper per person per year, with
7.3 billion people in the world, corresponding to a demand of about 17.5 million ton of primary pro-
duced copper per year. Average global GDP per person was about 7,000 $/capita, the copper primary
production was about 17 million ton, and the price was about 9 $/kg in the market. However, the mar-
ket was supplied with about 30 million to copper metal in total, the excess over primary supplied com-
ing from recycled copper (13 million ton per year). This corresponds to a demand for copper of about
4.1 kg copper per person and year. Brewster (2009) suggested that the total demand of copper could
rise to about 10 kg per person per year by 2100 in a world predicted to have about 10 billion people
(Gordon et al., 2006, Rauch and Graedel 2007, Rauch and Pacyna 2009, Rauch 2009, Gerts 2009, Gloser
et al. 2013), which would correspond to a demand of 100 million ton of copper per year. Even if the
global population peaks out at 8 billion people, and the global demand per capita peaks at 6 kg copper
per person and year, this would imply supplying about 50 million ton of copper per year to the market,
or 3 times more than today. That would be a major challenge, emptying out known and anticipated
resources in less than 75 years.

Table 4.1.1.1 shows the energy required to produce copper from different substrates, a comparison
between different metals and pathways from raw material to finished metal. This is dependent on a
several factors;

1. Oil and coal market price - because metal production process is energy demanding for mining in
mountains, moving stone, crushing, smelting and refining and transporting and again fabricating
copper, zinc or lead into products.

2. The ore metal content - an indicator of how much rock must be moved in addition to the metal ex-
tracted. (Singer 2007, Gordon et al. 2009, Mudd 2007, 2009, 2010, Northey et al. 2014, House et al.
2011, Gloser 2013), and indicating the work we must put in to get the metal out. When the ore
quality goes down, the extraction costs rise proportionally with it (Table 4.1.1.2).

3. The flexibility of the supply infrastructure, and delays in increasing or decreasing production. In
the past, a mine had a delay in 3-6 years to increase production, at present this has increased to 7-
15 years. The increased technical challenges associated with lower ore grades, more complicated
operations permission systems and deeper or more remote mining locations are among the causes
for this increased delay.
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Table 4.1.1.1.

Energy required to produce copper metal from different substrates, a comparison be-
tween different metals and pathways from raw material to finished metal.

Source of product Energy use Climate emission Water use,
CO2/kg m3/ton product

Recycled scrap 14 6-15 2.2-10 15-20

Sulphide ore, high grade 50 33-64 7 20-50

Sulphide ore, low grade 58 40-60 21 50-60

Sulphide ore, ultralow grade 130 120-160 42 75-100

Sulphide ore, extralow grade 440 400-600 82 100-140

Sulphide ore, trace grade 2,040 1,800-2,600 360 300-500

Table 4.1.1.2.

Relationship between ore grade, the approximate production cost and minimum supply
price to society. The energy need is approximate. The numbers are approximate for
2012-2015 and are based on data from gold, silver, copper, zinc and uranium mining
from many countries.

Ore grade Ore metal content

(2) Yield (Y) Cost (C)

% $/kg

Rich 400-50 40-5 99-100 4 5-20 30
High 50-10 5-1 98-99 15 20-80 33-64
Low 10-2 1-0.2 95-98 63 80-330 120-160
Ultralow | 2-0.4 0.2-0.04 91-95 280 330-1,200 400-600
Extralow | 0.4-0.1 0.04-0.01 80-90 1,000 1,200-1,900 700-1,100
Trace 0.1-0.02 0.01-0.002 70-80 1,600 1,900-10,000 13,000
Rare 0.02-0.002 >0.002 50-70 8,000 10,000-50,000 | 120,000

Basis for estimating how much can be extracted from ore deposits

Fundamental for this study is the estimation of how much metal we can reasonably expect to be able
to extract for use. This implies evaluation of how much metal is present in the ore bodies we have and
those we expect to find, how much is technically extractable, disregarding price, energy or political ob-
stacles. Finally, how much is extractable in reality, considering extraction costs, willingness to pay, as
well as political hindrances over the next three centuries.

The task is to divide this into quantitative estimates of known and hidden extractable amounts, graded
into ore quality groups as we have displayed in Table 4.1.1.2. Table 4.1.1.2 shows the relationship be-
tween copper ore grade, production cost and minimum supply price to society, as well as impact of
price on the recycling in market supply as we have used it in the model. The price range is based the
author’s own professional experiences from copper, silver and gold extraction (Sverdrup et al,, 2013c,
2014a,b), and data from the literature (Mudd 2007, 2009, 2010).

The resource estimates do vary between ore types and metal. Figure 4.1.1.2a shows the size of the ex-
tractable copper amount as a function of time, the historical data was taken from House et al. (2011).
Copper zinc and lead occur together in many geological deposits, and are mostly extracted from poly-
metallic ores. The figure shows how the estimates of total extractable copper resources are converging
on a value of about 3,000 million ton of copper. All land resources down to 3 km in available deposits
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and ocean seafloor resources down to an ocean depth of 4,000 meter have been counted in the estima-
tions. Figure 4.1.1.2ab shows data for how the ore grade for copper has gone down systematically over
the time since 1880. This is a long term pattern for many metals such as gold, silver, nickel, uranium,
zing, lead, platinum, palladium or uranium). Many examples of such diagrams have been compiled by
Mudd (2007, 2009, 2012a,b) for regions, nations and globally defined regions. The figure and its com-
parative for other metals tell us that the majority of the best deposits have been mined to exhaustion
and that mainly the lower quality ore deposits are left. It is a very strong signal suggesting increased
risk for scarcity. Without imposing any limitations on extractability, it may appear as if the global cop-
per source would be endlessly large, only by going to lower ore grades (Figure 4.1.1.2c). This is start-
ing from how resources and reserves are defined by the USGS1, but being reformatted to the format
needed for the BRONZE model. We define the two types of stocks where metal is held and where it can
be extracted from:

1. Hidden resources (These are inferred resources we can assume exists and that will be found and
that can be extracted at a later time in the future at some cost as defined in Table 4.1.1.2)

2. Known resources, also sometimes called reserves: These are known resources that have been
demonstrated or identified, and are known to be extractable now or in the future.

3. Known waste or scrap is urban ore of metal that is available for recycling once the effort is made

Our judgement is that to hope for doublings or many multiples increases in the available copper re-
sources by mining the ocean floors would be a vain hope, because of the significant technical chal-
lenges and the cost of extraction under such conditions.

Figure 4.1.1.2d shows how the extraction cost has gone down due to better and deeper prospecting,
new flotation technologies, mechanization of ore benefication, use of dynamite (1900-1920), improved
work procedures (1920-1940), increased automatization, more efficient technical mining methods and
improved extraction technologies (1950-2010). In the years after 1990, costs were further reduced by
moving to low salary countries and where the externalities are not paid for. For many years, this did
offset the impact of declining ore grades. From 1930-1980, treatment cost for ore was about 40 $/ton,
however, moving to low cost countries, combined with improved methods has lowered that to about
25 $/ton. Lately, it appears as that trend is coming to an end, as there are no new locations with cop-
per deposits where it will be possible to pay workers even less for more work.

Up to the point where ore quality decline cannot be offset with efficiency and technology gains and fur-
ther lowering of wages, URR will increase with time (Crowson 2011), but thereafter it converges on a
limiting value as can be seen in Figure 4.1.1.2a. The resource estimates seem to level off towards 2.8-
3.2 billion ton for copper. Demand should eventually go down as the copper becomes less and less
available for trivial and wasteful uses. Uses depending on the metal to be cheap in comparison to the
utility value will have problems. The copper ore grade has fallen from a range of 27-15% a hundred
years ago to a range of 0.8-3% copper content today (2014), which is partially reflected in the world
market copper price through increased production prices.

The USGS (2004) definitions is: Resource: A concentration of a naturally occurring mineral in a form and amount such that economic
extraction of a commodity is currently or potentially feasible. Identified Resource: Resources whose location, grade, quality, and
quantity are known or reliably estimated. Demonstrated Resource: Resources whose location and characteristics have been measured
directly with some certainty (measured) or estimated with less certainty (indicated). Inferred Resource: Resources estimated from
assumptions and evidence that minerals occur beyond where measured or indicated resources have been located. Reserve Base: That
part of an identified resource that meets the economic, chemical, and physical criteria for current mining and production practices,
including that which is estimated from geological knowledge (inferred reserve base). Reserves: That part of the reserve base that could
be economically extracted at the time of determination. Marginal Reserves: That part of the reserve base that at the time of determi-
nation borders on being economically producible. Undiscovered Resources: Resources whose existence is only postulated.

77




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

Figure 4.1.1.2. Diagram (a) shows the size of the extractable copper amounts as a function of time
(House et al. 2011, Sverdrup et al. 2014b). Diagram (b) shows how the ore grade has
gone down with time for copper. Diagram (c) shows how the URR goes up with decreas-
ing ore grade, assuming that every ore grade is fully extractable, with no regard to feasi-
bility. Diagram (d) shows how the extraction cost has decreased with time.
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Finding the equation for the ultimately recoverable reserves

The Ultimately Recoverable Reserves (URR) is one of the key input parameters in the assessment, and
we must put great care into getting good estimates for it. We will work out the example for copper, but
in principle, the method is the same for all metals. The (URR) potentially increase when lower grade
deposits are included in the estimate. This is shown for copper in Figure 4.1.1.2b, a similar develop-
ment can be seen for zinc, silver, gold, nickel, uranium and several other metals. The following equa-
tion was found to be valid for copper ores (Mudd 2007, 2009, 2012a,b):

URR(potential) = kmetal * Zw (4.1.1.1)

Where Z is the ore grade in % weight content, the exponent w=-2.4 and kmetal=627 for copper if URR
is in million ton of copper contained. This is only the nominal value of URR and we need to critically
assess how much we can extract in reality. The extraction yield (Y) will decrease with declining ore
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grade as shown in Figure 4.1.1.3b. If we use the data we have collected (Tables 4.1.1.3 and 4.1.1.4), we
get the equation (4.1.1.2) for the extraction yield for copper as a function of copper ore metal content
A

ky * Z™

y=—2L"_
1+ ky*Z"

(4.1.1.2)

Where Y is extraction yield (fraction of the weight content recovered from the total ore content), and
kY is the technological efficiency constant. It has the value kY=80 when extracted from available data
(Figure 4.1.1.3b). The exponent on the ore grade Z seems to be globally valid at n=1.1. The yield may
be increased by repetitive extraction, as is the case with the example of rare earth metals up from ore
(5-50 separation steps) and by separation of the individual metals from the mix (approximately 1,000
to 4,000 separation steps) or the example extraction of the uranium isotope 235 from mined natural
uranium (approximately 5,000 to 10,000 separation steps). The energy, materials and capital cost es-
calate fast when the number of processing steps multiply, making the whole procedure near impossi-
ble for agents that do not have access to huge industrial and energy resources (Figure 4.1.1.3a). From
Figure 4.1.1.3a we can determine the equation for energy use in G] per ton metal produced as related
to ore grade in %, yielding the following equation in GJ per ton metal extracted:

k,  3.6%107
Z - (4.1.1.3)

E= VA Zl.l

Equation (4.1.1.3) was incorporated into the systems dynamics models mentioned here. The correla-
tion for this equation is quite good (Figure 4.1.1.3a) when s=1.1, but this may be depending on inter-
pretation of the data, the exponent may be in the range: 1 < m < 1.2. URR for any metal can be calcu-
lated with a combination of equations (4.1.1.1) and (4.1.1.2) to yield for the combination of yield and
ore grade alone. The derived formula is:

ky x Z™

URR(0) = Y*URR(potential) = m*

kp * ZY (4.1.1.4)

We get:

kY * kM Zn+w

We add the energy limitation from equation (4.1.1.3) to equation (4.1.1.4):

1
URR = URR(0) * - (4.1.1.6)
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Figure 4.1.1.3. Diagram (a) shows how the energy cost rise with declining ore grade, equation (4.1.1.6)
as compared to data. The squares, circles and stars represent data from copper, nickel
and gold from the literature. Diagram (b) shows how the extraction yield declines with
the ore grade with the fit of the yield equation to copper data.
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If we insert equation 4.1.1.3 into equation 4.1.1.5, we get after rearranging:

URR fey * kg 277 41.1.7
T kgx (L ky xZM) (4.11.7)

We set

ky *x ky
kURR = k (4118)
z
And we get the final equation:
kypg * Z™
URR = ————— 41.1.9
1+ ky*Z" ( )

The exponent m is w+n+s, URR is the Ultimately Recoverable Reserve. Equation (4.1.1.9) also defines
the exponents m and n, and Equation (4.1.1.3) defines the exponent s. Z is the cut-off ore grade for set-
ting the URR.

From the data, we have determined for copper that the exponents have the approximate values of w= -
2.3,s=+1.1 and n=+1.1, thus m=-2.4 + 1.1 + 1.07=-0.23 for a first approximation. We set n=1.1 and
varied m in the range -0.4 to 0.2 in equation (4.1.1.7), this has been plotted up in Figure 4.1.1.4a.
When m=0, it would cap URR at a fixed finite value. Equation (4.1.1.6) has been drawn up in Figure
4.1.1.4a The curve should be scalable to URR for any primary extraction of parent metals. The data
tested on the equations above suggests that-0.1 < m < 0 and Figure 4.1.1.4b confirms this (r2=0.92
correlation to the 1:1 line for m=-0.01). Figure 4.1.1.4c use the parameters kURR=3,700, kY=130, m= -
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0.1 and n= 1.1 for copper. The URR for copper converge on a value of URR= 4,030 million ton of cop-
per. The observed URR data in Figure 4.1.1.2a for copper confirms the shape of the curve generated by
Equation (4.1.1.9) and allow us to parameterize it. The expense of making enriched nuclear fuel from
uranium or why we cannot extract gold from seawater is explained by these equations. The implica-
tion is that below an ore grade of about 0.02-0.01 kg metal per ton rock, the extractable reserves will
not increase significantly, but energy costs will escalate. Equation (4.1.1.7) imply that inclusion of
large, very low grade deposits will be mitigated by the low yields at low ore grades and the energy
costs that increase with declining ore grade (Figure 4.1.1.3a). As we go down in ore grade, it theoreti-
cally may look as if the extractable resources increase fast (Figure 4.1.1.2b), but at the same time, the
decreasing yield makes this irrelevant as we cannot extract it cost efficiently (Figure 4.1.1.4a).

Figure 4.1.1.4. Diagram (a) shows equation (4.1.1.7) drawn up for different values of the exponent m.
The estimate of URR takes into account ore grade, yield of extraction and energy re-
quirement for extraction. Diagram (b) shows a 1:1 plot for different values of m, sug-
gesting that as we can judge from the available data represented by circles in diagram
(a), with an apparent best 1:1-fit at m=-0.01. This corresponds to an URR of about 4,030
million ton of copper. (c) shows the plot of the available data together with kURR=3,700,
kY=130, m=-0.1 and n=1.1 for copper
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Figure 4.1.1.5 shows two diagrams taken from the literature. Figure 4.1.1.5a shows the tonnage distri-
bution of porphyry Cu deposits. Each point represents a deposit and intercepts are at the 90th, 50th,
and 10th percentile (from Singer, 2007). Setting the URR for copper to 3.7 billon ton is consistent with
this. Figure 4.1.1.5b shows the distribution of ore grades within the copper deposits (Mudd et al.,
2013Db). These diagrams were used to check the consistency of our estimate of extractable amounts
and to distribute it to rich, high, low, ultralow and extra low ore grades.

Figure 4.1.1.5. Diagram (a): Copper tonnage distribution of porphyry deposits. Each point represents a
deposit and intercepts are at the 90th, 50th, and 10th percentile (from Singer, 2007).
Diagram (b): Distribution of ore grades within the copper deposits (from Singer 2007 and
Mudd et al. 2013b). The diagrams were used to assist assigning the URR to different
quality classes as shown in Table 4.1.1.5.
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Table 4.1.1.3 shows an overview of past mined amounts and extractable amounts for copper, zinc and
lead from the literature. Northey et al. (2014) estimated 591 million ton of copper had been mined to
2010, making mined to 2012 about 625 million ton of copper. Mudd et al. (2013b) estimated mined to
2010 to 690 million ton. The extractable amounts of indium, germanium, gallium, tellurium, selenium,
bismuth and antimony were given as a % content of these parent metal extractable amounts. Johnson
etal, (2014) attempts to estimate the undiscovered copper resources around the world, stating that in
addition to identified 2,100 million to, they find about 3,500 million ton of copper resources, making a
total of 5,600 million ton in total. They considered porphyry deposits down to 1 km depth and sedi-
ments and strata-bound copper down to 2.5 km depth, but they use an average guessed global ore
grade. However, the ore grade and extractability remain as unexplained and unknown and the 3,500
million ton cannot be added to the 2,100 million to without a proper extractability assessment. Assum-
ing that 1/3 of the undiscovered copper suggested by the USGS above is in reality extractable, URR
would be in the order of already detected resources of 2,100 million ton plus another 1,170 million ton
extractable of the undiscovered resources, or about 3,270 million ton of extractable copper. If we as-
sume ¥ of this extra amount to be extractable, the estimate would be 3,850 million ton of extractable
copper. This would be consistent with our other findings from the literature. The methods we devel-
oped for resource size estimating for copper was used in a similar way for zinc and lead. Table 4.1.1.4
shows a summary of the total extractable data we have found, and represents some of the data behind
diagram in Figure 4.1.1.2a.
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Table 4.1.1.3 shows a review of earlier studies on copper extractable amounts (US Department of Inte-
rior 1988, Radetzki 2008, Mudd 2008, 2009, 2010, Commodities Australia 2009, Laherrere 2010,
MinEx Consulting 2013, Sverdrup et al. 2014b, USGS 2013, 2014, Kesler and Wilkinson 2013, Copper
Development Association Inc. 2013, Johnson et al., 2013). URR is equal to the recoverable resource to
date plus the amount extracted until then. Harmsen et al., (2013) and Henckens et al.,, (2014) assumes
an average generalized copper content in the Earth’s crust down to 1 km depth, and then assumes
0.1% of that as extractable, based on an assumption made by the International Resource Panel. We are
very critical of such estimates as they are based on unsubstantiated assumptions, and because better
data with better assumptions are available that partially negates. In summary, using both Figure
4.1.1.4c and the Tables 4.1.1.3-4.1.1.4, we get the estimates for the ultimately recoverable resources
(URR) for the three key metals as follows;

Copper; 2,850 million ton < URR= 4,030 million ton < 4,475 million ton
Zinc; 1,362 million ton < URR= 2,676 million ton < 3,000 million ton
Lead; 2,800 million ton < URR= 3,015 million ton < 3,650 million ton

This is also supported by the best-fit-to-data curve in Figure 4.1.1.4a that converges on 4,000 million
ton for copper.

Table 4.1.1.3. Estimation of total resources. Overview of past mined amounts of metals and extracta-
ble amounts for copper, zinc and lead, expressed in million ton of metal.

Period (o] Zn Pb
Mined before 1800 30 2 50
Mined 1800-1900, 37 50 68
Mined 1900-2010, 617 612 754
Mined to date, integration of mining history curve to 2010 684 664 872
Mined in total 1800-2010 (Mudd et al., 2013a) 690 - -
Mined in total 1800-2010 (Northey et al., 2014) 591 - -
Mined 2010-2017 105 85 26
Mined from beginning to 2017 795 749 908
Remaining reserves (USGS 2012) 680 250 736
Sums of mined to date plus remaining reserves 1,475 999 1,744
World remaining resources (USGS 2012) 3,000 | 2,000 | 1,900
URR estimate (1); Sums of mined plus USGS 2012 resources 3,759 2,724 | 2,792
Mined+reserves+resources 4,475 2,999 3,644
Mined and cumulative discoveries for copper, zinc and lead, million ton of metal.

Cu___ zn Pb
Mined before 1900 67 52 118
Cumulative discoveries 1900- 2017 2,510 1,302 3,230
Discovered from 2010 to 2017 110 100 25
URR estimate (2); Cumulative discoveries plus mined to 1900 2,687 1,454 3,373
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Table 4.1.1.4. Review of earlier studies on copper extractable amounts 1995-2016. Million ton of cop-
per. Note that there is a trend in the data as is visible in Figure 4.1.1.2a.

Source of estimate Recoverable resources Mined to URR
at the reporting date date

Sverdrup and Ragnarsdottir (2016) 3,164 770 3,934
1. Interpretation of USGS 3,850
2. Interpretation of USGS 3,270
3. Interpretation of USGS (Johnson 2014) 5,100
USGS (2014) global copper resources 3,000 750 3,750
Northey et al. (2014) 1,771 645 2,416
Johnson et al., USGS, (2014); Known 2,100 3,270-3,850 | 643-730 4,248
Johnson et al., USGS, (2014); Hidden 1,170-1,750

Edelstein (2013) 2,100 730 2,830
Mudd et al. (2013a) 1,861 730 2,591
Copper Development Association (2013) 2,185 730 2,915
USGS (2013), Kesler and Wilkinson (2013) @ 2,246 730 2,976
MinEx (2013) Cumulative discoveries 2,391 730 3,121
USGS (2012) total global copper resources @ 2,500 715 3,215
Laherrere (2010) peak copper assessment | 1,600 715 2,315
Commodities Australia (2009) 1,950 680 2,630
Radetzki (2008) 1,400 670 2,070
Singer (2007) 2,800 660 3,460
Singer (1995) 1,512 560 2,722

For a sensitivity analysis, we should run the model for these three variants of total URR; (1); pessimist,
(2); average and (3); the optimist scenarios. Table 4.1.1.5 shows the input data to the model used for
the simulations. The extractable amounts were set at the beginning of the model simulation in 1800,
stratified with respect to ore metal content. The distribution of copper to ore grades is based on the
analysis presented in Figure 4.1.1.4 and 4.1.1.5. For zinc and lead, the distribution of URR to ore grades
was based on a best fit of the simulations to observations of ore grade development with time, but also
assisted by adopting the resource estimation methodology used for copper as outlined above. The esti-
mates are including ocean massive sulphides for copper, zinc and lead. The resource estimates in Fig-
ure 4.1.1.2a have a trend in time until about 2000, after which the URR seems to flatten out and show
no significant trend with respect to time (Figure 4.1.1.23, the data was compiled by the authors from
literature sources).
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Table 4.1.1.5. The resource input data to the BRONZE model.
Rich 10 4 14 0.5 14 40-5 400-50
High 7 571 578 22 592 5-1 50-10
Low 70 1,313 1,383 53 1,975 1-0.2 10-2
Ultralow 10 403 418 16 2,393 0.2-0.04 2-0.4
Extralow 10 212 222 8.5 2,615 0.04-0.01 | 0.4-0.1
Sums 107 2,508 2,615 100 - - -
Rich 5 1 6 0.5 6 40-5 400-50
High 3 111 114 10 120 5-1 50-10
Low 30 270 300 27 420 1-0.2 10-2
Ultralow 5 359 364 33 784 0.2-0.04 2-0.4
Extralow 5 330 335 30 1,119 0.04-0.01 | 0.4-0.1
Sums 58 1,061 1,119 100 - - -
Rich 0 6 6 2 6 40-5 400-50
High 0 45 45 15 51 5-1 50-10
Low 0 95 95 32 146 1-0.2 10-2
Ultralow 0 80 80 27 246 0.2-0.04 2-0.4
Extralow 0 70 70 24 296 0.04-0.01 | 0.4-0.1
Sums 0 296 296 100 - - -
Rich 15 5 20 0.5 20 40-5 400-50
High 10 670 692 19 845 5-1 50-10
Low 100 1,583 1,683 45 2,822 1-0.2 10-2
Ultralow 15 767 782 21 3,419 0.2-0.04 2-0.4
Extralow 15 540 555 15 3,736 0.04-0.01 | 0.4-0.1
Sums 155 3,579 3,734 100 - - -
Ocean floor 0 296 296 - - - -
Total URR 155 3,875 4,030 - - - -

| | | | |
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Rich 1 28 29 1 29 40-5 400-50
High 5 310 315 12 344 5-1 50-10
Low 1 976 977 37 1,321 1-0.2 10-2
Ultralow 0 1,355 1,355 50 2,676 0.2-0.04 2-0.4
Sum 7 2,669 2,676 100 - - -

LEAD T

Rich 20 10 30 1 40 40-5 400-50
High 5 40 45 1.5 75 5-1 50-10
Low 1 1,084 1,085 36 1,160 1-0.2 10-2
Ultralow 210 1,640 1,855 61.5 3,015 0.2-0.04 2-0.4
Sums 20 2,995 3,015 100 - - -

Dependence of recycling on price

Figure 4.1.1.6 shows the dependence of the recycling rate (the fraction of the total supply not coming
from mining) as a function of the metal price. This shows what the market mechanisms alone will do.
Additional effects can be derived but changing policies and introducing incentives and increasing the
costs of not recycling. Or policies and training may over longer times change cultural behaviour, inde-
pendently of monetary and market mechanisms. We can derive the equation for the market mecha-
nism based recycling as % of total supply to the market. This is used as a basis for the market drive on
recycling. The equation determined from Figure 4.1.1.6 is:

R =23.6+12.2 xlog10(Price) (4.1.1.10)
Where R is the degree of recycling. The correlation is r2=0.61. The figure was made with data from

Lenzen (2008) and Prior et al. (2013).

Figure 4.1.1.6. Recycling dependence on price
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Source: Own Figure, Lund University/University of Iceland

4.1.1.5 Model description
Structural description

The BRONZE submodel is based on the earlier COPPER, SILVER and GOLD models and experiences
learned from them (Sverdrup et al., 2013c, 2014a,b). The BRONZE module in WORLD®6 consists of the
following parts based on two model published earlier and new systems dynamics parts:

1. The COPPER model (Sverdrup et al,, 2014)

2. The ZINC submodule

3. The LEAD submodule

4. The module for technological metals dependent on the extraction from residuals coming from cop-
per, zinc and lead refining and cross-linkages in the system (See Section 4.1.2)

The following modules have a full market dynamics and calculation of the market metal price used for
this assessment: Copper, Zinc, Lead, Silver, Gold, Nickel, Molybdenum and Aluminium. The other tech-
nology metals have a supply, but no price mechanism as of yet. For these metals, the price has an effect
on demand, but not any significant impact on the supply, as this is dependent on the mother metal ex-
traction rate. The technology metals considered are: Antimony, Bismuth, Cadmium, Indium, Gallium,
Germanium, Selenium, Tellurium and Silver.

Material flow charts

Figure 4.1.1.7 shows the flow chart for the BRONZE sub-model inside the WORLD 6 model, with the
parent ores, the primary extraction and the dependent secondary extraction of many technology met-
als found in these parent metal ores.
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Figure 4.1.1.7. Flowchart for the BRONZE module in the WORLD6 model, including independent and
some dependent metals.
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Many metals are extracted from poly-metallic ores, and they are all extracted out, many for new uses
in new technologies. The full causal loop diagram for metal mining and copper in particular has been
published earlier (Sverdrup et al., 2014a,b, 2015a). The data has been stratified with respect to ore
metal content and relative extraction cost. The numbers from Tables 4.1.1.1- 4.1.1.4 and experiences
learned from studying corporate reports and scientific literature discussed in the text were reworked
into the resource data and the estimates of costs of extraction. This is referred to as the opportunity
cost approach (Tilton 2002, 2007, 2009, 2010). We have in the estimation of the extractable amounts
of copper (Table 4.1.1.5), considered both porphyric (70% of land deposits, and 65% of all global ex-
tractable deposits), sulphide land deposits (30% of land deposits, and 28% of all global extractable de-
posits) and ocean floor copper resources in cobalt crusts and subsea hydrothermal massive sulphides
for copper (7% of all global extractable deposits), using the literature reviewed earlier for this pur-
pose.

Causal Loop Diagram

Figure 4.1.1.8 shows a partial causal loop diagram needed to understand how profits drive mining. B
are balancing loops, balancing the reinforcing loops (R) and slowing them down. As the extractable
amounts run low, more money must be spent on prospecting. When the hidden extractable amounts
run low, then it will get more expensive to find the dwindling extractable amounts remaining out there
to be found. It shows how mining rate is driven by demand from society, and promoted by metal price
and mining profit to generate supply to the market. The price is determined by how much metal is
available in the market. A high metal price will stimulate the mining rate and increase supply to the
market, and limit demand. But more supply to the market will increase the amount available and may
potentially lower the price. The profit is affected by the mining cost and how that is modified with oil
price and ore grade. A lower ore grade implies that more rock must be moved to mine the copper. The
implication is that a higher copper price is necessary to keep the copper production up. The price is set
relative to how much metal there is available in the market. The traders come to the trading floor with
their lots to sell or to buy, and adjusts their amounts as the price increase or decrease. When there is a
match, the price is set. If demand is higher than production, the price increase; in the opposite case the
price is moved down. This is a self-adjusting mechanism that balances the trade by adjusting the prices
until the demand to buy an amount at a price match the offers to sell an amount at a price. In the mar-
ket, several types of transactions occur:

1. The metal is sold in the market to a buyer, shipped and physically supplied at once. Supply to mar-
ket and take from market is the same.

2. Forward sale; The metal is sold at once and payment received, but the metal is physically delivered
at a later date. Ownership shifts at once, but the money later. Many mines do this to improve liquid
funds.

3. The metal is shipped at once but payment is received at a later date. Ownership shifts at once, but
the money moves later.
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Figure 4.1.1.8. The causal loop diagram showing the market mechanisms and their effect on extraction,
supply, demand and actual delivery from the market. This part of the model generates
market price inside the model and eliminate the need for externally fed price time se-
ries. The price is used to modify the demand to become “Take from market”.
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The causality in profits go to income from supply when the amount is supplied and paid at once into
the metal exchange warehouse. The same applies with a forward sale, when the metal is paid upfront
but physically delivered later. If not, all or part may be paid when the supplied amount has been
cleared out from the physical warehouse. This description is based on personal observation on the
trading floors at the metal markets in New York and London by the author. For many metals the
amounts in the markets are recorded. On investigation, the price is strongly correlated to the market
amounts. This has been shown in Figures 4.1.1.9a-d. Figure 4.1.1.9a show the market mechanism price
curve for copper, Figure 4.1.1.9b shows the curve for zinc and Figure 4.1.1.9c shows the curve for lead.
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Figure 4.1.1.9. Diagrams (a) show the market mechanism price curve for copper, (b) zinc and (c) lead.
The diagrams were generated using market data collected by the authors in the trade
market. (The curves were based on market data collected by the author from the trading
markets, obtained from market records and experiences in trading activities. The au-
thors have similar curves in use for silver, gold and platinum. (d) The relationship be-
tween metal market availability in general and market price, putting all the data to-

gether.
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The diagrams were generated using market data collected by the authors in the trade market. Figure
4.1.1.9d shows the curve for the degree of supply as recycled a function of metal price. The price
curves found were:

Copper price = 115,000 * (copper market stock)-0.56  r2=0.93
Zinc price =116,000 * (zinc market stock)-0.77 r2=0.80
51,125 * (lead market stock)-0.91 r2=0.91

Lead price

When the market stock is in million ton of copper, zinc or lead. With market stock, we imply the
amount available in the market for immediate transaction with ownership transfer and if necessary,
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physical supply. This thus excludes derivatives trade, hedging and forwards, which are not counted as
immediately physically deliverable. The scrapping process for stock-in-use in society is not strongly
driven by price, but rather from the fact that the infrastructure where it is incorporated has become
obsolete. Once the metal is available as scrap not in service, the recycling is driven by profits. After the
metal has arrived at the scrap heap, the metal price will have a promotion effect in causing somebody
to recover it. The metal price in the market reflects several aspects. One is that the price will not go be-
low the cost of actual production and extraction. And there needs to be profit above the extraction
cost, normally about 10-20%. Figure 4.1.1.9d shows the relationship between metal market availabil-
ity in general and market price, putting all the data together. The solid line is where we think the real
price line is. The variation between the different metals reflect how much metal actually passes
through the metal exchange, how well the amounts are recorded and some variations in cultural trade
behaviour. This is for example known to be different for precious metals. For some of the specialty
metals, there is not always a functioning market. When demand is far above supply, it also represents
the degree of supply occasionally or short-term not being able to match demand, which is one aspect
of scarcity. The potential for exponential growth when the resource exploitation is unrestricted and
dynamic market price mechanisms that can limit demand are mechanistically incorporated in our pro-
cess-oriented models.

Figure 4.1.1.10 shows the causal loop diagram for the mining activity for copper, zinc and lead in the
BRONZE submodule of the WORLD6 model.
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Figure 4.1.1.10.  Causal loop diagram for the mining activity for copper, zinc and lead in the BRONZE sub-
module of the WORLD6 model.
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The equations and parameter settings

For lead and zinc extraction dynamics, market dynamics and trading details, we did not have the same
level of detailed information available as for copper, and a simpler approach was used. Refining is
found in the market sector of the model. In the market sector we find refining, trade markets, copper
stored in society, scrapped copper, and the actions in/out of refinery, refinery output, market input,
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and market supply. Recycling is in principle mining from society and from waste dumps and provides
a substantial flow of copper in comparison with rock mining. Mining is the action that extracts copper
from “known” and puts it to refining. The general mining rate equation used for metals in the WORLD
6.0 model is:

TMining = k Mining * mlrénown * f(T) * g(P) * h(Y) (4-1-1-11)

where rMining is the rate of mining, kMining is the rate coefficient and mKnown is the mass of the ore
body, and n is the mining order, where f(T) is a technology improvement function dependent on time,
g(P) is a feed-back from price on the prospecting rate. h(Y) is a rate adjustment factor to account for
differences in extraction yield when the ore grade decreases. These functions are given exogeneously
to the model. The size of the extractable ore body is determined by the extractions (rMining) and pro-
specting (rDiscovery). However, it appears from a sensitivity analysis that the results are not very sen-
sitive to the value of n. It turns out that the impact of choosing a different mining model on the final
result is small. We get equation (4.1.1.12):

dmg
% = Tpiscovery — TMining (4.1.1.12)

The discovery is a function of how much prospecting we do and how much there is left to find. The
amount hidden resource (mHidden) decrease with the rate of discovery (rDiscovery). The rate of dis-
covery is dependent on the amount metal hidden (mh) and the prospecting coefficient kProspecting.
The prospecting coefficient depend on the amount of effort spent and the technical method used for
prospecting. We get equation (4.1.1.13):

—M—r- =k — * f(Tech) = g(Pop) * j(m ) (4.1.1.13)
dt — 'Discovery — M™Prospecting Hidden g p J Known rLe L

The rate w is first order as prospecting is three-dimensional by drilling into the ore body to map it by
extent and depth. The modifying functions for technology development f(T) and profit drive on pro-
specting g(P) are the same as those defined above, but j(mKnown) is a curve expressing the urgency to
prospect more, once the known reserves decrease to low levels. Prospecting also depends on how
large the known reserves are. The larger they are, the less the urge to drill for more. The basic driving
mechanism of basic mining comes from profits and availability of a mineable resource used in the
model. The price is set relative to how much iron or steel there is available in the market.

The rate of corrosion of the stock-in-use ad from scrapped metal are defined as Equation (4.1.1.14):

— s
Tcorrosion = _kCorrosion * Mstock—in—use (4'1-1-14')

We have assumed corrosion to be a first order process on large scale (s=1, but observed orders are in
the range 0.6-0.9, suggesting surface rate control). Scrap is both lost physically by dropping it where it
cannot be found and by corrosion:
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rScrap loss — _(kScrap loss + kCorrosion) * mScrap (4-1-1-15)
The ore benefication and subsequent smelting yield is defined as:
rsmelting supply = kSmelting yield * rMining (4-1-1-16)

Ore benefication implies that the raw rock extracted from the mine is treated to an ore concentrate.
This implies that the rock is milled and enriched using froth flotation, magnetic sorting or other gravi-
metric separation methods to separate rock minerals from metal-containing parts of the ore. The
model as a causal loop diagram for the system is in principle the same as those published earlier for
silver, copper and aluminium (Sverdrup et al., 2014a,b, 2015a).

In the model, purchases from the market are driven by demand, put copper into society where it stays
until scrapped or removed by wear and losses. A part of the scrapped copper, zinc and lead is recycled
and returned to the refinery. Demand in the model is driven by population and copper use per person,
but is adjusted up or down with price. Copper stock in use per person as related to global GDP and as it
has developed over time. There seems to be a general saturation level at about 10-12 kg per person.
Demand is also affected by the market price, which in turn depends on how much is available in the
market. The demand is estimated from affluence and global population using outputs of the WORLD 6
model system (Ragnarsdottir et al., 2011, 2012, Sverdrup et al. 2005, 2011, 2012a,c, 2014a,b, 2015a,b,
Sverdrup and Ragnarsdottir 2011).

The demand in the model is generated from two sources:

1. Demand from other modules in the WORLD6 model where the metal in question is used.
2. Ageneric demand (other use) based on use per capita and the total population.

This demand is fed to the model, but adjusted (a) when the price increases:
DemandM = Demand0 * g2(Price) (4.1.1.17)

Where DO is the primary demand from needs before any feedbacks from price or scarcity. The function
g2(Price) is the demand modification function using market price as the input. Some metals may reach
a saturation level in society. When this happens, demand decreases, and this correspond to soft scar-
city as described earlier.

S 4
Demandgr = Demandy, * 1 — (S_) (4.1.1.18)
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DemandR is the real demand after the feedbacks. This is used in the scenarios above to adjust demand.
S is the stock-in-use, SO is the saturation level, and v is the saturation reaction order, we have set this
to v=0.5. There seems to be an apparent saturation level at about 12-13 kg copper per capita on a
global basis. The corresponding number for zinc appears to be 5 kg capita in developed nations. If this
is a real saturation or just a steady state where input of new of material matches the outflow resulting
from redundancy, losses and wear, is uncertain. This is linked to the philosophical question if society
can tell itself that it has enough, or if the accumulation of stuff just goes on without much reflection on
sufficiency (Table 4.1.1.6).

Table 4.1.1.6. Stock-in-use for different metals in 2015. The data was modified after UNEP (2010) and
mass balance runs using the WORLD6 model.

Global Developed country Developing  Suggested global satura-
average, kg per capita stock ~country, tion level for stock-in-
kg per kg per use, kg per capita
capita capita
Iron 2,200 11,000 12,000 | 7,000- 2,000 11,000 | 7,500 | 4,400
14,000
Steel 1,420 7,085 8,000  5,000- 500 7,000 5,000 | 3,000
9,000
Aluminium | 80 425 350-500 | 35 500 330 160
Copper 70 220 300 140-300 | 30-40 230 190 140
Stainless 15 130 200 80-180 | 15 150 90 30
Zinc 26 140 200 80-200 | 20-40 150 100 50
Lead 8 85 0 20-150 | 1-4 90 65 20
Nickel 3.5 15 140 13-20 1.1 140 15 10
Lithium 0.5 ? 50 ? 0.05 50 15
Cobalt 1 ? 50 ? 0.10 50 15

The STELLA diagram and the computer code

The STELLA diagram for the BRONZE system dynamics model is shown in Figure 4.1.1.11, consistent
with the causal loop diagram in Figure 4.1.1.10 and the flow chart in Figure 4.1.1.7. The BRONZE
model has several sectors, one for copper, zinc, lead and silver, and one for all the different technology
metals. The mining modules where the reserve is divided into known reserves and hidden reserves,
and stratified into 5 levels of ore quality; rich high grade, high grade, low grade, ultra low grade and
extreme low grade. The input data is shown in Table 4.1.1.5 for copper, zinc and lead. Reserves move
from hidden to known because of prospecting. The extractable amounts were set at the beginning of
the BRONZE model simulation in 1800, stratified with respect to ore metal content and relative extrac-
tion cost based on yield of extraction and energy requirements. The distribution of copper to ore
grades is based on Figure 4.1.1.4a. For zinc and lead, the distribution of URR to ore grades was based
on a best fit of the simulations to observations of ore grade development with time. The following met-
als have a full mass balance-based market model, generating demand, supply, price and recycling in
the model: Copper, zinc, lead antimony, indium, silver, gallium and aluminium. Selenium, tellurium,
cadmium, germanium and bismuth are derived by straight dependency and no market model is used,
no market price nor recycling is addressed. The BRONZE model is numerically integrated using a
0.025-year time-step in a 4-step Runge-Kutta numerical method.
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Figure 4.1.1.11.  An example of a STELLA diagram for the copper module of WORLD6 model. This is only a
small section of the model shown in Figure 4.1.1.7.
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4.1.1.6 Results
Copper mining, extractable amounts and supply to society

Figure 4.1.1.12a shows the simulated copper mining, contributions from different ore grades as well as
copper derived from zinc, nickel and molybdenum mining. For copper, the willingness to pay is good
because of the importance of copper for many essential functionalities of society. The production is
predicted to peak around 30 million ton per year (Globally that corresponds to about 3.2-3.5 kg per
person and per year) and to decline after 2045. Figure 4.1.1.12b shows copper supply from mining as
compared to the observed mining rate Figure 4.1.1.12c shows the supply to society, the mining rate
and recycling. Long after the copper mines have run out, copper will be present in society and be sup-
plied from recycling and urban mining. It can be seen that copper supply to society peaks at about 77
million ton of copper per year in 2120 (7.5 kg copper per person and year). Figure 4.1.1.12d shows the
development of known copper extractable amounts over time compared to stock-in-use. It can be seen
that whereas copper mining peaks in about 2040, copper supply to society does not peak until 2110
because of copper recycling from the stocks-in-use, about 70 years after the mining rate peaks. The
stock-in-use in society reaches a maximum in 2090 at 2,200 million ton of copper according to the cal-
culations. Supply to society is far larger than mining, because of effective recycling of copper. Copper
has a high price, and copper recycling is helped by a cultural habit of copper being valuable that pro-
mote recycling. After 2055, stock-in-society will be larger than known extractable amounts. Note how
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recycling will be the major source of copper after 2050. Figure 4.1.1.12e shows the simulated copper
price as compared to the observed one.

Figure 4.1.1.12.  Copper. Diagram (a) shows the copper mining rate and contribution from different ore
qualities, as well as copper derived from zinc, nickel and molybdenum mining. Diagram
(b) shows supply from mining and compared to the observed mining rate. Diagram (c)
the supply to society, the mining rate and recycling. Diagram (d) comparison of stocks-
in-use with the known reserves over time. Diagram (e) shows the simulated price as
compared to the observed.
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Zinc mining, reserves and supply to society

Figure 4.1.1.13a shows the simulated zinc mining rate along with the contribution from the different
zinc ore grades. Figure 4.1.1.13a shows that the zinc supply from mining peaks 2031-2052, the zinc
production is estimated to peak at a zinc production of about 14.5 million ton of zinc per year. Figure
4.1.1.13b shows the supply to society, the mining rate and the recycling rate. It can be seen that supply
to society peaks in 2092 at about 37 million ton of zinc per year. Supply to society is far larger than
mining, because of recycling. According to the simulations around 2048, the best ore grades are con-
sumed first, implying that only poor zinc ore grade extractable amounts are available after 2015. Fig-
ure 4.1.1.13c shows the development of different zinc stocks in society and in the known zinc reserves
with time. The known extractable amounts peak about 2075. After 2050, stock-in-society will be larger
than known extractable reserves. Note how recycling will be the major source of zinc after 2045. The
zinc stocks-in-use peak around 2080. Supply to society peaks later than zinc supply from mining be-
cause of recycling from the zinc stock-in-use. The stock-in-use peaks at about 615 million ton of zinc.
The diagram shows that after 2052, zinc in society will be a larger source of zinc than mining from ore
deposits. This will be the era of scrap zinc. The simulations show that using zinc as sacrifice anodes for
corrosion protection of other metals is a dissipative loss where the zinc cannot be recycled. That
would be a tough challenge, and if that can be reengineered remains to be seen. Figure 4.1.1.13d shows
the simulated and observed zinc prices with time.

Figure 4.1.1.13.  Zinc. Diagram (a) shows the zinc mining rate and contribution from different ore quali-
ties. Diagram (b) shows mining, supply to society and recycling. Diagram (c) shows
known extractable amounts and stocks-in-use in society. Diagram (d) shows the simu-
lated price for zinc as compared to the observed market price in 1988 value adjusted $
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Lead mining, reserves and supply to society

Figure 4.1.1.14a shows the simulated lead supply from mining, the amount of lead coming from copper
and zinc mining, and compared to the observed mining rate. Figure 4.1.1.14b shows the supply to soci-
ety. The supply of lead will reach a peak from mining in about 2030-2045 for copper, supply to society
peaks later because of recycling from the stock-in-use, for lead supply to society, the total lead supply
peaks at the latest in 2045. Because lead is being phased out from most of its uses, known extractable
amounts stay high as extraction goes down due to lower demand. Lead is now banned in paints, col-
ours, additive to vehicle petrol, in ammunitions for hunting and is being phased out from soldering al-
loys. All this because of its toxicity. The lead reserves and resources may well support a mining rate
compared to that of copper and zinc for comparable long as time. Figure 4.1.1.14c shows known
exgtractable amount and stocks-in-use in society. Recycling will be the major source of lead after 2050.
Figure 4.1.1.14d shows the simulated lead price as compared to the observed prices.

Figure 4.1.1.14.  Lead. Diagram (a) Lead mining rates, contribution from zinc and copper mining. Diagram
(b) shows the mining rate, supply to the market and the amount from recycling. Diagram
(c) shows known extractable amounts and stocks-in-use in society. Diagram (d) shows
the simulated price for lead compared to the observed price in 1998 value adjusted $
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Cu, Zn and Pb ore grades 1800-2200

The model predict the ore grades of copper, zinc and lead to continue to decline, as well as explain the
observed ore grade decline of the past. Figure 4.1.1.15 shows ore grades in % for copper, zinc and lead,
the field data collected for ore grades in the world. The data are from the publications of Mudd (2007,
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2009, 2010) as well as single values picked throughout many publications. The consistently declining
ore grades over the last 150 years is closely matched by the model.

Figure 4.1.1.15. The simulated ore grades as compared to the observed data.
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Testing the model

The model has been tested against the recorded mining data derived from the USGS (2013) databases.
This can be seen throughout the results section (Figure 4.1.1.12b, 13a and 14a). Figure 4.1.1.16 shows
the modelled mining rates as compared to observed data.

Figure 4.1.1.16.  Comparison of modelled mining rate and the observed data.
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Figure 4.1.1.15 shows a testing of the model for ore grade with time for copper, zinc and lead. The ore
grade declining trends are very well reconstructed for copper and zinc and acceptable well for lead.
The metal market price is well simulated for copper (Figure 4.1.1.12¢), zinc (Figure 4.1.1.13d) and lead
(Figure 4.1.1.14d). Supply to society is far larger than mining, because of effective recycling of copper.
Copper has a high price, and copper recycling profits from a cultural habit promoting recycling. After
2055, stock-in-society will be larger than known extractable amounts. Note how recycling will be the
major source of copper after 2050. Table 4.1.1.7 shows an overview of fitness between data and simu-
lations.
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Table 4.1.1.7. Overview of the correlations (r2) between observed data and simulations.

Metal Mining todata  Ore grade to data Market amount to price Market price to data

Copper | 0.986 0.86 0.93 0.70
Zinc 0.983 0.81 0.80 0.40
Lead 0.950 0.97 0.91 0.40

4.1.1.7 Discussion
Comparison with Northey et al.’s study

Figure 4.1.1.17 shows a comparison of the model outputs for copper production from mines from the
study of Northey et al. (2014) and the copper production from mines of this study (BRONZE) show
some significant differences. We get a higher copper production at the peak (31 million ton per year
versus 27 million ton per year), the peak comes 2045-2050 in the BRONZE model simulation, whereas
Northey et al. (2014) gets the peak 2028-2035 in their model. The main difference between the studies
is the URR used as input data to the models and the way the URR is used. Northey et al. (2014) use an
URR of 1,800 million ton of copper, but also investigating the sensitivity to setting it at 900 million ton
and 2,700 million ton. We use a standard URR of a total of 3,700 million ton for the BRONZE model],
graded as shown in Tables 4.1.1.1 and 4.1.1.5, but can also assess the production from a URR of 1,400
million ton and a URR of 2,600 million ton. When the two different models use the same extractable
reserve, then the results are very similar. For any policy interpretation, they have the exact same rami-
fications. The main difference is in how the URR was determined, in our present study, this is a dy-
namic size, not to be mixed up with the reserves and resources definitions of the USGS mentioned ear-
lier. Depending on the extraction cost and the copper price in the market, increasing price reduce de-
mand, and when mining does not pay off, it stops.

Figure 4.1.1.17.  Comparison of (a) the model output for copper production from mines from the study of
Northey et al. (2014) and (b) this study. Northey et al. (2014) used three different URR;
900, 1,800, 2,600 million ton. We used 1,400, 2,615 and 3,700 million ton in our BRONZE
assessment and 4,030 million ton in our WORLD®6 assessment. Diagrams (c) and (d) are
the mining rates using the BRONZE model and the Hubbert’s model applying different
values for URR.
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Reserves and extractable amounts of metal

Table 4.1.1.5 shows a comparison of the traditionally estimated URR pre-determined by using cost-
graded ore qualities, correlated with metal content. In Table 4.1.1.3 and Table 4.1.1.4 we have com-
pared different ways to pre-estimate the URR, the ore quality grading method, the standard reserves,
resource grading method (USGS), and the reserve assessed using the parent standard URR for copper,
zinc, lead. We have compared it to the ultimately extracted amount.

It appears as the method to use an extraction cost-ore quality stratified approach gives a better esti-
mate for extraction calculations and a model that will respond better when put inside an economic
model. Such a price model is able to respond to changing economic conditions, which is preferable for
the WORLD6 model.

Sustainability of mining

The declining ore grade is a clear indication that the resource has been depleted and that scarcity has
already set in. For some time, this was offset by improvements in efficiency and lowering of wages, but
that has recently come to an end. In the model, the demand is made on the market, and when the mar-
ket amount goes low, then the prices go higher. The higher prices push mining, causing the price to in-
crease. The model becomes self-regulating. Thus, the market dynamics are fully expressed in the pre-
sent model and that gives a significantly smoother production curve and better dynamics. In the dis-
cussion of sustainability, we should not that recycling can delay symptoms of scarcity for a significant
time even after the production from mines has stopped. The recycled copper, zinc and lead have noth-
ing of the dependent metals preserved and this must be considered in a future strategy for how they
are to be sourced.

Resource scarcity

The dependent metals may fast run into physical scarcity because the price has no feedback on the ex-
traction rate of the mother metals copper, zinc or lead. Itis important to consider that when the com-
modity is still relatively cheap, it may for that reason be unnecessarily wasted, when it would in retro-
spect have been relatively easy to induce better use efficiency and recycling. To wait until there is se-
vere scarcity would be too late for optimal mitigation as unnecessary resources would already have
been wasted by then. Others have proposed deep ocean mining (Scott 2001) but efficient and afforda-
ble technology for this has failed to surface so far. Different authors point to future risks and possibili-
ties and mainly focus on issues of short term market conditions, better technologies and new markets.

103




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

The future will show how these issues will really work out under a different set of conditions with po-
tential scarcity and additional challenges of climate change (Wagner and Fettweis 2001, Ghose 2009,
Eliott et al., 2014, Morrigan 2010). The purpose of models is to look into what would be possible in the
future. The model does not tell us what the future will be, but can illustrate what futures are possible,
and something about how likely they are to happen. This is the only way we can plan ahead of time
and avoid getting into unsustainable situations. At present, many studies and model assessments point
out that the global resource use is in large overshoot and that we have limited time left for corrective
action. And when thermodynamic corrective enforcement has already started, then it may be too late
to do the mitigation in an orderly manner. Figure 4.1.1.18 shows the supply in kg per person and year
and the stock-in-use, kg per capita, for copper, zinc, lead and nickel as calculated using the WORLD6
model. The stock in use indicates the amount of utility that we have from each metal, whereas the sup-
ply per person, suggests how much we have available for maintenance, to replace losses and if possi-
ble, for growth. The model suggests that growth for copper use stops about 2030, for zinc about 2140
and for lead it stopped already 1980. The utility of copper peaks in society in 2120, for zinc in 2090,
for lead in 2070. The supply level stays above the 2017 level to after 2400 for copper, and declines to
the 2017 level in 2350 for zinc. The stock-in-use stays above the 2017 level beyond 2400 for both cop-
per and zinc, but falls below that in 2260 for lead. This suggests that there will not be any acute levels
of physical scarcity in the next century. The main reason for this will be the increasing price and the
retarding effect this has on demand. A main driver for price increases will be increasing extraction
costs. The main reason for the increasing extraction costs will be the decline in ore grade and the in-
creasing energy costs during the period.

Figure 4.1.1.18.  Diagram (a) shows the supply in kg per person and year. Diagram (b) shows the stock-in-
use, kg per capita, for copper, zinc, lead and nickel as calculated using the WORLD6

model.
6 240
240
. 20
> 20
z 4 5
] o
5 5 120
z & o120
5 of
2 ST
S g 1
2, 3
EXN %
£ =
7 o0
1 0
0
0 /\ 0
1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400
Year Years
—Cu —In —Pb —N —Cn —Zn —Pb —Ni

Source: Own Figure, Lund University/University of Iceland

4.1.1.8 Conclusions

The model seems to be verified reasonably well against field data. The WORLD 6 model assessment
and the Mass Flow Analysis by Northey et al., (2014) reach the same conclusions concerning need for
future policies. The consistently declining ore grades, with are perfectly matched by the model, is a
strong indication of the coming scarcity and increased price for copper, zinc and lead. Failure to take
this message in would be a very serious mistake. For governance, it would constitute a failure of taking
responsibility, for corporations, to ignore key business obstacles or opportunities. In a historical per-
spective, it will appear as totally unforgivable to have ignored these scientific messages. However, us-
ing the the BRONZE sub-model embedded inside the WORLD 6 model does give a richer picture, in-
cluding more details and essential feedbacks. We are able to reconstruct the past history of mining
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rates, ore grade decline and approximate metal price levels. We get reasonable estimates of the pro-
duction rates for the technology metals dependent on copper, zinc and lead for their production. We
need to carefully distinguish between the primary production from mines and total supply to the mar-
ket. Long after primary metal mining has been reduced to insignificant levels, supply may be kept up
by efficient recycling. The time after 2050 will be the age of urban mining, where more copper, zinc
and lead metal is supplied from recycling that from primary extraction from mines. However, for the
technology metals, many have at present low rates of recycling and these are much more vulnerable
for decline in mining, unless the recycling efficiency can be significantly improved. The conclusion is
the there is not an immediate risk for scarcity but that in the longer run (after 2030), scarcity mani-
fested as rising metal prices should be expected and prepared for.
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4.1.2 BRONZ sub-module - TECHNOLOGY METALS (Ag, Bi, Cd, Ge, Ga, In, Sb, Se, Te)
4.1.2.1 Introduction

The specialty metals like indium, germanium, gallium, selenium and tellurium are used in applications
where there are no obvious substitutes according to the cited literature. Failure to secure them may
cause failure of provision of certain technologies. We are not the first to be concerned about the global
sufficiency of these metals; this was pointed out already by Meadows et al. (1972, 1974, 1992, 2004),
and more recently by Gordon et al. (2006), Rauch and Graedel (2007), Heinberg (2001, 2008, 2011),
Laherrere (2010), Morrigan 2010, Northey et al. (2014), Ragnarsdottir et al., (2012) and Sverdrup et
al. (2013, 2014a,b, 2015a,b). These studies presented different types of metal supply assessments and
expressed worries about a potential scarcity or future peak in production. Further recent assessments
are found in reports by the International Resource Panel (UNEP 2011a,b, 2013a,b,c). They discuss re-
cycling of metals in many aspects and are a valuable synthesis of state-of-the-art.

The technology metals indium, bismuth, germanium, gallium, tellurium, cadmium, selenium, antimony
and silver are all supplied fully or partly as dependent by-products of copper, zinc and lead primary
extraction from poly-metallic ores (Figure 4.1.2.1). Thallium and arsenic are not included in this study,
even if they also are partly dependent on copper-zinc-lead poly-metallic ores. Cobalt, molybdenum,
tantalum, niobium, tin and rhenium are not included here, they are the subject of separate studies and
will be reported separately in the later sections of this report. Ocean floor resources for copper, zinc
and lead have been omitted, as we will see later in this study, the extractable amounts are insignificant
as compared to land-based resources.

Figure 4.1.2.1. The flow chart for the metals focused on here. The metal subject to primary extraction
are shown to the left, the technology metals, mostly obtained by secondary extraction,
are shown to the right. The complex flow chart makes the modelling of the system a
large and complex task. The model was used for assessments for copper, zinc and lead,
with adjoining discussions of antimony, bismuth, indium, gallium, germanium, tellurium,
selenium, cadmium and silver.
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4.1.2.2 Objectives and scope

Our goal was to develop an integrated dynamic model for the global market for copper, zinc, lead and
some of the technology metals dependent on their extraction; indium, bismuth, germanium, gallium,
tellurium, cadmium, selenium, antimony and silver. The model must be able to simulate primary metal
production rates from mines, recycling flows, market supply, world market price and to predict how
the known and hidden extractable amounts and ore grades will develop with time. Copper zinc and
lead occur together in many geological deposits, and are mostly extracted from poly-metallic ores. The
objective is to use an integrated model to assess the long term supply sustainability of copper, zinc and
lead and the metals that depend on them for their extraction, as a sub-module in the WORLD6 model.
We will explore the metal supply system and explore how to make the supply of the metals modelled
more sustainable. We include the whole global system in a generalized way; simulations cover the re-
cent past and near future (1900-2200). Our focus in this study are the metals mentioned, but we pull
into the picture the availability of fossil fuels, market dynamics and feedbacks as well as the human
population size. This was undertaken by using a preliminary version of a global civilization model
presently under development: The WORLD Model (Sverdrup etal., 2012a,b, 2013), and learning from
the experiences of other metal models (Sverdrup et al., 2014a,b, 2015a,b).

4.1.2.3 Earlier modelling work

There have been several earlier attempts at modelling copper extraction rates. van Vuuren et al.,
(2009) outlined the principles of a model for the global metal cycling, looking at copper. Gloser et al.
(2013) applied a mass and flows model to the global copper cycle. Northey et al. (2014) and Mohr et al.
(2014) used a Mass Flow Analysis model for copper, reaching results similar to some of the results ob-
tained in this study, they used a low estimate for the extractable amount. Common for Mass Flow Anal-
ysis models are that they do not incorporate feedbacks, nor do they have any market dynamics and
cannot generate metal prices internally to the models. They are step-by-step mass balances advanced
one year at a time a spread-sheet. Laherrere (2010) used Hubbert’s model for copper, doing a valid
analysis, but using a too small reserve estimate for the assessment to be valid. Ragnarsdottir et al.
(2012) and Sverdrup et al,, (2013) used Hubbert’s model for copper, zinc, lead, indium, antimony, bis-
muth, germanium, gallium, tellurium, selenium and cadmium in an earlier assessment study. There is
no earlier process-oriented systems dynamics model for copper, zinc or lead known to us, and nothing
for the dependent technology metals antimony, bismuth, selenium, tellurium, indium, cadmium, ger-
manium and gallium. We have earlier used simple back-of-the-envelope methods like burn-off rates
and peak discovery shift, but these methods only give a diagnostic indication of potential problems.
Earlier, we have developed systems dynamics models for gold, silver, copper, aluminium, iron, lithium
and platinum group metals (Sverdrup et al., 2012, 2014a,b, 2015a,b,c, 2017a,b, Sverdrup and Ragnars-
dottir 2017, Sverdrup 2017), rare earths (Kifle et al. 2012). In these models, one of the major advances
were the development of a reality-based metal price model, allowing for price estimation from market
fundamentals inside the models, without external forcing functions or calibration.

4.1.2.4 Data sources and estimations

The reserves and resources estimates are based on geological estimates, the interpretation of geologi-
cal data, and the allocation of extractable amounts according to ore quality, stratified with extraction
costs (Tilton 2007, 2009, 2012, Neumeyer 2000, Sweeneye 1992, USGS 2014). All major inputs were
extracted from earlier published information (Moskalyk 2003, 2004, Alfantazi and Moskalyk 2003,
Graedel et al. 2004, 2005, Spatari et al,, 2005, Gordon et al. 2004, 2006, Graedel et al., 2005, Guirco
2005, Brown 2006, Rauch and Graedel 2007, Mudd 2007, 2010, Gerts 2009, Radetzki 2008, 2012,
Roper 2009, Geoscience Australia 2009, Rauch and Pacyna 2009, Rauch and Pacyna 2009, Laherrere
2010, MinEX 2010, Crowson 2011a,b, NGEX 2011, Singer 2011, 2013, ICCM 2012, Gloser et al. 2013a,b,
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Anglo-American Mining Corporation 2012, Prior et al. 2012, Kesler and Wilkinson 2013, Johnson et al,,
USGS 2013, Dehnavi 2013, Bardi 2013, Copper Development Association 2013, Laherrere 2010, Harm-
sen et al.,, 2013, Kesler and Wilkinson 2013, Kavlak and Graedel 2013a,b, International Zinc Associa-
tion 2013,2044a,b, Henckens et al., 2014, Northey et al. 2014, Sverdrup et al., 2014b, Yoshimura et al,,
2013). Most actors trade metals through the market, trade takes place geographically dispersed, but is
linked through the price systems at the London and New York Metal Exchanges. The available data
was closely inspected for inconsistencies and averages and adjustments were made when the input
data were not internally consistent. Several of the numbers given in the literature are uncertain as
some of them severely mismatch in the overall mass balance. Generally, the recycling numbers often
appear inconsistent (UNEP 2011a,b, 2013a,b). The refining process from extracted ore to chemically
separable metal concentrate has about 85-90% efficiency for copper and zinc. Further refining runs
with 95-97% efficiency, thus the overall efficiency from mine output to metal to market is about 80-
87%.

Basis for estimating how much can be extracted from ore deposits

The extractable amounts of indium, germanium, gallium, tellurium, selenium, bismuth and antimony
were given as a % content of the parent metal extractable amounts and this is summed up with Table
4.1.2.1.

Table 4.1.2.1. Estimation of contents of dependent metals used for the BRONZE simulations. These
contents represent approximate estimates as there is very little information available on
this aspect in the literature. The metric used is fraction of weight. Extract is the amount
extracted at the moment, content is an estimate of the average content in the whole

resource.
Metal Cu Zn Pb Al Ag
Copper 0.84 0.14 0.006 - 0.00032
Zinc 0.14 0.80 0.05 - 0.00040
Lead 0.006 0.05 0.93 - 0.00008
Antimony 0.0065 0.0065 0.0065 - -
Cadmium 0.002 High grade; 0.020 - - -

Low grade; 0.010

Ultralow grade; 0.003
Silver 260*10-6 125*10-6 130*10-6 - 0.90
Bismuth 330*10-6 - 440*10-6 - -
Selenium 80*10-6 80*10-6 100*10-6 - 80*10-6
Indium 5*10-6 60*10-6 4*10-6 - 20*10-6
Gallium - 23*10-6 - 8*10-6 | -
Germanium | 5*10-6 40*10-6 80*10-6 5*10-6 | 2*10-6
Tellurium 20*10-6 10*10-6 10*10-6 - 400*10-6

Table 4.1.2.2 shows the input data to the model used for the simulations. The extractable amounts
were set at the beginning of the model simulation in 1800, stratified with respect to ore metal content.
The distribution of copper to ore grades is based on the analysis presented in Figures 4.1.2.1 and
4.1.2.4. For zinc and lead, the distribution of URR to ore grades was based on a best fit of the simula-
tions to observations of ore grade development with time, but also assisted by adopting the resource
estimation methodology used for copper as outlined above. The estimates are including ocean massive
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sulphides for copper, zinc and lead. We get the estimates for the ultimately recoverable resources
(URR) for the three key metals as follows;

Copper; 2,850 million ton < URR= 4,030 million ton < 4,248 million ton
Zinc; 1,362 million ton < URR= 2,676 million ton < 2,800 million ton
Lead; 2,800 million ton < URR= 3,015 million ton < 3,300 million ton

This will be used as illustrated in Table 4.1.2.2 as input data to the model.

Table 4.1.2.2. The resource input data to the BRONZE model.

Rich 15 5 20 0.5 20 40-5 400-50
High 10 670 692 19 845 5-1 50-10
Low 100 1,583 1,683 45 2,822 1-0.2 10-2
Ultralow 15 767 782 21 3,419 0.2-0.04 2-0.4
Extralow 15 540 555 15 3,736 0.04-0.01 | 0.4-0.1
Sums 155 3,579 3,734 100 - - -
Ocean floor 0 296 296 - - - -
Total URR 155 3,875 4,030 - - - -

ZINC
Rich 1 28 29 1 29 40-5 400-50
High 5 310 315 12 344 5-1 50-10
Low 1 976 977 37 1,321 1-0.2 10-2
Ultralow 0 1,355 1,355 50 2,676 0.2-0.04 2-0.4
Sum 7 2,669 2,676 100 - - -

LEAD
Rich 20 10 30 1 40 40-5 400-50
High 5 40 45 1.5 75 5-1 50-10
Low 1 1,084 1,085 36 1,160 1-0.2 10-2
Ultralow 210 1,640 1,855 61.5 3,015 0.2-0.04 2-0.4
Sums 20 2,995 3,015 100 - - -
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Dependence of recycling on price

Table 4.1.2.3 shows the recycling rate in 2012 and in 2100 as the fraction of the total market supply
being from recycled waste from society based on a number of reports and assessments (UNEP 2011,
2013 and our own model runs). These values are used in the model as the standard setting.

Table 4.1.2.3. Estimated recycling rate in 2012 and in 2100 as the fraction of the total market supply
being from recycled waste from society based on a number of reports and assessments.

Year Indium Gallium Germanium Bismuth Tellurium Antimony Cadmium Selenium
2012 40-63% | 30-42% | 33-50% <10% <10% 10-20% 15% <2%
2100  75% 60% 65% 50% 50% 50% 80% 50%

4.1.2.5 Model description
Structural description

The BRONZE model is based on the earlier COPPER, SILVER and GOLD models and experiences
learned from them (Sverdrup et al., 2013c, 2014a,b). The BRONZE model consists of the following

parts based on two model published earlier and new systems dynamics parts (Figures 4.1.2.8-
4.1.2.10):

1. The COPPER model (Sverdrup et al,, 2014)
2. The zinc module
3. Thelead module

a) The module for technological metals dependent on the extraction from residuals coming from
copper, zinc and lead refining and cross-linkages in the system.

b) A simplified mass balance module for bismuth, cadmium, tellurium and germanium

c) The INDIUM module, based on partly mining and contribution from copper, zinc and lead an-
ode sludge extraction, and including market, stock-in-use and recycling of indium.

d) The ANTIMONY module, based on partly mining and contribution from copper, zinc and lead
anode sludge extraction, and including market, stock-in-use and recycling of antimony.

e) The GALLIUM model based on a simplified version of the ALUMINIUM model integrated into
the BRONZE model, and including market, stock-in-use and recycling of gallium. Gallium is ex-
tracted from bauxite processing to alumina.

f) The SILVER model, contributes silver, and potentially tellurium, indium and gold as by-prod-
ucts of refining.

g) The GOLD model, deriving gold from copper, zing, silver and primary mining of gold

For these metals, the price has effect on demand, but not any significant impact on the supply, as this is
dependent on the mother metal extraction rate. The technology metals considered are: Antimony, Bis-
muth, Cadmium, Indium, Gallium, Germanium, Selenium, Tellurium, Silver

Causal loop diagrams

Figure 4.1.2.2 shows a partial causal loop diagram needed to understand how profits drive mining. B
are balancing loops, balancing the reinforcing loops (R) and slowing them down. As the extractable
amounts run low, more money must be spent on prospecting. When the hidden extractable amounts
run low, then it will get more costly to find the dwindling extractable amounts remaining out there to
be found. It shows how mining rate is driven by demand from society, and promoted by metal price
and mining profit to generate supply to the market. The price is determined by how much metal is
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available in the market. A high metal price will stimulate the mining rate and increase supply to the
market, and limit demand. But more supply to the market will increase the amount available and may
potentially lower the price. The profit is affected by the mining cost and how that is modified with oil
price and ore grade. The price is set relative to how much metal there is available in the market. The
traders come to the trading floor with their lots to sell or to buy, and adjusts their amounts as the price
goes up and down. When there is a match, the price is set. If demand is higher than production, the
price goes up; in the opposite case the price is moved down. This is a self-adjusting mechanism that
balances the trade by adjusting the prices until the demand to buy an amount at a price match the of-
fers to sell an amount at a price. The causality in profits go to income from supply when the amount is
supplied and paid at once into the metal exchange warehouse. The same applies with a forward sale,
when the metal is paid upfront but physically delivered later. If not, all or part may be paid when the
supplied amount has been cleared out from the physical warehouse. This description is based on per-
sonal observation on the trading floors at the metal markets in New York and London by the author.
For many metals the amounts in the markets are recorded.

The scrapping process for stock-in-use in society is not strongly driven by price, but rather from the
objects containing copper, zinc or lead becoming obsolete in some way (e.g. plumbing, machinery, wir-
ing, metal objects). After the metal has arrived at the scrap heap, the metal price will have a promotion
effect in causing somebody to recover it. The metal price in the market reflects several aspects. One is
that the price will not go below the cost of actual production and extraction. And there needs to be
profit above the extraction cost, normally about 20%.

For some of the specialty metals, there is not always a functioning market. When demand is far above
supply, it also represents the degree of supply occasionally or short-term not being able to match de-
mand, which is one aspect of scarcity. The potential for exponential growth when the resource exploi-
tation is unrestricted and dynamic market price mechanisms that can limit demand are mechanisti-
cally incorporated in our process-oriented models.

The full causal loop diagram for metal mining and copper in particular has been published earlier
(Sverdrup et al., 2014a,b, 2015a) and is shown in Figure 4.1.2.3.

Figure 4.1.2.2. The causal loop diagram showing the market mechanisms and their effect on extraction,
supply, demand and actual delivery from the market. This part of the model generates
market price inside the model and eliminate the need for externally fed price time se-
ries. The price is used to modify the demand to become “Take from market”.
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Figure 4.1.2.3. Causal loop diagram for the mining activity for copper, zinc and lead in the BRONZE sub-

module of the WORLD6 model.
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Material flow charts
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Figure 4.1.2.4 shows the flow chart for the BRONZE sub-model inside the WORLD 6 model, with the
parent ores, the primary extraction and the dependent secondary extraction of many technology met-
als found in these parent metal ores. Many metals are extracted from poly-metallic ores, and they are
all extracted out, many for new uses in new technologies. A full market model was not built for tech-
nology metals like germanium, gallium, indium, tellurium, selenium, bismuth or antimony, because the
demand cannot readily be estimated well from the available data in a stand-alone model.

The data has been stratified with respect to ore metal content and relative extraction cost. The data
from Tables 4.1.2.1-4.1.2.3 and experiences learned from studying corporate reports and scientific lit-
erature discussed in the text were reworked into the resource data and the estimates of costs of ex-
traction. This is referred to as the opportunity cost approach (Tilton 2002, 2007, 2009, 2010). We have
in the estimation of the extractable amounts of copper (Table 4.1.2.2), considered both porphyric
(70% of land deposits, and 65% of all global extractable deposits) and sulphide deposits (30% of land
deposits, and 28% of all global extractable deposits) and ocean floor copper resources in cobalt crusts
and subsea hydrothermal massive sulphides for copper (7% of all global extractable deposits), using
the literature reviewed earlier for this purpose.
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Figure 4.1.2.4. Flowchart for a part of the BRONZE model, including independent and dependent met-
als.
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Metal scrap

The STELLA diagram and the computer code

The STELLA diagram for the BRONZE system dynamics model is shown in Figure 4.1.2.5, consistent
with the causal loop diagram in Figure 4.1.2.3 and the flow chart in Figure 4.1.2.4.
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Figure 4.1.2.5. The STELLA diagram for the BRONZE sub-model of WORLD 6 model. The primary mining
copper, zinc and lead have their own modules, the dependent metals are calculated
from the production of these, with extra sub-modules for antimony mining and with a
special module gallium extraction from bauxite benefaction processing to alumina. The
whole structure is embedded in the WORLD6 model
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The BRONZE model has several sectors, one for copper, zinc, lead and silver, and one for all the differ-
ent technology metals. The mining modules where the reserve is divided into known reserves and hid-
den reserves, and stratified into 5 levels of ore quality; rich high grade, high grade, low grade, ultra low
grade and extreme low grade. The input data is shown in Table 4.1.2.2 for copper, zinc and lead. Re-
serves move from hidden to known because of prospecting. The following metals have a full mass bal-
ance-based market model, generating demand, supply, price and recycling in the model: Copper, zinc,
lead antimony, indium, silver, gallium and aluminium. Selenium, tellurium, cadmium, germanium and
bismuth are derived by straight dependency and no market model is used, no market price nor recy-
cling is addressed. The model is numerically integrated using a 0.025-year time-step in a 4-step Runge-
Kutta numerical method.

The equations and parameter settings

The general mining rate equation used for metals in the WORLD6 model is:
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I'Mining = k Mining * Mgnown * f(T) * g(P) * h(Y) (4.1.2.1)

where rMining is the rate of mining, kMining is the rate coefficient and mKnown is the mass of the ore
body, and n is the mining order, where f(T) is a technology improvement function dependent on time,
g(P) is a feed-back from price on the prospecting rate. h(Y) is a rate adjustment factor to account for
differences in extraction yield when the ore grade decreases. These functions are given exogeneously
to the model. The size of the extractable ore body is determined by the extractions and prospecting.
However, it appears from a sensitivity analysis that the results are not very sensitive to the value of n.
[t turns out that the impact of choosing a different mining model on the final result is small. The dis-
covery is a function of how much prospecting we do and how much there is left to find. The amount
hidden resource decreases with the rate of discovery. The rate of discovery is dependent on the
amount metal hidden. The prospecting coefficient depends on the amount of effort spent and the tech-
nical method used for prospecting. Prospecting also depends on how large the known reserves are.
The larger they are, the less the urge to drill for more according to the causal loop in Figure 4.1.2.3.
The basic driving mechanism of basic mining comes from profits and availability of a mineable re-
source used in the model. The model as a causal loop diagram (CLD) for the system is in principle the
same as those published earlier for silver, copper and aluminium (Sverdrup et al., 2014a,b, 2015a).
The causal loop diagram maps all significant causal connections in the system. It is important that the
links are true causal links and not just correlations or modelled on chain of events. The causal loop dia-
gram together with the flow chart, defines the model.

rDependent metal = XDependent metal ¥ TMother metal (4-1-2-2)

Table 4.1.2.4 shows the values for the coefficient XDependent metal in Equation 4.1.2.2 as used in the
model. It shows the estimation of contents of dependent metals used for the WORLD6 model simula-
tions. These contents represent very approximate estimates, as there is very little information availa-
ble on this aspect in the literature. It is known that for gallium, the content potential in bauxite is not
fully used for a number of reasons, some of them technical. Indium occurs with zinc in sulphide miner-
als because the two elements have similar atomic radii and similar chemical properties. The main in-
dium sources at present are extraction from zinc and lead. Gallium can be extracted when bauxite is
processed to alumina and if the extraction plant has the necessary infrastructure for it, which is not
always the case. Lack of infrastructure is often the case with extraction of indium, germanium and tel-
lurium in the copper, zinc, lead and silver refining processes from mother metals. The metric used in
Table 4.1.2.1 is fraction of weight. Only a small part of the indium present in all the zinc mined zinc is
extracted. On the average, zinc contains about 448 ppm of indium, or corresponding to 0.045% by
weight. However, only 60 ppm of the 448 ppm of indium are extracted, the rest is not recovered and is
lost with the produced zinc. 448 ppm corresponds to an URR of 1.2 million ton of indium, which at
present is being lost. With only 60 ppm of indium recovered this is an URR of 0.161 million ton of in-
dium. In copper, the indium content is on the average 5 ppm, but some mines have as much as 28 ppm.
In lead the indium content is on the average 4 ppm.

In the model, purchases from the market are driven by demand, put copper into society where it stays
until scrapped or removed by wear and losses. A part of the scrapped copper, zinc and lead is recycled
and returned to the refinery. Demand in the model is driven by population and copper use per person,
but is adjusted up or down with price. Copper stock in use per person as related to global GDP and as it
has developed over time. There seems to be ageneral saturation level at about 10-12 kg of indium per
person. Demand is also affected by the market price, which in turn depends on how much is available
in the market. The demand is estimated from affluence and global population using outputs of the
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WORLD6 model system (Ragnarsdottir et al., 2011, 2012, Sverdrup et al. 2005, 2011, 2012a,c, 2014a,b,
2015a,b, Sverdrup and Ragnarsdottir 2011). There seems to be a saturation level at about 12-13 kg of
copper per capita on a global basis. The corresponding number for zinc appears to be 5 kg of zinc cap-
ita in developed nations. For gallium, additional material comes from the processing of bauxite ore to
alumina. This is generated from the ALUMINIUM module that has been integrated into BRONZE
(Sverdrup et al., 2015a), which in turn is a subroutine in the WORLD 6 model.

4.1.2.6 Results

Figure 4.1.2.6 shows the production rate for the technology metals gallium, indium, tellurium, germa-
nium, cadmium and selenium as modelled with the BRONZE model. Table 4.1.2.3 shows the recycling
rate in 2012 as the fraction of the total market supply being from recycled waste from society based on
a number of reports and assessments. The recycling rate is related both metal price and promotion
policies, the simulated recycling for gallium and indium is shown in Figure 4.1.2.6b and Figure
4.1.2.6d. The year 2012 indicates the year the recycling rate was estimated for and 2100 shows the fu-
ture assumed maximum feasible recycling rate used in the model calculations. The production of the
dependent metals is limited to some extent by the fact that only a fraction of the metal refineries is
technically equipped for efficient recovery of these metals. Thus, we may have underestimated the po-
tential somewhat. Significant investments would be needed in order to increase production.

Gallium

Figure 4.1.2.6a shows the production and the contribution from bauxite refining to alumina (75% of
the gallium) and from zinc production (25% of the gallium) as compared to the recorded mining his-
tory (USGS 2014). A eutectic alloy of gallium, tin and indium make an important non-toxic substitute
for mercury in many of its applications. The ALUMINIUM model was used for the contribution from
bauxite mining, integrated as a sub-module into the BRONZE model. At present, gallium is mostly de-
rived from bauxite processing, a preparation for aluminium production, but other sources like zinc and
silver are becoming more important with time. Figure 4.1.2.6b shows the mining rate as compared to
the recycling flux and the total supply to the market. The gallium supply to the market has a maximum
capacity in 2045. When the source ores decrease in grade, extraction from mining side production be-
comes more difficult. Light Emitting Diode lighting technology is rapidly spreading as mass products in
consumer lighting devices, uses metals like gallium, antimony, indium, arsenic, selenium, yttrium, ce-
rium and germanium. Gallium and indium often a main substance.

Indium

Figure 4.1.2.6c shows the mining rate and the recorded extraction history (USGS 2014). Figure 4.1.2.6d
shows the mining rate as compared to the recycling flux and the total supply to the market. Indium is
mainly used in LCD screens and LCD lighting, and as a grain stabilizer agent in alloys. Indium produc-
tion depends on copper and zinc mining, some silver ores also contain significant amounts of indium,
and in the longer run, these may be developed at the larger silver refineries. We may expect on-going
prospecting for indium to be successful in finding new parent metals for indium or new zinc, tin, cop-
per or iron ore deposits with higher contents. This could potentially increase our estimate of URR by a
factor of two. Certain tin deposits in Cornwall have been discovered have as much as 50g to 100g in-
dium per ton ore. Potentially, aluminium deposits with gallium may as well have traces of indium due
to the similarity of the two. Indium supply will have peak capacity 2040-2050, whereas mining has a
maximum about 2035. Some business analysts (Gibson and Heyes 2013) suggest on a future increase
in demand, and if this is larger than the underlying growth in zinc production, the prices can be ex-
pected to rise sharply. Indium is used widely in Light Emitting Diodes (LED), and the demand is rising
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rapidly. Indium prices have in the latest years fluctuated in distinct cycles between 120 and 400 $ per
kg, or 120,000 to 400,000 $ per ton.

Tellurium

Tellurium is a very rare metal, on par with platinum in the Earth’s crust. Tellurium is mostly derived
from copper and lead ore, often from anode sludge after electrolytic refining of blister copper or fur-
nace dust from lead smelting. Certain ores zinc and silver ore can have significant contents of tellu-
rium. The data we have seen has been highly variable, making it difficult to set a global average for the
model. Tellurium has found new uses in specialty technologies such as solar panels, and in semicon-
ductors. The demand is fast growing, faster than copper and lead production, and supply will possibly
fall short of demand with rising price as the response. Figure 4.1.2.6e shows the observed extraction
data and the modelled extraction of tellurium. The model assessment suggests that there is more ore
content available for tellurium extraction, and that the challenge can be met but adapting refineries for
more extraction.

Germanium

Germanium extraction data and simulation is shown in Figure 4.1.2.6f. Germanium is also special as it
comes from several independent sources (See Table 4.1.2.1); copper, zinc and lead mining, as well as
from the processing of bauxite for aluminium production. Some Russian coal mines extract germanium
as a by-product. For the last decade, germanium production has varied a lot, and the price has seen a
lot of fluctuations. Some silver ores contain germanium and this may contribute significantly in the fu-
ture. Germanium is used for as a chemical catalyst, for light diodes, solar panels and transistors, busi-
ness areas that will probably increase in the future, and so will demand. If the demand would rise
faster than copper and zinc mining, then we may expect germanium supply to be less than demand
and the price may increase significantly.

Cadmium

Cadmium extraction is shown in Figure 4.1.2.6g. Cadmium is extracted to full availability from zinc
ores. In the calculation for cadmium we have only assumed cadmium to be extractable from high grade
(1-0.7% content in zinc) and low-grade zinc ores (0.3-0.7 % content in zinc), but it does not occur in
extractable amounts and concentrations in ultralow grade zinc ore. Cadmium is expected to peak soon,
but demand is decreasing for its use as pigment (16%), in soldering alloys and in other metal alloys
because of health and environmental concerns. It is still used in accumulators, but these may eventu-
ally also be phased out. The fit between data and modelled may be interpreted as if we may have as-
sumed a slightly too low cadmium content in the zinc ore.

Selenium

Selenium is produced from sulphide ores or copper, nickel and lead and from the production of sul-
phuric acid. Especially important is anode mud from electrolysis refining of copper. With change of
method to electro-winning of copper from ore concentrates, less selenium is extracted from the ore
and the extraction sludge is less useful for selenium extraction. The long-term perspective is that sele-
nium extraction is about to stagnate and even decline, despite increased demand. This points into a
future with physical shortages and increased prices. Figure 4.1.2.6h shows the observed data and the
modelled extraction of selenium.
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Figure 4.1.2.6. The production rate for the technology metals gallium (Diagram a and b), indium (Dia-
gram c and d), tellurium (Diagram e), germanium (Diagram f), cadmium (Diagram g) and
selenium (Diagram h) as modelled with the BRONZE model, as compared to the ob-
served data on extraction from ores. The tellurium estimate is based on the extraction
being done at the available extraction capacity. For many years before the invention of
the new technologies in electronics, photovoltaic technologies and LED technologies,
tellurium demand was low.
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Antimony and bismuth

Antimony has both primary mines (70%) and secondary production (30%). It is the only of these met-
als that have any recycling to speak of (Butterman and Carlin 2004, UNEP 2013). It is a part of solder
used in electronics and gets partly recycled together with tin and lead. Another important use is flame
retardant chemicals. The total geological extractable amounts include about 6-8 million ton in primary
mines (mostly from ore based on the antimony sulphide called stibnite, USGS 2014) and about 6 mil-
lion ton in poly-metallic ores (Copper-zinc-lead ores, tin ores, tungsten ores) according to traditional
estimates (USGS 2014). Extending the estimate with new results on copper, zinc and lead reserves
(Sverdrup et al. 2014b and this study), we can expand the total antimony extractable resource to about
40 million ton (Tables 4.1.2.7 and 4.1.2.8). Figure 4.1.2.7 shows the production rate for the metals bis-
muth (Figure 4.1.2.7a) and antimony (Figure 4.1.2.7b) from the antimony sub-module in BRONZE with
antimony extraction compared to recycling and supply to society. Figure 4.1.2.7c-d shows more spe-
cific outputs for the antimony sub-module within the BRONZE model. Figure 4.1.2.7c shows the stocks
in society, the accumulated amount extracted and the amount for recycling. Because of recycling, the
supply to society will be larger than the extraction rate from mining by-products. After 2050 the con-
tribution from mining to the stock in society will be less than the losses. After this point in time, the
stock will decrease. Figure 4.1.2.7d shows the amount antimony per person on a global scale and the
% of the supply to society that comes from recycling. Their use is of such a nature, that it is already
very diluted in the products, and the metal price is not high enough to warrant recycling efforts. How
large the recycling of antimony really is in the world is quite uncertain, but the UNEP-IRP suggests that
it is about 10-20% in one of their recent reports (Table 4.1.2.3).

Figure 4.1.2.7. Diagram (a) shows the production rate for the technology metal bismuth (Ragnarsdottir
et al. 2011, Sverdrup et al. 2012). Diagram (b) shows antimony extraction compared to
data. Diagram (c) shows the extraction rate supply to society and recycling. Diagram (d)
shows the amount antimony per person on a global scale and the % of the supply to so-
ciety that comes from recycling.
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Source: Own Figure, Lund University/University of Iceland

Figure 4.1.2.8 shows the cumulative amount metal extracted until year 2200 using the model simula-
tion for antimony, bismuth, selenium and cadmium (Figure 4.1.2.8a) and gallium, germanium, indium
and tellurium (Figure 4.1.2.8b).

Figure 4.1.2.8. Diagram (a) The cumulative amount metal extracted until year 2200 as recorded in the
BRONZE model simulation for antimony, bismuth, cadmium and selenium. Diagram (b)
shows cumulative extracted amount for gallium, germanium, indium and tellurium.
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Silver

A significant amount of gold and silver originates from copper, zinc and lead mining (Figure 4.1.2.4).
The runs were done by integrating an updated version of the model for silver (SILVER-II) into the
model, collecting contributions from silver ores, and additional flow from copper, zinc and lead extrac-
tion. Figure 4.1.2.9a shows the simulation results of the amount of silver mined, originated from lead,
zinc and copper, and comparison with the observed silver mining. Figure 4.1.2.9b shows the total
amount mined and supplied to the society. Figure 4.1.2.9c shows the recycled silver as fraction of mar-
ket supply. Figure 4.1.2.9d shows silver ore grade with time as compared to the observed data. These
are new runs as compared to an older model published in 2014 (SILVER, Sverdrup et al.,, 2014a),
which will be redundant to the model. Most of the gold recovered this way comes from copper mining,
but small amounts also originate from zinc and lead. Silver originates from all three main ores as well
as the poly-metallic ones. The peak production from these poly-metallic ores is for gold at 793 ton per
year in 2045 (25% of the total production) and for silver at 9,700 ton per year in 2045 (35% of the to-
tal production). The total silver production at present is 25,000 ton per year, and it will peak at 27,000
ton per year in 2032. Thus, the contribution from this kind of source is significant for both gold (27%
of present production) and silver (42% of present production). The total gold production was in
2012-2015 about 2,800-2,900 ton per year, and our models predict that it will probably peak at about
3,300 ton per year and decline after that. The silver production is also near the peak (Sverdrup et al,,
2014a). This does not mean that we will be without silver and gold, they have consistently high recy-
cling rates and already about 2025, recycling will probably be the dominant source of these metals.
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Figure 4.1.2.9. Diagrams (a) shows the simulation results of the amount of silver mined, originated from
lead, zinc and copper, and comparison with the observed silver mining. Diagram (b)
shows the total amount mined and supplied to the society. Diagram (c) shows the recy-
cled silver as fraction of market supply. Diagram (d) shows silver ore grade with time as
compared to the observed data.
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Testing the model

The model has been tested against the recorded mining data derived from the USGS (2013) databases.
The model does reproduce the observed mining rates satisfactory when the model is driven by market
demand and price dynamics. Figure 4.1.2.10 shows comparisons of the model mining outputs to ob-
served data with a good performance for the technology metals; antimony, bismuth, cadmium, gallium,
germanium, indium, selenium, tellurium, for antimony and bismuth. They all showed from good corre-
lation with the observed mining data, with the single exception of tellurium.
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Figure 4.1.2.10. Comparison of modelled mining rate as compared to the observed data.
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The correlation coefficient for simulated extraction to data are shown in Table 4.1.2.4 and show that
the rates are very well reconstructed. For gallium, germanium and indium, the extraction was less than
the supply capacity initially, but that that has picked up recently. For germanium, extraction has been
variable, and in some periods significantly under the potential capacity. For gallium, there seems to be
less extraction than what is predicted and what is technically and economically feasible. This suggests
an opportunity not taken by industry, partly out of ignorance, partly because of lack of investment in
the proper infrastructure. For cadmium, the underproduction is caused by an environmental ban on
cadmium due to its great toxicity. For tellurium, it reflects the past history of a troubled market, and
the very recent revival caused by new demand from new technologies. The lower correlation for tellu-
rium is related to the fact that the extraction did not utilize the extraction potential, mostly because of
lack of demand for tellurium until very recently.
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Table 4.1.2.4. Overview of the correlations (r2) between observed data and simulations for the metals
of mainly secondary extraction origin.

Metal Correlations  Extraction Metal Correlations Extraction
Antimony | 0.81 Combined Germanium 0.69 Secondary
Bismuth 0.88 Secondary Indium 0.82 Secondary
Cadmium | 0.95 Secondary Tellurium 0.12 Secondary
Gallium 0.74 Secondary Selenium 0.93 Secondary

4.1.2.7 Discussion
Reserves and extractable amounts of metal

Indium may also be present in additional copper, silver, tin and iron deposits, possibly increasing the
extractable amounts to almost 220,000 ton globally. The tellurium content in silver ore is about the
same as in copper ore, sometimes more. USGS estimates of selenium reserves indicate about 100,000
ton of selenium as known and extractable. We estimate the total extractable amount to be at least
600,000 ton. The content of the technology metals in the parent metals are very approximate. They are
the result of estimations made by the authors for single producers, as very little is available on this on
a global level, even if a few producers report useful numbers. These contents may change in the future
once better data becomes available. It is known that for gallium, the content potential in bauxite is not
fully used for a number of reasons, some of them technical. This may also be the case with indium, ger-
manium and tellurium.

Sustainability of mining

The declining ore grade is a clear indication that the resource has been depleted and that scarcity has
already set in. For some time, this was offset by improvements in efficiency and lowering of wages, but
that has recently come to an end. In the model, the demand is made on the market, and when the mar-
ket amount goes low, then the prices go higher. The higher prices push mining, causing the price to in-
crease. The model becomes self-regulating. Thus, the market dynamics are fully expressed in the pre-
sent model and that gives a significantly smoother production curve and better dynamics. In the dis-
cussion of sustainability, we should not that recycling can delay symptoms of scarcity for a significant
time even after the production from mines has stopped. The recycled copper, zinc and lead have noth-
ing of the dependent metals preserved and this must be considered in a future strategy for how they
are to be sourced.

Resource scarcity

The dependent metals may fast run into physical scarcity because the price has no feedback on the ex-
traction rate of the mother metals copper, zinc or lead. Itis important to consider that when the com-
modity is still relatively cheap, it may for that reason be unnecessarily wasted, when it would in retro-
spect have been relatively easy to induce better use efficiency and recycling. To wait until there is se-
vere scarcity would be too late for optimal mitigation as unnecessary resources would already have
been wasted by then. Others have proposed deep ocean mining (Scott 2001) but efficient and afforda-
ble technology for this has failed to surface so far. Different authors point to future risks and possibili-
ties and mainly focus on issues of short term market conditions, better technologies and new markets.
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The future will show how these issues will really work out under a different set of conditions with po-
tential scarcity and additional challenges of climate change (Wagner and Fettweis 2001, Ghose 2009,
Eliott et al., 2014, Morrigan 2010). The purpose of models is to look into what would be possible in the
future. The model does not tell us what the future will be, but can illustrate what futures are possible,
and something about how likely they are to happen. This is the only way we can plan ahead of time
and avoid getting into unsustainable situations. At present, many studies and model assessments point
out that the global resource use is in large overshoot and that we have limited time left for corrective
action. And when thermodynamic corrective enforcement has already started, then it may be too late
to do the mitigation in an orderly manner.

4.1.2.8 Conclusion

Using the the BRONZE sub-model embedded inside the WORLD 6 model does give a richer picture, in-
cluding more details and essential feedbacks. We are able to reconstruct the past history of mining
rates, ore grade decline and approximate metal price levels. We get reasonable estimates of the pro-
duction rates for the technology metals dependent on copper, zinc and lead for their production. We
need to carefully distinguish between the primary production from mines and total supply to the mar-
ket. Long after primary metal mining has been reduced to insignificant levels, supply may be kept up
by efficient recycling. For the technology metals, many have at present low rates of recycling and these
are much more vulnerable for decline in mining, unless the recycling efficiency can be significantly im-
proved. The conclusion is that there is not an immediate risk for scarcity but that in the longer run (af-
ter 2030), scarcity manifested as rising metal prices should be expected and prepared for.
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4.1.3 STEEL sub-module — IRON, MANGANESE, CHROMIUM, NICKEL, and STAINLESS STEEL
4.1.3.1 Introduction

The world’s most important synthetic metal is steel, which has iron as its main component. 92% of all
metal on the globe used in society is made out of iron. In total shipped weight, any other metal is insig-
nificant. Though it may appear that there is a nearly endless amount of iron on our planet, what is
available to humans for extraction, is finite and limited, and thus by consequence of thermodynamics,
exhaustible. Iron and steel scarcity would be a huge problem for the world economy and the continua-
tion of the modern world.

Iron is the most important metal for human society (Smith 1776, Champion et al. 1984, Rostoker et al.
1984, Rostker and Bennet 1990, Diamond 1997, Distelkamp et al. 2010, Meyer et al, 2012a,b, Ble-
ischwitz et al. 2012, Acemoglu and Robinson 2013, World Steel Association 2012, 2014a,b, Eliott et al.
2014, Kennedy 1987). Iron is one of the big six metals that build the modern world (Heinberg 2001,
2005, Ragnarsdottir et al. 2011, Sverdrup et al. 2013, 2015a). These are in order of yearly production
(2014); In Figure 4.1.3.1a it can be seen that iron extraction is about 1,350 million ton per year from
mining, but the total supply to society is significantly larger because of recycling (About 2,200 million
ton). Aluminium mining is about 50 million ton per year, but 80 million ton per year if recycling is in-
cluded, copper mining is 17 million ton per year, but as much as 35 million ton per year is supplied to
society when recycling is included. Zinc mining is about 12 million ton per year. Manganese mining is
about 18 million ton per year, chromium production is about 8 million ton per year (Figure 4.1.3.1b).
All other metals than iron combined, make up less than 130 million ton of metal per year in produc-
tion. Iron is used in alloys with carbon, silicon, manganese, chromium, molybdenum, vanadium and
nickel for making different types of alloyed steel. Steel is the major metal in structures, in everyday
utensils, cars, ships, houses, bridges all the way to everyday items like teaspoons. 97% of all iron is
made into some type of steel (World Steel Association 2014a). Figure 4.1.3.1c shows the approximate
global stainless steel production 1900-2014 in million ton of metal per year.

Figure 4.1.3.1. Approximate global iron (a) and stainless steel (c) production 1900-2014 in million ton of
metal per year is shown. Extraction data for chromium, manganese and nickel are
shown in (b).
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Industrial reduction of iron from the oxide ore is energy demanding. The basic principle is to reduce
the oxide with carbon, creating metallic iron and carbon dioxide in the process. Iron rich rocks are
found on all continents, but in addition to ore grade and deposit size, factors like existing infrastruc-
ture for production, rail transportation possibilities for large tonnage of material, shipping ports and
distance to customers is of equal importance. The total production in 2012 was 1,350 million ton per
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year, the metal yield from the iron ore is at present 47 % iron yield per weight of ore (World Steel As-
sociation 2014a,b,c). The weight averaged ore grade from the same source is stated to be 58% iron
content, which means some iron is lost to the waste and slag in the process. The numbers imply an av-
erage yield of 81% from deposit to metal. Most of the world’s production of manganese, chromium,
nickel are alloyed into this amount of iron to make steel of different qualities. There are several natural
resources used in producing iron, carbon steels and stainless steels:

1. Iron and conventional steel products
a. Metals
i. Iron metal extracted from ore
ii. Manganese and niobium for alloying
b. Energy for heating, melting and casting
c. Coke and coal for reduction and carbon addition to the steel
2. Stainless steel
a. Metals
i. Iron metal extracted mainly from iron oxide ore requiring carbon
ii. Manganese extracted mainly from oxide ore requiring carbon
iii. Chromium extracted from oxide ore requiring carbon
iv. Nickel extracted mainly from both oxide ores and sulphide ore and subsequent
electrolysis
v. Silica, molybdenum, niobium and cobalt for specialty steel

The annual global production of these categories is summarized in Table 4.1.3.1.

Table 4.1.3.1. Approximate amounts of iron and steel produced and supplied in overview.
Item Flow of material, million ton per year
Iron as metal 1,500 700 2,200
Cast iron 70 30 100
Carbon steel 1,400 650 2,050
Stainless steels 30 20 50
Sum 1,500 700 2,200

4.1.3.2 Scope and objectives

The scope of this study is to create an integrated simulation tool for the global iron cycle, based on best
estimates on available extractable iron amounts and a systems analysis of the systems dynamics of the
global iron system, but focused on the additional requirements applicable to steel. The model has the
objective to assess the supply of the metals iron, manganese, chromium and nickel, and the use of
these to produce iron for casting, regular steel and stainless steel. The STEEL model is incorporated in
the WORLD model (Sverdrup et al. 2012), a part of a new global resource, demography and economic
model. The STEEL model should make production estimates and market price for iron, stainless steel,
and cast iron, demanding that we can model manganese, chromium and nickel for those aspects as
well (Sverdrup et al. 2015).

4.1.3.3 Earlier modelling work of iron

Yellishetty et al. (2010) used statistical correlations and they used it for forward extrapolations. The
model is statistically based and does not have any feedbacks. Pauliuk et al., (2012, 2013a,b) and Wang
etal, (2007) developed a stock and flow model for analysing the global steel market, with emphasis on
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aspects of recycling, using flow charts and material flow analysis (MFA). Daigo et al., (2010, 2014) did
a material flow analysis of chromium and nickel for steel manufacture and zinc used for steel. Moyni-
han and Allwood (2012) did material flow analysis for steel in the construction sector. Their approach
has been on a country-by-country basis, or sector-by-sector, documenting all flows and making mass
balances for the global system. Hatayama et al., (2010) developed a stock and flow model, using top-
down mass balances that are rolled forward, year-by-year. These models are varieties material flow
analysis models operated from spread-sheets, where the feedbacks are either entered manually or ab-
sent (see Pauliuk et al 2015, Nakamura et al. 2007, Giljum and Hubacek 2009 for how the models were
constructed). Hu et al., (2010) defined a mass balance model to investigate the flow of iron and steel in
the Chinese building sector. These are dynamic parallel mass balances, rolled forward in a spread-
sheet. However, there are no real feedbacks operated in the model used.

Mohr et al,, (2014) and Guirco et al., (2014), also reported by Nickless et al., (2014) estimated of the
global iron ore production, based on a variant of the Hubbert’'s model combined with a mass flow
model. They paid extra attention to establish robust estimates of available extractable resources.
Roper (2009), Bardi and Lavacchi (2009), Ragnarsdottir et al. (2011) and Sverdrup et al., (2013) ap-
plied the Hubbert's model, a purely empirical model. It has certain systemic properties incorporated,
but there are no dynamic feedbacks.

Cullen et al.,, (2012) Pauliuk et al., (2013), Rauch (2009), Rauch and Pacyna (2009) mapped the global
steel stocks and flows. These do not constitute dynamic modelling. They are valuable for model testing
and validation, but they are not models that can be used for predictions.

We have not found any earlier global systems dynamics model for the global system for iron or stain-
less steel, involving systems feedbacks from market dynamics, extraction dynamics, market price
mechanisms on supply and demand and simultaneously involving the main three alloying metals man-
ganese, chromium and nickel for alloying to stainless steels.

The authors have developed system dynamics studies on copper, silver, aluminium and iron (Sverdrup
etal. 2014a,b, Sverdrup et al. 2015a, Sverdrup et al. 2015d) and metals (Mn, Cr, Ni, Mo, Re, Ta, Nb, In,
Se, Te, Ga, Ge, Cd, W, Sn, Sb, Bi, Au, Pt, Pd, Rh, Co, Li, REE) in general (Sverdrup et al 2013, 2015c),
where the basic principles for modelling the global metal supply, metal extraction and metal reserves
depletion were developed. The WORLD6 model has been further developed to incorporate stainless
steel production and include the metals manganese, chromium and nickel that are used in alloyed
stainless steels. More than 90% of all iron produced is manufactured to steel by alloying it with carbon
and silicon, a smaller amount is alloyed with the metals mentioned above to make stainless steel.
There have been no prior sustainability concerns over iron, but other metals connected to stainless
steel has gotten some attention (Alonso 2007, Eliott 2013). However, carbon steel is not very resistant
to corrosion. Iron has impurities of phosphorus, sulphur and nitrogen, and manganese is added to re-
move these impurities in the manufacturing process. Nickel is expensive, there has been a movement
towards lower contents of nickel in some stainless steels. In addition, comes more special alloys for
niche applications and adapted to specifications of extreme properties. The most important alloying
metals and their ores are:

1. Chromium is the most important component for making stainless steel alloys. It is also used in sub-
stantial amounts for chromium plating of metal objects to give them a bright, shiny surface. Louis
Nicholas Vauquelin, a French scientist, discovered chromium in 1797. It is derived from chromite
rock, the main chromium ore. Chromite rock consists of FeCr204 or FeO*Cr203 as the main ex-
tractable mineral, the chromium content is 47% in the mineral. The high-grade ore has about 55%
mineral content of chromite. Bulk ore contains about 26% chromium on a weight basis. 18% of the
chromite mineral is iron, thus bulk ore contains about 10% iron. The largest chromium global re-
sources and reserves are found in South Africa, the ores often are poly-metallic, with additional
contents of nickel, copper, zinc and sometimes the platinum group metals. Chromium is mainly
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produced in South Africa (44%), but also in Kazakstan (16%), India (18%), Zimbabwe (5%), Brazil
(2%), Iran (4%) and Finland (4%) significant amounts are made. At present, chromium is a low
margin, large volume commodity. Chromium has no substitute in stainless steel, the leading end
use, or in superalloys, the major strategic end use. Chromium-containing scrap can substitute for
ferrochromium in metallurgical uses.

2. Manganese is mostly used for steel alloys, but approximately 3% of all manganese is used in alu-
minium alloys at a content of 1%. Manganese is also added to cast iron in about 0.2-1%. Manga-
nese also protects against corrosion. The Swedish scientist Johan Gottlieb Gahn discovered manga-
nese metal in 1784. Manganese is primarily derived from two minerals; pyrolusite (Mn02), a sim-
ple oxide found in low concentrations in most soils, and rhodochrosite (MnCO3). 63% of the min-
eral is manganese, and high grade ore contains 46-63% weight content manganese, low grade is
counted as 35-12 % and below 12% is considered as a poor grade. The main South African ores
run at 43-38% weight of manganese at present. If even lower grade ores are counted in down to
1%, the technically extractable manganese reserves would be very large. The extraction of lower
grades would require a significantly higher price and more energy than what is the case today.
Manganese is mined in South Africa (31%), Gabon (21%) and Australia (13%), significant amounts
also come from West Africa. 80% of the worlds known resources appear to be in South Africa, their
total ore resources were estimated to be perhaps as much as 15 billion ton in 2011. How much of
this that is really recoverable, remains unspecified. Assuming it all to be high grade at 46% would
probably overstate the actual resource. Assuming 1/3 at 46%, 1/3 at 23% and 1/3 at 13% would
indicate a resource of 4.2 billion ton of manganese. Significant resources are found in Ukraine
(10%), Australia, India, China, Gabon and Brazil. There is no substitute for manganese in steelmak-
ing. Manganese makes steel harder (0-4% in carbon steel or 8-12% in stainless steel). Manganese
is added to aluminium to make it more resistant to corrosion (0.5-1.5%, consuming about 0.4 mil-
lion ton of manganese per year). Vanadium and molybdenum may do part of the function played
by manganese in alloys and in the manufacturing process, but vanadium and molybdenum produc-
tion rates are far too small to be realistic alternatives. Manganese is present in manganese nodules
in the deep ocean floor (Some estimate this to be as much as 500 billion ton of manganese, but only
3-4 billion may be realistically harvestable). So far none have been successful in developing a feasi-
ble way to bring them up for utilization, the attempts were abandoned in the late 1970’ies. Some
smaller amounts appear to be technically possible to harvest, but only at significantly higher man-
ganese prices than today. At present, manganese is a low margin, large volume commodity.

3. Nickel was discovered in 1751 by the Swedish scientist Axel Fredrik Cronstedt. Nickel is an im-
portant component in high quality stainless steel (46% of all nickel goes to this) is used nonferrous
alloys and super-alloys (34% for this purpose), electroplating (14% for this purpose), and 6% is
used for other uses. It is important for stainless and for nickel plating. No real replacement or sub-
stitute exist, but chromium may do part of the job (Alonso et al., 2007). The biggest producers are
Phillipines, Indonesia, Russia, United States, Australia and Canada, but also many other countries
also produce significant amounts of nickel. Nickel is derived from lateritic ores that come from
surficial weathered rinds formed on ultramafic rocks. The main minerals are limonite
(Fe,Ni)O(OH) and (Ni,Mg)3Si205(0H)5. These make up 73% of the worlds nickel reserves. The
second type of nickel ore are the magmatic and hydrothermally affected sulphide deposits, these
make up about 30% of all reserves. The main mineral is pentlandite (Ni,Fe)9S8. Presently mined
ores have an ore grade of 2.5-1.5% measured as nickel content, but the ore grade is declining in
several large mines. The extraction of these ores has been associated with significant sulphur diox-
ide pollution to the environment. The Russian nickel smelters are large sulphur emitters (Around
Noril’sk in Siberia and at the nickel mines in the Kola Penninsula in Northwestern Russia. Australia
and New Caledonia account for 45% of the global nickel extractable amount at present. The
amount nickel in ore above 1% ore content is estimated at about 130 million ton, of these about 75
million ton are known and verified. Counting in extractable amount of nickel down to 0.2% content
would possibly enlarge the total resource to about 300 million ton of nickel, these would partially

129




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

become extractable reserves at a nickel price 6-10 times the present. Present estimates of extracta-
ble amounts of nickel count deposits down to 2 km mining depth, however, new South African
technology may allow mining of nickel down to about 3.5-4 km. The heat increases with increasing
mining depth and mining below 4 km depth would demand a very high nickel price to defend the
high extraction costs. At present, 4 km mining depth is considered as the technical limit. This in-
crease in mining depth would potentially increase the global extractable amounts to 180-200 mil-
lion ton of nickel. Significant amounts of extractable platinum group metals are associated with
nickel deposits.

4. Iron has been known since prehistory. The etymology of the word “iron”, eisen”, “iarn”, in In-
doeuropean languages is believed to be the same as the root word for star. This is suggesting that
the first iron known, was meteoritic iron, “fallen stars”. The Hittite civilization was the first to
make iron in significant amounts and sufficient quality to weapons around 1,700 BC in Anatolia
(Modern Turkey). Iron is used for cast iron, carbon steels and alloyed steels. Iron is the metal that
is produced in the largest amount of all metals. Iron is the most important of all metals for modern
civilization, and no scarcity in iron can be tolerated without large consequences.

Table 4.1.3.2 shows important steel-associated metals and what they are used for. Specialty alloys are
made using metals like molybdenum, cobalt, vanadium or niobium.

Table 4.1.3.2. Important stainless steel-associated metals and what they are used for

Use in steelmak- Non-ferrous alloys, Plating, % Chemicalsand Other uses,

ing, % of total super-alloys, % of of total catalysts, % of total
metal flow total metal flow metal flow % of total metal flow
metal flow
Manganese 95 - - - 5
Chromium 80 - 8 5 7
Nickel 46 34 14 - 6
Molybdenum 82 4 - 14 -
Niobium 90 9 - - 1
Vanadium 85 10 - - 5
Cobalt 8 80 2 5 5

If stainless steel is counted as a separate metal for society, then it is the fourth largest (synthetic)
metal in supplied weight, after simple carbon steel, cast iron and aluminium. In the 1890’s, the German
scientist Hans Goldschmidt invented the alumina-thermic process for producing stainless steel on an
industrial scale. Several researchers, in particular the Frenchman Guillet developed a number of alloys
from 1904 to 1911, laying the foundation for modern stainless steel. The German industrialist Alfred
Krupp (1812-1887) invented industrial production on a large scale of modern steel, and took part in
the invention of new types of alloyed stainless steel, alloyed into toughness, hardness, heat tolerance
and finally stainlessness. Their first stainless patented alloy (1912) was called “Nirosta”, which trans-
lates as “never-rust”. His factories became key players in two World Wars and made the best material
for modern warfare hardware, such as modern artillery, battleships, tanks, submarines and other ar-
maments beside many peace-time uses. Carbon steel is the most common form of steel, it typically has
from 0.3% to 2% carbon, sometimes small amounts of silicon. However, carbon steel is not very re-
sistant to corrosion. Iron has impurities of phosphorus, sulphur and nitrogen, and manganese is added
to remove these impurities in the manufacturing process. For stainless steel, it is alloyed with a range
of other metals to increase the resistance to corrosion.
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For making high quality carbon steel and stainless steel, four metals are essential, assisted by specialty
metals for special properties:

- Iron for bulk of the material

- Chromium for corrosion resistance

- Manganese for removing impurities and gain strength and workability
- Nickel for corrosion resistance, temperature resistance and hardness

- Molybdenum, cobalt, vanadium and niobium for strength, hardness and temperature re-
sistance.

For stainless steels, metals like vanadium (occurs as a contaminant in almost all iron ore) is used for
toughness and strength, tungsten, tantalum and niobium for extra hardness and high temperature re-
sistance, cobalt for corrosion prevention. World production of stainless steel was about 46 million ton
in 2017. This typically consists of 5-12% manganese, 10-18% chromium, 3-5% nickel and 0.1% molyb-
denum on the average as seen from the input to the industry. There are different stainless steels of dif-
ferent composition in the market today:

1. Austenitic steel is based on more than 16% chromium, 10-12% manganese and about 8% nickel.
This is 70% of all stainless steel, in 2014 about 29 million ton, demanding 2.2 million ton of nickel
per year (total production is 2.6 million ton of nickel per year in 2016), 3.5 million ton of manga-
nese per year (Total production is 16 million ton of manganese per year) and 5 million ton chro-
mium per year (Total production is 8 million ton of chromium per year in 2016).

2. Ferritic steel has the composition 11-27% chromium, on the average 18%, about 1-4% molyb-

denum, on the average 2%, and 0-2% nickel, on the average the content is 0.5% nickel.

Marstenitic steel has 12-14% chromium, 0.3% molybdenum and about 0.5% nickel.

4. Duplex steel is corrosion resistant, but has other mechanical qualities; 22% chromium, 5.5% nickel
and 2% molybdenum.

w

4.1.3.4 Estimation of extractable reserves and resources

In our work, the US Geological Survey is an important source of data. But corporate annual reports and
other literature sources are significant for getting reasonable estimates. We work with all technically
extractable ore content (below referred to as resources) that is classified according to ore grade and
extraction costs in our models. The result is that that we will have ever rising cost as ore quality and
extraction yields go down (Tilton 2002, 2007, 2009, 2012, Neumayer 2000, Sweeneye 1992, Mudd
2009, Keseler et al,, 2012). Data was gathered from a number of sources and earlier studies where it is
readily available in open sources; Allen and Behamanesh (1994), Bardi (2013), Chen and Graedel
(2012), Cullen et al. (2012), Crowson (2011), Daigo et al., (2010), Gordon et al. (2006), Gordon (1996),
Hu et al. (2010), Johnson et al. (2007), MinEx Consultants (2010), Nuss et al. (2014), Pauliuk et al.
(2013), Radetzki (2008), Rauch and Graedel (2007), Rauch and Pacyna (2009), Rauch (2009),
Raimanaidou and Wells (2014), Stanway (2014), Turner (1990), UNEP (2011a,b, 2013), USGS (2005,
2007, 2008, 2013), United Nations (2003), Wang et al. (2007), World Steel Association (2012,
2014a,b,c,d), Wiibbeke and Heroth (2014). Input for the global population to the demand calculation
was derived using the FoF-model (Ragnarsdottir et al. 2011, Sverdrup and Ragnarsdottir 2011).

Iron resources:

Table 4.1.3.3 shows the reserves and resources for iron, broken down on countries with the largest
endowments.
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Table 4.1.3.3. Distribution or iron ore expressed as iron content distributed among known and hidden
amounts in ton iron for 2012. All amounts in metric ton iron contained.

Country Known extractable amounts Hidden amounts Sum
Brazil 52 16,000 51,000 67,000
Russia 45 14,000 45,000 59,000
Canada 38 2,300 42,000 46,300
Australia 48 17,000 24,000 41,000
United States 30 2,100 26,000 28,100
China 31 7,200 10,000 17,200
Zimbabwe 44 400 15,000 15,400
India 64 5,200 8,000 13,200
Venezuela 60 2,400 8,000 10,400
Bolivia 44 2,200 6,600 8,800
Kazakstan 44 2,000 6,300 8,300
Sweden 63 2,200 5,600 7,800
Ukraine 35 2,300 5,000 7,300
Iran 56 1,400 4,000 5,400
Rest of the world 49 4,300 3,400 7,700
Sum 50 81,000 259,000 340,000

Table 4.1.3.4 shows different estimates of the total iron extractable amounts as a basis for potential
mining of iron as well as the regionalized iron production and stocks in society, matched to fit the
global data for 2012. On the average, the recycled part of the flow is about 5% and on the average
about 1% of the stocks recycled per year.

Table 4.1.3.4. Regionalized iron production and stocks in society, matched to fit the global data for
2012.
Grouping Production Recyclingof R/P Stock-in- Recycling R/S
million production, % use, from stock, %
ton/yr million Million million
ton/yr ton ton/yr
China 632 35 5.5 4,600 50 1.08 | 782
Americas 173 8 4.6 5,700 52 0.91 | 235
Russia, Belarus | 119 4 3.4 700 6.7 0.96 126
Ukraina, Ka-
zakstan
India, Paki- 58 1.7 3.0 1,500 11.3 0.75 | 69
stan, Bangla-
desh
Southeastern 213 6 2.8 2,000 20 1 233
Asia, Oceania
Europe 200 20.5 10.3 | 5,600 56 1 256
Middle East, 67 1.4 2.0 1,400 7 05 73
West Asia, Af-
rica
Sum 1,462 76.6 5.2 21,500 203.0 0.94 | 1,665
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Table 4.1.3.5 shows estimates of iron reserves and resources over time by different authors.

Table 4.1.3.5. Different estimates of the total iron extractable amounts as a basis for potential mining
of iron. Billion ton of extractable iron.

Source of Estimate Known Hiddenre- Dugup Fromtimeto URR
reserves sources to time 2014
Geological mapping, (Stockwell 1999) 50 270 22 13 305
Geology based (DNP/DM 2000) 50 256 40 12 308
Verhulst’s linearization (Roper 2009) 50 300 50 7 357
Rauch and Pacyna (2009) 35 200 30 7 237
USGS mineral resources program (2011) 81 260 40 6 306
Verhulst’s linearization (Roper 2014) - 234 50 - 284
Hubbert’s model (Sverdrup et al. 2011) 60 280 38 3 321
Mohr et al., (2014) 195 50 2 247
Guirco et al., (2014) 200 50 2 252
Sverdrup et al., 2016 90 200 50 1 341
This study, reassessment 90 255 55 - 400

Table 4.1.3.6 shows how in 2008, approximately 928 million ton of iron was produced from different
ore grades. This has been distributed over different ore grades.

Table 4.1.3.6. Distribution of different production amounts over different ore grades. (approximately
928 million ton of iron production in 2008).

Ore grade, % weight 70-60% 60-50% 50-40% 40-30% 30-20% 20-10%

Million ton per year 500 300 100 75 33 10

Figure 4.1.3.2a shows the evolution of the total iron resource estimates with time. From the plot we
estimate that the real extractable iron resource is about 500 billion ton of iron.

Nickel resources:

Table 4.1.3.7 shows estimated global reserves and resources for nickel in million ton of metal content,
listed by country, using data compiled from detailed studies.

Table 4.1.3.7. Estimated global reserves (Known) and resources (Hidden) for nickel in million ton of
nickel metal content, listed by country, using data compiled from detailed studies.

Region Known reserves Hidden resources Total resource
Australia 19.0 40 59
Indonesia 22.0 52 74
Brazil 9.1 30 39
Russia 7.9 20 28
Cuba 5.5 7 13
South Africa 3.7 10 14
Phillipines 3.1 12 15
Canada 3.0 45 48
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China 3.0 5 8
Finland 3.0 7 10
Sweden 2.0 7 9
Madagascar 1.6 12 14
Colombia 1.1 4 5
Greenland 0.2 12 12
Norway 0.2 2 2

Other 6.5 25 32

Sum 81.0 285 366
Seafloor nodules and cobalt crusts 150-274
Sum of all 516-640

Table 4.1.3.8 shows the ultimately recoverable amount nickel, starting from 1900. This was used as
the starting point for the model. The nickel deposits are stratified into rich, high, low and ultralow re-
sources. The high, low and ultralow resources are each divided into 0-1 km, 1-2 km, 2-3 km and 3-4
km mining depth as shown below.

Table 4.1.3.8. Estimated ultimately recoverable amount nickel, starting from 1900. This was used as
the starting point for the model. The nickel deposits are stratified into rich, high, low and
ultralow resources. The high, low and ultralow resources are each divided into 0-1 km,
1-2 km, 2-3 km and 3-4 km mining depth as shown below.

Mining depth Recoverable metal amount metal in million ton of nickel per ore class

Hidden 0-1 km 6 40 60 90 166
Hidden 1-2 km 3 30 50 50 133
Hidden 2-3 km 2 20 40 25 87
Hidden 3-4 km 1 10 20 15 46
Sum 0-4 km 12 100 170 180 432
Mining cost, $ per ton 40 120 400 1,750 -

Table 4.1.3.9 shows estimates of the total nickel extractable amounts, estimated at different points in
time. This data was used to make the plot in Figure 4.1.3.2b. Figure 4.1.3.2b shows the evolution of the
total nickel resource estimates with time. From the plot, we estimate that the real extractable nickel
resource is about 500 million ton of nickel. Mudd (2009, 2010b, 2012a,b), Mohr et al., (2014) and Nick-
less et al,, (2014) were used for estimating the nickel reserves. The nickel resources were estimated
down to an assumed maximum mining depth of 4 km. The nickel deposits are stratified into rich, high,
low and ultralow resources. The resources are divided between the rich-, high-, low- and ultralow
grade. Muss and Jowitt (2014) reports resources with 118 million ton in sulphides and 181 million ton
in laterites.
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Table 4.1.3.9. Different estimates of the total nickel extractable amounts. Million ton of nickel. 1: ore
with >1%. 2: ores with less than 1%.

Source of Estimate Known Resources Dug up From time to 2017
reserves to time
USGS mineral resources (2001) 61 140 20 10 231
Mudd 2009 60 202 25 14 301
Roper 2009 50 200 25 14 289
UNEP (2011) 180 28 12 220
USGS (2012) 75 130 30 8 343
100
Muss and Jowitt 2014 299 35 6 340
Sverdrup et al., 2016 65 230 40 2 352
USGS mineral resources (2017) 78 1301 42 - 380
1302
Sverdrup et al., (2017) 81 285 42 - 408

Chromium resources:

Table 4.1.3.10 shows estimated global reserves and resources for chromite ore, Cr203, listed by coun-
try, using data compiled from detailed resource studies. 1 ton chromium metal is contained in 3.8 ton
of chromite ore (Pariser (2013, USGS 2007). The South African reserves for chromite have different
estimates for the total chromite reserves and resources depending on depth of extraction and where
the ore quality cut-off is set.

Table 4.1.3.10. Estimated global reserves (Known) and resources (Hidden) for chromite ore, in million
ton, listed by country, using data compiled from detailed resource studies (Pariser 2013,
USGS 2007). Guesses and expert estimates are in brackets (..) Million ton of chromite.
The total estimates for South Africa vary a lot, based on differences in assumptions
made in the estimation.

Known extractable Hidden extractable Total chromite re-
chromite reserves chromite resources source
South Africa 1984 200 3,100 87 3,387
South Africa 2017 3,100 5,500 30 8,630
Zimbabwe 140 1,000 37 1,177
Kazakstan 320 320 95 735
Russia (30) (300) 30 (360)
Canada 49 242 g 291
Turkey (40) ? 31 220
Phillipines (5) ? 22 (220)
Albania 0 (200) 18 (200)
Finland 9 ? 7 120
India 25 70 21 116
Brazil 5 (25) 7 30
China (5) (20) 11 36
Other (50) (550) 21 621
Sum 878-3,778 5,807-8,207 374 7,050-12,359
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Table 4.1.3.11 shows estimated global reserves and resources for recalculated for chromium over
time. The evolution of the estimates over time are shown in Figure 4.1.3.2c. From the plot, we estimate
that the real extractable chromium resource is about 3,400 million ton of chromium.

Table 4.1.3.11. Estimated global reserves (Known) and resources (Hidden) for chromium (Pariser 2013,
USGS 2007). Million ton of chromium metal. The evolution of the estimates over time
are shown in Figure 4.1.3.3b.

Region Known extracta- Hidden, extracta- Total re- URR

ble reserves ble resources source

Expert guess for 1900 50 400 450 1,170
USGS, de Young et al., 1984 140 1,300 1,440 1,935
USGS 2007 210 2,915 3,125 3,275
Pariser 2013 250 2,146 2,396 2,441
USGS 2013 210 2,915 3,125 3,170
USGS 2016 126 3,125 3,251 3,270
This study 2017 828 2,142 2,970 3,045

Manganese resources:

Table 4.1.3.12 shows estimated global reserves and resources for manganese, listed by country, using
data compiled from detailed resource studies, using the latest available numbers. For South Africa, the
estimates for the hidden resources are very different and represents probably a good deal of guessing.
If we assume the total ore resource of South Africa to be 15 billion ton of manganese ore, then our esti-
mates imply an average ore grade of 18% to 38% manganese content. The South African reserves for
manganese have different estimates for the total manganese reserves and resources depending on
depth of extraction and where the ore quality cut-off is set.

Table 4.1.3.12.

Estimated global reserves (Known) and resources (Hidden) for manganese in million ton,
listed by country, using data compiled from detailed resource studies, using the latest

available numbers.

Known Hidden Total resource Annual production,
extractable extractable million ton per year
reserves resources

Australia 187 514 701 2.5

Mexico 5 200 205 0.2

Russia 30 250 280 0.7

Kazakstan 5 500 505 0.2

South Africa 200 2,500-5,500 2,700-5,700 5.0

Gabon 27 250 277 2.0

Ghana 12 150 162 0.5

Ivory Coast 7 100 107 0.5

Ukraina 140 1,000-1,500 700 0.3

China 44 655 699 3.0

Malaysia 7 14 21 0.2

India 52 380 432 1.0

Brazil 116 450 566 1.7

Burma 11 100 111 0.1
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Other 100 500 600 0.7
Sum on land 840 7,063-11,063 7,903-11,903 16.0
Seafloor 300 2,700 3,000 0
Sum 1,230 9,763-13,763 10,903-16,903 18.6

Table 4.1.3.13 shows estimated global reserves and resources in different scientific studies and survey
reports. Everything has been converted to million ton of manganese metal content. The evolution of
the estimates over time are shown in Figure 4.1.3.2d. From the plot, we estimate that the real extracta-
ble manganese resource is somewhere between 8 billion ton and 12 billion ton of manganese. In the
simulation, we have used 9 billion ton.

Table 4.1.3.13. Estimated global reserves (Known) and resources (Hidden) in different scientific studies
and survey reports. Everything has been converted to million ton of manganese metal

content. The evolution of the estimates over time are shown in Figure 4.1.3.3a.

Hidden ex-
tractable re-

Total re-
source

Known ex- Dugupto URRmil- Seafloor

present lion ton nodules

tractable re-

serves

sources

National Materi- 491 1,995 2,486 92 2,578 5,000
als Advisory

Board 1981

USGS, de Young et | 210 3,120 3,330 114 4,740 -

al., 1984

USGS 1996 - - - - 5,000 -
USGS 2009 - - - - 5,200 -
USGS 2013 210 2,900 3,150 220 3,370 -
Encylopedia Iran- | - - - - 7,000 -

ica 2016

World Ocean Re- | 630 4,310 5,000 220 5,200 5,990
view 2017

USGS 2017 690 3,125 3,715 220 3,915 -
Sverdrup et al., - - - - 5,600 4,160
2017

Sverdrup et al. 1,230 6,673 7,903- 220 8,123- 3,000
(here) 11,490 12,710

4.1.3.5 Setting the extractable amounts

Figure 4.1.3.2 shows the development of estimated ultimately recoverable (a) manganese, (b) chro-
mium, (c) iron and (d) nickel resources with time from data found in the literature (The data has been
listed in Tables 4.1.3.4, 4.1.3.8, 4.1.3.11 and 4.1.3.13).
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Figure 4.1.3.2. The development of estimated ultimately recoverable (a) manganese, (b) chromium, (c)
iron and (d) nickel resources with time from data found in the literature (Tables 4.1.3.4
and 4.1.3.11). We estimate the final URR based on these curves, for nickel to be about
500 million ton, for chromium 3,500 million ton, for manganese, 9 billion ton and iron to
be about 500 billion ton.
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The prediction of the final URR is using relationships discovered in the study on copper, zinc and lead
by Sverdrup et al. (2017). We estimate the final URR based on these curves, for nickel to be about 500
million ton, for chromium to be about 3,400 million ton. For manganese, we estimate it to be maximum
9 billion ton. We estimate the total resource for iron to be about 500 billion ton.

Table 4.1.3.14 shows the estimated ultimately recoverable reserves (URR), starting from 1900. 55%
ore grade implies a range of 65-45% metal weight content (Rich ore grade), 11% ore grade implies a
range 35-8% metal weight content (High ore grade), 2% ore grade implies the range 2.5-1.5% metal
weight content (Low ore grade), 0.5% ore grade implies 1-0.2% metal weight content (Ultralow ore
grade). The distribution among different qualities and the production price connected to ore grade
play an important role, and with this data, extra attention was paid to checking data quality properly.
We assess the ultimately recoverable reserves (URR), the presently extractable amounts, potential re-
sources that may become extractable amounts, division between presently known extractable
amounts and estimated as hidden extractable amounts, all taken from the literature, from scientific
articles and from corporate information. The estimates of URR vary significantly with time, and this is
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depending on many factors. We have estimated URR as extractable amounts plus mined to present.
Global population is together with affluence an important driver of iron demand in the model. Stain-
less steel has chromium, manganese, nickel as alloy metals (Gordon 1996, Eurolnox 2014, Interna-
tional Steel Development Forum 2013, World Steel Association 1999, 2012, 2014a).

Table 4.1.3.14. Overview of important alloying metals for stainless, heat resistant or high hardness

steels. Best estimate according to the compilations made by the authors.

Metal Million ton metal

Fe 56,000 409,000 465,000 45,000 500,000 | 50,000 400,000
Mn 1,480 6,756 8,236 764 9,000 500,000 | 16,000
Cr 440 2,560 3,400 475 3,400 10,000 3,000
Ni 80 390 470 30 500 495 100

Harmsen et al,, (2013) and Hencksens et al., (2014) give total extractable resources as large as here,
but it remains unclear from their publications how those number actually were derived. For nickel
their estimate is substantially larger. Hencksens et al., (2014) estimates the total original nickel re-
source (URR) in the first 5 km of the Earths crust, using all land area above sea, to be 1,800 million ton,
the remaining amount today to be 1,700 million ton, supposedly to have been reported by UNEP in
2011 (Graedel et al., 2011). However, this must be a mistake, as UNEP reported URR for nickel to be
180 million ton. They must have made a mistake and multiplied the resource by a factor of 10! For
chromium, Hencksens et al.,, (2014) reports an estimate of URR of 3,300 million ton, consistent with
our estimates. For manganese, Hencksens et al., (2014) report an estimate of URR at 24,000 million
ton, supposed to come from the UNEP 2011 report. I cannot find that number in that report, so some-
thing is very wrong with that estimate. For iron, Hencksens et al., (2014) report an estimate of URR at
1,400,000 million ton. This was estimated by guessing a depth and guessing a global average content
and conjuring up the number given above. The number is probably a factor of 1,000 off the mark. The
manganese and iron amounts would include all known geological potentials, deep sea manganese nod-
ules as well as the minute amounts found in the worlds soils. This is not a serious estimate. In the same
article, they also report an estimate of URR of 20 million ton for silver, something we do know with
certainty to be an estimate with no basis in reality (Sverdrup et al., 2014a). The costs of extraction of
the lower grades and the very deep potential deposits and the technical unavailability of these re-
sources seems to have been ignored in the studies of Harmsen et al., (2013) and Hencksens et al.,
(2014). The UNEP 2011 report states in the conclusions that the estimates in their report are too unre-
liable for making any estimates of extractable amounts and cannot really be used for sustainability es-
timates, as the extractability question could not be properly addressed (Graedel et al.,, 2011).

Figure 4.1.3.3 shows steel stocks in the past and the future expressed as ton iron metal per person is
shown in the diagram (World Steel Association 2013, Graedel and Erdmann 2012, Rauch 2009). Num-
bers in the diagram are used to set the demand per capita, when we use the global population to drive
total demand. The available data was closely inspected for inconsistencies and averages and adjust-
ments were made when the available sources for input data were not internally consistent.
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Figure 4.1.3.3. Steel stocks in use in society the past and the future expressed as ton iron metal per per-
son is shown in the diagram.
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Source: The figure was plotted from data found in World Steel Association (2013), Graedel and Erdmann (2012), Yell-
ishetty et al., (2012) and Rauch (2009).

Energy use

An approximate estimation of the energy used for mining, benefication, smelting and processing met-
als before they are ready for sale is made. The data used has been shown in Table 4.1.3.15. Total CO2
emissions of a typical integrated steel plant are equal to 1.8 ton CO2 per ton rolled steel coil, of which
1.7 ton CO2 per ton rolled coil is associated with coal use, and the other 0.1 ton CO2 per ton rolled coil
is related to lime use (Birat 2010, Dahmus and Gutowski 2014). Energetics, Inc. (2004) gives the range
of energy use for coke making as 5.5-6.5 GJ per ton coke.

Table 4.1.3.15. Energy required to produce metal from different substrates, a comparison between dif-
ferent metals and pathways from raw material to finished metal. We have also added
the average CO2 contribution from each type of pathway

Metal base Source of product Energy use Steel model CO2
MJ per kg parameter per kg
Iron Scrap iron 6-15 10 1
iron ore 20-25 18 2
bog ore 100-150 120 12
Ore, rich grade 20-30 20 2
Ore, high grade 40-60 44 4.4
Ore, low grade 80-120 88 8.8
Ore, ultralow grade 100-250 120 12
Steel Recycled steel scrap 10-25 10 1
Fresh metals 6-15 10 1
Stainless steel Recycled stainless steel scrap 10-25 12 0.2-1
Fresh metals
Manganese Recycled manganese scrap 10-25 15
Ore, rich grade 30-60 45
Ore, high grade 60-120 60 10
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Ore, low grade 120-250 120 20
Ore, ultralow grade 200-600 220 40
Chromium Recycled chromium metal scrap 10-25 15 1
Ore, rich 90-200 90 10
Ore, high 180-270 180 22
Ore, low 300-670 350 48
Ore, ultralow 900-1,900 900 110
Nickel Nickel metal scrap 140-200 120 12
Sulphide ore, high 230-270 250 25
Sulphide ore, low 630-670 650 32
Sulphide ore, ultralow 1,900-2,100 1,900 150
Oxide ore, high 180-270 180 25
Oxide ore, low 300-670 350 32
Oxide ore, ultralow 900-1,900 900 150

Extraction cost basis

Table 4.1.3.16 shows the approximate cost structure of iron ore production, adapted from the BHP-
Billiton website (Data from 2011). The labour costs are typical for China, the other costs are the same
everywhere in the world. Industrial countries have three-four times higher labour cost. We have used
a factor of 3.5 when scaling the costs from Chinese costs to estimated Australian costs.

Table 4.1.3.16. The table shows the approximate cost structure of iron ore production, adapted from
the BHP-Billiton website (Data from 2011).

Approximate Chinese iron mining and extraction costs, S per ton

Labour costs 111 15.0 30.0

Energy and consumable resource ma- | 13.1 | 13.1 26.0 | 26.0 52.0 | 52.0
terials

Financial costs 3.7 3.7 3.7

Freight and logistics 4.3 2.0 8.6 4.0 17.2 8.0
Taxation 7.0 7.0 7.0
Exploration 0.6 0.6 0.6

Sum on land costs 38.8 | 15.1 60.9 30.0 110.5 | 60.0
Ship to overseas users, excludingen- | 12.0

ergy use

Ship to overseas users, energy input 8.0 8.0 16.0 32.0 32.0 64.0
World market ore cost 58.8 | 23.1 76.9 62 142.1 | 124.0

Approximated Australian iron mining and extraction costs, $ per ton
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Labour costs 39.0 52.0 105.0
Energy and consumable resource ma- | 13.1 | 13.1 26.0 | 26.0 52.0 | 52.0
terials

Financial costs 3.7 3.7 3.7

Freight and logistics 4.3 2.0 8.6 4.0 17.2 8.0
Taxation 7.0 7.0 7.0
Exploration 0.6 0.6 0.6

Sum on land costs 56.7 | 15.1 97.9 30.0 184.5 | 60.0
Ship to overseas users, excluding en- | 12.0

ergy use

Ship to overseas users, energy input 8.0 8.0 16.0 32.0 32.0 64.0
World market ore cost 88.0 | 23.1 1139 | 62 216.5 124.0

4.1.3.6 Model description

For all the metals, mass balance applies:

Mined + Recycled = Accumulated in society + Recycled + Lost irreversibly (4.1.3.1)

“Mined” is what we take from the geological reserves, and there is no other net production of new
metal into the system. “Accumulated in society” is metal kept in society and not lost, and “Lost irre-
versibly” is what is lost in such a way that we cannot retrieve it again, it leaves the system. “Recycled”
refers to metals that are circulated in the system. Recycled is present on both sides of the equation, in-
creasing the internal flux, while the external net input may remain low if recycled is large. The more
we recycle, the less we need to mine to keep the same amount in society. Iron is sold as the physical
metal and we ignore the derivatives trade in our economics model. We assume that the present type of
society with international trade and general rule of law and order as it is today will persist over the
time considered (1900-2400).

The model was developed to estimate supply, extractable amounts stocks, price and stocks, and flow in
society in the time interval 1900-2400. The model has the following stocks used to define the coupled
non-linear differential equations defined by mass balance:

1. Iron
a. Mineable stocks;
i. Known; rich-, high-, low- and ultralow grade ore
ii. Hidden; rich-, high-, low- and ultralow grade ore
b. Insociety, we distinguish;
i. Ironin smelting
ii. Trade market
iii. Stock-in-use
1. Longterm
2. Intermediate term
3. Short term
4. In Stainless steel
iv. Scrapped
2. Manganese
a. Mineable stocks;
i. Known; rich-, high- and low grade ore
ii. Hidden; rich-, high- and low grade ore
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b. In society, we distinguish;
i. Trade market
ii. Stock-in-use
1. In Stainless steel
2. Other
iii. Scrapped
3. Chromium
a. Mineable stocks;
i. Known; rich-, high- and low grade ore
ii. Hidden; rich-, high- and low grade ore
b. Insociety, we distinguish;
i. Trade market
ii. Stock-in-use
1. asalloy
2. in plating and other use
3. In Stainless steel
iii. Scrapped
4. Nickel
a. Mineable stocks;
i. Known rich-, high-, low- and ultralow grade ore
ii. 0-1 km depth; Hidden high-, low- and ultralow grade ore
iii. 1-2 km depth; Hidden high-, low- and ultralow grade ore
iv. 2-3 km depth; Hidden high-, low- and ultralow grade ore
v. 3-4 km depth; Hidden high-, low- and ultralow grade ore
b. Insociety, we distinguish;
i. Trade market
ii. Stock-in-use in other use
1. Longterm
2. Intermediate term
3. Short term
iii. Stock-in-use
1. as plating
2. other
3. In stainless steel
iv. Scrapped
5. Stainless steel
a. Trade market stock
b. Stock-in-use
i. Material in manufacture
ii. Material in use;
1. Slow turnover stocks-in-use
2. Intermediate turnover stocks-in-use
3. Fastturnover stocks-in-use
4. Material in recycling processes
c. Scrap stock

This makes a simple and compact model with 71 coupled differential mass balance equations. In addi-
tion to the mass balances comes equations for ore grades, energy use and summing up of cumulative
amounts of energy use, waste rock and ore grades. The ore is mined from the grade with the lowest
extraction cost. Dependent stocks are cumulative amounts of: mined, amounts rock waste, losses,
smelter slag and ore found by prospecting. The mining activity is profit driven, the profit is affected by
the mining cost and the market price. A lower ore grade implies that more rock must be moved to
mine the iron:
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rMining =k Mining * m?nown * f(TeChnOlogy) * g(profit) * p(yield) (4'1'3'2)

where rMining is the rate of mining, k is the rate coefficient and m is the mass of the ore body, and n is
the mining order. where f(Technology) is a technology improvement function dependent on time,
g(profit) is a feed-back from profits on the mining rate. p(Yield) is a rate adjustment factor to account
for differences in extraction yield when the ore grade decreases. These functions are given exoge-
nously to the model. The rate coefficient is modified with ore extraction cost and ore grade. The size of
the extractable ore body (Known), mK, is determined by the extractions (rMining) and prospecting
(rDiscovery). We get equation (4.1.3.3):

dMgnown
TW = — Tmining T Tdiscovery (41.3.3)

The discovery is a function of how much prospecting we do and how much there is left to find. The
amount hidden resource (mH) decrease with the rate of discovery (rDiscovery). The rate of discovery
is dependent on the amount metal hidden (mHidden) and the prospecting coefficient kProspecting.
The prospecting coefficient depend on the amount of effort spent and the technical method used for
prospecting. We get equation (4.1.3.4):

dMyiaq ,
% = —Tpiscovery = _kProspecting * Myidden * f(TeChnOlOgy) * g(pTOflt) (4.1.3.4)

basic mining comes from profits and availability of a mineable resource used in the model. The rate is
first order as prospecting is three-dimensional by drilling. The basic driving mechanism of basic min-
ing comes from profits and availability of a mineable resource used in the model. The price is set rela-
tive to how much iron or steel there is available in the market. The rate of corrosion of the stock-in-use
ad from scrapped metal are defined as:

Tcorrosion - kCorrosion * Mgstock—in—use (4-1-3-5)

Scrap is both lost physically by dropping it where it cannot be found and by corrosion:
Tscrap loss = — (Kscrap toss + Kcorrosion) * Mscrap (4.1.3.6)
The iron, manganese and chromium ore benefication and subsequent smelting yield is defined as:
Tsmelting supply = Ksmelting yield * TMining (4.1.3.7)

For nickel the equation is somewhat different:
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TNickel = kNi smelting yield * TNickel mining + rNifrom pem t rNifrom Cu (4-1-3-8)

The price is set relative to how much iron or steel there is available in the market. The causal loop dia-
gram shown in Figure 4.1.3.4 maps all significant causal connections in the system for the part of the
model concerning iron. It is important that the links are true causal links and not just correlations or
modelled on chain of events. The causal loop diagram together with the flow chart, defines the model.
The rate is first order as prospecting is three-dimensional by drilling. The causal loop diagram shows
us the mining operation is driven by operations profit. This profit is driven by iron price and amount
extracted, but balanced by the cost of operation. Higher price decrease demand.
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Figure 4.1.3.4. Causal loop diagram for the iron cycle in the model.
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Figures 4.1.3.5-4.1.3.7 show the basic flow chart for iron, manganese and chromium included in the
model. Figure 4.1.3.8 shows the more detailed flow chart used for the nickel module in the model. Fig-
ure 4.1.3.9 shows the more detailed flow chart used for the stainless steel module in the model. The
metals flow from reserves, and when they decline, this may limit stainless steel production. Manga-
nese demand is driven in a large part from both conventional steel making and from stainless steel
production. Chromium demand is driven from electroplating, conventional steel making and stainless
steel production. Iron demand is driven from by world population and economic development in gen-
eral.

Figure 4.1.3.5. Basic flow chart for iron included in WORLDS6.
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Figure 4.1.3.6. Basic flow chart for manganese included in WORLD6
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Figure 4.1.3.7. Basic flow chart for chromium included in WORLD6
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Figure 4.1.3.8. Flow chart for nickel included in WORLDS6.
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Figure 4.1.3.9. Flow chart for metals used in the production of stainless steel in WORLD6, showing the
additions to the model for making alloyed steel using iron, manganese, chromium and
nickel.
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The profit is calculated as the difference between the income and the extraction costs:

Income = Market price * supplied amount (4.1.3.9)
Grades
Costs = Z (Extraction cost; * Amount produced;) (4.1.3.10)
i
Profit = Income — costs (4.1.3.11)

The extraction is stopped for all values of profit less than zero, and scaled up with positive profits. Fig-
ure 4.1.3.10. Shows the cost distribution chart from the nickel industry that was used to set the extrac-
tion cost functions based on the ore grade. The fact that a resource is extractable, does not necessarily
imply that it will get extracted. If recycling is efficient or the price does not reach the level required to
make its extraction profitable, it will stay in the ground. This implies that resource exhaustion may not
occur, but rather lack of demand at the required price or lack of ability to pay at the required price. All
of these are aspects of scarcity.
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Figure 4.1.3.10. A cost distribution chart from the nickel industry was used to set the extraction cost
functions based on the ore grade.
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The Price Model

The general price model applied to manganese, chromium and nickel, it is conceptually the same as
that used for silver, gold, aluminium, lithium, platinum and copper used earlier (Figure 4.1.3.11, see
Sverdrup et al. 2014, 2015a,b, Sverdrup and Ragnarsdottir 2017, Sverdrup 2017 for further explana-
tions).

Figure 4.1.3.11 shows the generic price model applied in the model.
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It can be seen how the price affects demand directly, and supply indirectly by affecting mining profits,
which in turn affects the mining rate, which again affects supply to the market. This pathway has some
delays, causing the price at times to fluctuate for metals with small market stocks that can be mobi-
lized for trade. The implication is that there is not an equilibrium, but that it is the results of market
dynamics between demand and supply (mining and recycling), where price equilibrium may never be
reached fully. The mining cost is driven by two factors in the model, the oil price and the ore grade.
The ore grade determines how much material we must move and treat to make ore concentrate for
extracting the metals.
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Figure 4.1.3.12 shows the price response curve for nickel, showing the relationship between stock in
the market and the market price. We have constructed this diagram by finding data for amounts avail-
able in the market and then found the corresponding price for that day. The data was taken from old
metal market logs not available in any published form.

Figure 4.1.3.12.  The curve for nickel during different time periods showing the relationship between
stock in the market and the market price.
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Figure 4.1.3.13 relates global metal production to metal price on a generalized level.

Figure 4.1.3.13.  The relationship between metal market availability in general and market price, putting
all the data together.
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Figure 4.1.3.4 shows the causal loop diagram for the part of the model concerning iron. The basic fea-
ture is that demand is taken from the market. The amount in the market sets the price, which has a
feedback on supply (higher price gives more mining when the reserves allow this) and demand
(higher prices presses down demand). The supply is increased by increasing the mining of iron ore
and smelting it to iron metal. When we have no data or very few, maybe only one data point for creat-
ing a price curve for a commodity, then we will fit a curve to Equation 4.1.3.12:

Price = k x (Market stock)™  (4.1.3.12)
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We will demonstrate the procedure as follows using molybdenum and cobalt as examples. The same
was done for chromium and manganese.

1. For molybdenum, the following data is available; The London Metal Exchange (LME) stock was
120 ton during March to December 2015, the price was 12,800 $ per ton.

2. For cobalt, there was 400 ton in the LME trade stock in January 2012, the price was then 34,700 $
per ton.

We fitted this information into the diagram for copper, and drew a parallel line as is shown in Figure
4.1.3.14. The figure shows the reconstructed price curve for molybdenum and cobalt, using the copper
curve for help. For molybdenum, we do not have good overlapping data for market stocks and price.
The molybdenum price is for molybdenum oxide.

Figure 4.1.3.14.  The reconstructed price curve for molybdenum and cobalt, using the copper curve for
help. a; Approximation of molybdenum and cobalt price curve, (b) the cobalt curve from

data.
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For manganese and chromium, it has not been possible to find any estimates of market stocks any-
where, but they are important in the model. In December 2015, the price was 2,200 $ per kg for chro-
mium, and 2,000 $ per ton for manganese. In March 2016, it was 1,580 $ per ton. For manganese, it
was 1,630 $ per ton in March 2016. The default equation to use in the model would be:

Price = 300,000 * (Stock)~%>> (4.1.3.13)

When no information is available, this equation will be used as shown below in an example. For some
metals, we do have market stock information can be found; manganese, chromium, cobalt, molyb-
denum and nickel. We may use the average price to back-estimate the average market stock active in
trade and price formation by using the inverse of Equation (4.1.3.13) where k=300,000 and n=0.55.
Some values have been shown in Table 4.1.3.17. Cost distribution chart from the nickel industry (Fig-
ure 4.1.3.10) was used to set the extraction cost functions based on the ore grade. Extraction cost per
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ton is used together with supplied amounts and the price to determine the profit. A similar approach
was used for manganese, chromium and iron.

Table 4.1.3.17.

duction divided by the typical stock size. Production in 2015 in million ton.

Summary of price curve parameters conforming to Equation (4.1.3.15). Ratio is the pro-

Production  Inventory Stock

Millionton  Millionton  location
Iron 1,350 300.000 Society 4.5 2,763,300 | -0.94 @ 0.83
Copper 16.7 0.200 LME 80 115,000 -0.56 | 0.93
Manganese | 18.0 0.300 Producers, LME 60 120,000 -06 | -
Zinc 12.3 0.300 LME 41 116,000 0.77 | 0.80
Chromium 9.0 0.300 Producers, LME 30 180,000 -0.7 -
Nickel 2.5 0.100 LME 25 61,244 -0.38 | 0.76
Cobalt 0.067 0.00015 LME, Strategic stocks 450 21,847 -0.57 | 0.99

Figure 4.1.3.15a shows the causal loop diagram for the calculation of energy use for the stainless steel
production in the model. Figure 4.1.3.15b shows the causal loop diagram for the calculation of total
energy used for the metals used to make stainless steel, and the specific amount used per weight unit,
as it was programmed in the model. The model is based on mass balance expressed differential equa-
tions, and solved numerically with a 4-step Runge-Kutta method, using a 1/512-year time-step in the
integration (daily).

Figure 4.1.3.15.

(a) Causal loop diagram for the calculation of energy use for the stainless steel produc-

tion. (b) Causal loop diagram for the calculation of total energy used for the metals used
to make stainless steel, and the specific amount used per weight unit.
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Figure 4.1.3.16 shows the STELLA diagram for the STEEL module in the WORLD6 model.
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Figure 4.1.3.16.  The STELLA diagram for the STEEL module.

Source: Own Figure, Lund University/University of Iceland
4.1.3.7 Results
Iron

Figure 4.1.3.17 and Figure 4.1.3.18 show outputs from the WORLD6 model simulation outputs for iron,
based on URR set at 500 billion ton extractable iron. Figure 4.1.3.17a shows the mining rate for iron,
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and specified per ore quality. The dots represent the observed mining rate. Figure 4.1.3.17b shows the
demand, the demand after modification by the price, the market supply, the mining rate and the
amount recovered through recycling. Figure 4.1.3.17c shows the extraction of ore amounts, specified
per ore quality in million ton per year. Figure 4.1.3.17d shows the rate of reserve endowment from
prospecting and the prospecting activity itself. When the prospecting no more finds new ore, then pro-
specting is stopped in the model.

Figure 4.1.3.17.  Diagram (a) shows the mining rate for iron, and specified per ore quality. The dots repre-
sent the observed mining rate. Diagram (b) shows the demand, market supply, mining
and recycling rate, diagram (c) shows the ore amounts taken out according to ore qual-
ity. Diagram (d) shows the rate of reserve endowment from prospecting (solid line) and
the prospecting activity itself (dotted line).

3000 3000

25
2500 4000

=]
=]
=1
=]

ua

=1

=1

S

2000
1000

Iron, million ton per year
I
S
S

Iron, million ton per year

1000

u-
=1
=1

=3

1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 1900 1950 2000 2050 2100 2150 2200 2250 2300 2330 2400

Years Years
= =Mining .2.Data — =Rich — =Demand Modified == Supply
= =High Low = mUltral ow = =Mining = = Recycling
a b
8000 sk 1

7000
4k 08

V-
S o
[=T =1
[SIE=1

3k 0.6

04

Iron ore dug out, million ton per year
KLanor Sunaadsolg

Yearly new endowment, million ton of iron
2
]

1900 1950 ‘2000 2050 2100 2150 2200 2250 2300 2350 2400 0

0
Years 1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400
=1= Total ore =:=Rich ore =i = High ore Years
—+=Low ore Ultralow ore —Fe discovery — Prospection intensity
c d

Source: Own Figure, Lund University/University of Iceland

Figure 4.1.3.18a shows known amounts of reserves distributed among ore qualities. Figure 4.1.3.18b
shows the hidden resources distributed among different ore qualities. Figure 4.1.3.18c shows the infla-
tion-eliminated iron price as compared to the available data as compared to available price data. Fig-
ure 4.1.3.18d shows the cumulative amounts found by prospecting, mined, supplied and lost for iron.
The curves suggest that the Factor X is about 1.8 for iron. Faktor X is the ratio between amount sup-
plied and amount mined. Figure 4.1.3.18e shows amount in stock-in-use in society and known ex-
tractable amounts. By 2050, the stock in use will be larger than the known extractable amounts.
Amounts are in million ton of iron. Then we will be in the iron scrap age. Figure 4.1.3.18f shows the
stock-in-use as kg per person and the annual supply in kg per person. It is evident that the world will
not run out of iron in the next 400 years. However, it should be noted that by 2200, all of the rich ore
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grades and most of the high grade ores will be gone. As soon as the rich grade starts to run out, a sig-
nificant rise in iron price should be expected as is shown in Figure 4.1.3.18c. This increase comes from
the increase in mining costs, ore treatment costs and iron extraction costs. The costs also include capi-
tal costs.

Figure 4.1.3.18.  (a) shows the known amount of iron in different quality classes of ore. (b) shows the
amounts hidden in different ore qualities. (c) shows the iron price as compared to the
available data. (d) shows the cumulative amounts mined, supplied, discovered, recycled
and lost. (e) shows amount in stock-in-use in society and known extractable amounts.
Amounts are in million ton of iron. (f) shows the stock-in-use as kg per person and the
annual supply in kg per person.
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Manganese

Figure 4.1.3.19 shows the WORLD6 model simulation results for manganese, based on URR set to 9 bil-
lion ton. Figure 4.1.3.19a shows the mining rate of manganese from different ore grades. Figure
4.1.3.19b shows the full demand from unbridled consumption, the modified demand after adjustment
by price, the supply simulated in the model, the estimated mining rate and the observed mining rate
according to the data. The simulation is recreating the mining rate quite well (r2=0.96). The observed
data were not used to calibrate the model, the mining rate is the result of the demand on the market,
driving the price and thus the profit. The demand is mostly driven by the demand from manufacture of
stainless steel, the demand from production of carbon steels and other uses play a minor role. Figure
4.1.3.19c shows the development of the known manganese reserves over time, they reach a maximum
in 2030, and then decline. Figure 4.1.3.19d shows the amounts of hidden resources of manganese with
time. Figure 4.1.3.19e shows supply of manganese to different sectors in society. Figure 4.1.3.19f
shows the simulated market price for manganese compared to the data. The simulation of manganese
may show different results, depending on the size of the real resource available for mining. The re-
source estimates are uncertain, but we have chosen to use an estimate close to the top of the range (9
billion ton), consistent with the latest findings in the scientific literature. However, any vale for URR in
the range 6-12 billion ton could possibly be defended.

Figure 4.1.3.19.  (a) Mining of manganese from different ore grades. (b) demand, modified demand, sup-
ply, mining and observed mining rate. (c) known reserves of manganese, (d), hidden re-
sources of manganese. (e) the supply of manganese to different sectors, (f) the simu-

lated market price for manganese compared to the data.
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Chromium

Figure 4.1.3.20 shows the WORLD6 model simulation results for chromium, based on URR set to 3.4
billion ton. Figure 4.1.3.20a shows the mining rate of chromium from different ore grades and total
mining as compared to the data. Figure 4.1.3.20b shows the systemic supply, mining and system recy-
cling. The systemic supply and recycling include recycling of chromium as a metal and when stainless
steel is recycled directly, including the chromium inside it. Figure 4.1.3.20c shows the development of
the known reserves of chromium, and Figure 4.1.3.20d shows the hidden resources of chromium with
time. The known reserves show a maximum in 2100. Figure 4.1.3.20e shows the total systemic recy-
cling of chromium as fraction of supply. Figure 4.1.3.20f shows the simulated market price for chro-
mium compared to the data. The price compares well with the observed data. The simulation of chro-
mium may show different results, depending on the size of the real resource available for mining.

Figure 4.1.3.20.  (a) Mining of chromium from different ore grades and total mining as compared to the
data. (b) Systemic supply, mining and system recycling. (c) known reserves of chromium,
(d), hidden resources of chromium. (e) recycling of chromium as fraction of supply, (f)

the simulated market price for chromium compared to the data.
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Nickel

Figure 4.1.3.21 shows the WORLD6 model simulation outputs for nickel with URR set at 500 million
ton. Figure 4.1.3.21a shows the extraction of nickel from different ore grades and secondary sources.
Figure 4.1.3.21b shows the model output for demand, demand modified with the price, the mining
rate, secondary extraction, recycling and indirect recycling of nickel. Figure 4.1.3.21c shows the supply
of nickel to different sectors. Figure 4.1.3.21d shows the systemic supply and systemic demand, show-
ing demand-supply separation. Figure 4.1.3.21e shows the total system degree of recycling, both direct
and what follows as a consequence of stainless steel recycling. Figure 4.1.3.21f the simulation of nickel
price and comparison with the data.
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Figure 4.1.3.21.

Extraction of nickel from different ore grades and secondary sources. (b) Demand, modi-

fied demand, mining, secondary extraction, recycling and indirect recycling of nickel. (c)
supply of nickel to different sectors. (d) system demand, supply, total extraction and re-
cycling, It is showing demand-supply separation (e) the degree of recycling as fraction of
total supply. (f) The simulation of nickel price and comparison with the data.
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=eme Observed

Figure 4.1.3.22a shows the known reserves of nickel and Figure 4.1.3.22b the hidden and known re-
serves of nickel. Figure 4.1.3.22d shows the amounts of waste rock and slag from iron mining and re-
fining. The amounts of waste rock produced in iron mining are very substantial. No account has been
taken of removal of overburden to reach the actual ore body, nor any other waste produced in setting
up supporting structures to the mines.
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Figure 4.1.3.22.  (a) Known reserves of nickel and (b), the hidden and known reserves of nickel. (c) shows
the cumulative amounts Mn, Cr and Ni extracted. (d) shows the amount of waste rock
produced by chromium, manganese and nickel mining, and e shows the amounts of
waste rock and slag from iron mining and refining.
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Ore grade and total amounts

Figure 4.1.3.23 shows the cumulative extracted amounts of Mn, Cr and Ni. The amounts to the year

2400 are for manganese about 6.947 billion ton (URR=9 billion ton), for chromium about 2.536 billion
ton (URR=3.4 billion ton) and for nickel about 462 million ton.

Figure 4.1.3.23.
to 2400.
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Figure 4.1.3.24 shows the predicted ore grades as mining continues to exhaustion for iron, manganese,
chromium and nickel as simulated using the model, compared to the observed ore grades. Decreasing
ore grade cause increased extraction costs, requiring a higher market price. Deceasing ore grades are a
certain diagnostic sign of mine exhaustion. When the decrease is on global scale, the exhaustion risk is
on global level. This is in the process of evolving, and is a very strong warning signal for the future. Ig-
noring such strong signal would constitute gross neglect.

Figure 4.1.3.24.  Ore grades for iron, manganese, chromium and nickel as simulated using the model,
compared to the observed ore grades. Mn, Cr, Ni and Fe are the simulated ore grades by

the model.
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Stainless steel

The model was used to simulate the supply of the individual metals used for stainless steel; iron, man-
ganese, chromium and nickel. The model makes stainless steel from these metals. In the production of
stainless steel nickel is predicted to become limiting metals for production, shifting a part of stainless
steel to chromium-based stainless steel. Figure 4.1.3.25 shows the production rate for stainless steel
and the simulated global stock-in-use for stainless steel. The stock-in-use reach a peak in 2140, and
then decline. Figure 4.1.3.25a shows the production of stainless steel. Shortage will become very pro-
nounced after 2140, when demand can no longer be satisfied. Figure 4.1.3.25b shows a comparison of
supply, production and recycling. After 2140, most supply will come from metal recycling. Figure
4.1.3.25c shows the simulation of the price as compared to the data. Figure 4.1.3.25d shows the degree
of recycling as a fraction of total supply. Figure 4.1.3.25e shows the estimate for stock-in-use and stain-
less steel as waste metal. The long term supply of stainless steel is determined by several factors:
Nickel is a limited resource, and even with very generous estimates of nickel reserves, it may set limits
to how much stainless steel it is possible to make. It can be seen that after 2050, nickel will start to run
out and nickel-based stainless steel production will start to decline after peaking at about 68 million to
per year. This just a decade away with our predicted global population maximum, using the WORLD6
model. The missing amount will be replaced by a simpler chromium-manganese stainless steel alloy.
The available amounts of molybdenum, vanadium, niobium or cobalt are far too small to act as proper
substitutes for nickel. The stock-in-use in society of stainless steel will reach a maximum in 2085, and
then slowly decline. We have plotted extracted amount with time to 2200 AD.
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Figure 4.1.3.25.  (a) shows the production of stainless steel. (b) shows a comparison of supply, produc-
tion and recycling. (c) shows the simulation of the price as compared to the data. (d)
shows the degree of recycling as a fraction of total supply. (e) shows the estimate for
stock-in-use and stainless steel as waste metal.
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Energy use for metal mining, smelting and production

Figure 4.1.3.26a shows the energy use for making the global iron production. Figure 4.1.3.26b shows
the energy use for manganese, chromium, nickel and stainless steel. The average of the range of the
energy values in Table 4.1.3.17 were used for the calculations. The energy needed for these metals (Fe,
Mn, Cr, Ni and stainless steel) amounted to approximately 5% of all global energy available in 2016. By
2060, this will have increased to an amount five times the amount in 2016. It is self-evident that this
will cause a huge demand on energy markets and sending energy prices up. The energy needs for the
iron and steel sector will be most challenging to satisfy in the time after 2100.
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Figure 4.1.3.26.  Diagram a) shows the energy use for mining, benefication, smelting and finalizing pro-
duction of iron. Diagram b) shows the energy use for making manganese, chromium,
nickel and stainless steel. 1 EJ is about 23.9 million ton oil equivalents
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Model validation

Data for mining rates were compared to the total mining rate outputs from the model for iron, manga-
nese, chromium and nickel. Before 1880, lower ore grades were also used as manganese occurred in
proximity to coal deposits, but the total volume was low compared to the whole production, and it
does not show up in the time range we have plotted. Figure 4.1.3.27 shows the simulated ore grades
together with the observed data, and the simulations and the data are consistent. The implications of
declining ore grades for iron, manganese, chromium and nickel has large consequences. The extraction
costs goes up exponentially with declining ore grade. The tests show that the model performs well, the
correlation to observed data is better than r2=0.96 for all the metals. For stainless steel we get
r2=0.98.
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Figure 4.1.3.27.  Comparison between the model outputs and the observed data for the mining rate of
diagram (a): manganese, diagram (b): chromium, diagram (c): nickel. The diagrams show
that the model is quite successful in predicting the mining rate for all the metals.
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Figure 4.1.3.28a shows an estimate of iron ore supply made by the team at Monash University in Aus-
tralia, using a mass flow model (Giurco et al. 2013, Nickless et al., 2014, Mohr et al., 2014). Figure
4.1.3.28b shows our WORLD6 estimate of iron mining from ore, expressed as iron ore amounts (and
not iron metal as our other figures). Giurco et al., 2013 used for iron URR=280 billion ton, we used for
iron URR=500 billion ton. Their curve only runs to 2100 and is truncated prematurely as compared to
our graph. They get a very sharp peak, we get a more rounded shape. The comparison shows that our
study and that of our colleagues in Australia (Monash University, Australia) reach the same conclu-
sions, using different modelling approaches, with respect to the sustainability issues.

Figure 4.1.3.28.  Diagram (a) shows an estimate of iron ore supply, using a mass flow model (Giurco et al.
2013, Nickless et al., 2014, Mohr et al., 2014). This should be compared to diagram (b)
with the output from the WORLD6 model which shows ton iron metal. 2.5 billion ton of
iron metal corresponds to about 4.1 billion ton of iron ore assuming 60% content
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4.1.3.8 Conclusions

In this study, we have come up with substantially larger ultimately extractable resources for manga-
nese, chromium, nickel and iron that earlier studies. These estimates have been achieved by reviewing
a large number of literature sources and corporate documents and adding the amounts up, having
found justification for the numbers used. This sets a new scene for making sustainability assessment,
calling for new simulations using the fully integrated WORLD6 model.
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The tests show that the model can simulate the observed historical mining rates for the period 1900-
2015, based on reserve size, observed mining technology efficiencies and global population. The metal
prices are generated endogenously in the model with accuracy sufficient to get the systemic feedback
from price dynamics right. The model seems to perform well when tested against field data for mining
rates, production rates, ore grades and prices over time. The assessment shows that specifically, nickel
may become a limiting resource for making stainless steel. Figure 4.1.3.29 shows the supply per per-
son and the stock in use for the key metals. The figures reveal that despite a peak supply, the develop-
ment of population predicted at the same time, takes away most of the risk for scarcity.

Figure 4.1.3.29. The supply per person and the stock in use for the key metals.
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For the WORLD6 model with relation to ferrous metals, we may conclude:

1. The WORLD6model performs well in tests on historical data for mine production, market supply,
metal price, ore grade and stock in society during 100 years for iron, chromium, manganese and
nickel.

2. The WORLD6 model performance for production amounts and market prices suggests it is a good
component in the model.

3. The WORLD6 model test on historical data lends credibility to predictions for the future.

For global sustainability we have the following conclusions from this part of the study:

1. Running out of iron, steel and stainless steel on large global scale will make global climate change
appear as a small problem. After 2100, this appear to be a real reality that may happen unless
measures to mitigate it are taken.

2. Energy limitations may become a large issue with iron and steel production after 2100. This will
need future attention from science and policy.

With increased price because of scarcity, we may expect recycling to go up and soften the decline
somewhat. At recycling degrees above 80%, the supply of nickel, chromium and manganese will be
sufficient for a century, but eventually run out.
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4.1.4 LIGHT METALS sub-module ALUMINIUM
4.1.4.1 Introduction

Aluminium is the second most important metal for modern human civilization. In this paper, we will
use integrated model to assess the long term outlook for future aluminium primary production and
supply of aluminium to society. Special attention will be made with respect to recycling and aluminium
conservation and accumulation in society, considering dynamic feedbacks from market mechanisms
and policy. The model developed for this study, generate world market aluminium price internally
from the interactions of demand and supply through market mechanisms.

Fifty million ton aluminium metal per year was produced in 2015 (USGS 2015). Overall the aluminium
production has grown an average of 2.5% per year for the last 25 years. Figure 4.1.4.1a shows the
global aluminium production since 1900 to the present; the price has not gone down with increasing
amounts of production, suggesting that the demand is increasing and taking everything that is pro-
duced (Figure 4.1.4.1b). Historically, primary aluminium production has been gradually made more
energy efficient, and most of the mining is now located in low wage, developing countries. At the same
time, no major change in ore quality has occurred yet. Only iron has a larger mine production than alu-
minium with about 1,450 million ton iron mined per year. Aluminium mining and smelting amounts to
about 50 million ton per year at present. This constitutes 97% of all global metalmaking. Before 1920,
aluminium was produced in insignificant amounts, but with the development of new production pro-
cesses, the metal became important when it could be relatively cheaply produced in large amounts.

Figure 4.1.4.1. (a) Global aluminium production since 1900 to the present; the amounts are expressed
as million ton. (b) The price has not gone down with increasing amounts of production in
the last 3 decades, suggesting that the demand is also increasing and taking everything
produced. (c) The price in dollars is shown in dashed line (same as in (b)), and the solid
line gives price that is inflation adjusted using 1998 as reference.
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Bauxite is the main ore for aluminium, and by far the most cost efficient source of aluminium extrac-
tion. Bauxite, a mixture of aluminium and iron oxides, is dug up from large open pit mines; it formed as
a result of weathering of plutonic rocks in tropical or former tropical areas. Bauxite consists of the
minerals gibbsite (Al(OH)3), boemite ( [AIO(OH)) and diaspore [AIO(OH), and mixed in are kaolinite
(Al2Si5(0H)4), the iron bearing minerals goetite (FeO(OH)) and haematite (Fe203) and small amounts
of anatase (Ti02). Red mud is the waste after refining bauxite to alumina (Al203), and the amounts
produced are very large; red mud is caustic and represents an environmental hazard. It is formed
when bauxite is treated with hot alkali solutions; the resulting aluminium hydroxides are later burned
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to get alumina. This alumina is then reduced in aluminium smelters in the presence of coal, resulting in
roughly 1.2 tons of CO2 for each ton of aluminium metal (e.g. Sverdrup and Ragnarsdottir 2014).

Making aluminium from other ore than bauxite is not economic at present, but may be in the future if
bauxite reserves should run out. A good quality bauxite ore has a low content of alkali metals (CaO,
MgO, Na20, K20), low contents of iron oxy(hydr)oxides (FeO(OH)), Fe203, Fe304) and titanium oxide
(Ti02), and especially low content of silica (SiO2). Bauxite ore quality is in the first stages of declining
reserve quality at present, a diagnostic indicator that identifies a need to asses the future of bauxite
mining and aluminium supply (Alumina Limited 2012). Nepheline (NaAlSiO4), a feltspatoid, is the
only mineral so far used for alumina production (in Russia, about 800,000 ton alumina per year was
produced in 2015); per weight nepheline contains 44% alumina, the Russian ore has 24-28% alumina
bulk content (Smirnov 1996, 2014; Sverdrup 1990). Kaliophilite (KAlSi04) is the potassium end mem-
ber of the same type of mineral and there is a continuous solid solution between them (NaxK(1-x)Al-
Si04); it is an alternative mineral substrates for alumina production. Going on to more tightly bound
alumina-silicates for aluminium extraction would increase the energy costs of the aluminium metal
production significantly. The cost rises proportionally with the alkali metal-oxygen bonding energy of
the minerals. The production pathway is known for aluminium extraction from many aluminium-sili-
cate minerals, but the costs are excessive compared to the present aluminium market price. Although
aluminium is very abundant on Earth, most of it is tighly bound into aluminosilicates, requiring pro-
hibitive amounts of energy to take it out of for example granite rock. Therefore, despite making up 8%
of the crust, most aluminium is unavailable for extracting the metal. Aluminium production depends
on bauxite and feldspatoids that can economically be reduced to metal.

4.1.4.2 Earlier research into modelling of the global aluminium cycle

The Global Aluminium ReCycling model (GARC 2011) was developed by the International Aluminium
Institute. It is a Mass Flow Analysis type of model that uses parallel mass balances that are advanced
one year at a time. This way, time-dependent trajectories are created as an expansion of modified busi-
ness-as-usual versions. It does not involve crosslinking between mass balances and cannot accommo-
date iterative feedback loops in the system. The Mass Flow Analysis models can infer price develop-
ment through statistical correlations, but looped system causalities are not possible in the methodol-
ogy. But for some purposes, they are sufficient and quite practical as they are easy to make.

Ramkumar (2014) made a stock-driven, trade-linked, multi-regional model of the global aluminium
cycle; it is a semi-dynamic econometric model, based on a regression formula calibrated on times-se-
ries. Econometric models normally use statistical relationships instead of causalities and the use of
feedbacks is very limited or not existent. Econometric models are unable to generate commodity
prices from causalities, and can only predict system behaviour that has been previously observed.
Since econometric models operate on statistical correlations, the relationships do not distinguish be-
tween correlation and causation, and may at times represent spurious connections.

Many researchers used Material Flow Analysis modelling for metals, including Bangs (2011), Chen and
Graedel (2012a,b), Chen and Shi 2012, Ciacci et al., (2013), Gang et al., (2013), Hatayama et al. (2007),
Liu and Miiller (2013a,b,c) and Miiller et al. (2014). Mass Flow Analysis models are simplified and nor-
mally linearized models, and can answer relatively simple questions efficiently. However, if we are
asking questions related to causalities, non-linearities and feedback effects, they are not a sufficient
tool for future scenarios.

Recycling and flows were mapped by Hatayama et al. (2009), Liu and Miiller (2013a,b,c), Modaresi et
al, (2014), Rauch (2009), Rauch and Pacyna (2009), Lgviket al., (2014), UNEP (2010, 2011a,b,
2013a,b), McMillan et al,, (2010), Wang and Graedel (2010). They present snapshots of mass flows and
some considerations on how they may change, but these efforts do not model any systems dynamics in
the global aluminium system. They are however very important for validation of the dynamic models
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as they describe past record of flows and stocks and record what happened in the past. Hubbert’s
model was used by Roper 2009, Ragnarsdottir et al., (2011), Sverdrup et al.,, (2013), and Sverdrup and
Ragnarsdottir (2014). Hubbert's model is empirically based and does not include any defined feed-
backs in any way. Hubbert’s model is a very simplified model, and can answer simple questions of pro-
duction in a business as usual scenario.

Several features of the aluminium system cannot be investigated unless we use models that incorpo-
rate feedbacks in the model formulations (Haraldsson and Sverdrup 2004, Sverdrup et al. 2014a,b,
Sverdrup and Ragnarsdottir 2014a,b). Important in the global cycling of major commodity are the fac-
tors involved in market dynamics, such as the connection between market price, trade market stocks,
and the effects of price on supply and demand. These cannot be considered without having a whole
system of feedbacks, which leads to the need for systems dynamics types of models.

4.1.4.3 Scope and objectives

The scope of this study is to create an integrated systems dynamics model for the global aluminium
cycle, based on best estimates on available extractable aluminium reserves, primary production rates,
market supply rates and the global market price. Our objective was to generate the aluminium price
inside the model from market fundamentals and a description of the price formation process, and to
include market mechanisms and the dynamic effect on supply and demand. Feedbacks play an im-
portant role in our model, as it needs to be able to address what happens in the global aluminium cycle
system when the reserves run low or empty, and mining decreases. The ALUMINIUM systems dynam-
ics model presented in this paper assesses the sufficiency and sustainability of the global aluminium

supply.

4.1.4.4 Input data and reserve estimates in particular.

The reserves were estimated using data from the published literature; one important source is the US
Geological Survey’s resources mapping programme. Data and information, qualitative and quantitative
was gathered from a number of sources and earlier studies where it is readily available in open
sources (Osborn 1948, Turner 1990, Fitzgerald et al., 1990, Smirnov and Tikhonov 1991, Smirnov
1992, 1996, Allen and Behamanesh 1994, Gordon 1996, Stockwell 1999, Norgate and Rankin 2000,
2002, Heinberg 2001, Dahlstrém et al., 2004, Bardi 2005, 2007, 2008, 2009a,b, 2013, Gordon et al.
2006, Cohen 2007, Johnson et al. 2007, Rauch and Graedel 2007, Tran 2007, Wang et al. 2007, Bardi
and Pagani 2008, Radetzki 2008, 2012, Brewster 2009, Geoscience Australia, 2009, Rauch and Pacyna
2009, Roper 2009, Rauch 2009, MinEx Consultants 2010, Morrigan 2010, McMillan et al. 2010, Wang
and Graedel 2010, Crowson 2011, Fischer-Kowalski et al. 2011, Bangs 2011, GARC 2011, Graedel et al.
2011, Ragnarsdottir et al. 2011, Chen and Graedel 2012, Cullen et al. 2012, ICMM 2012, Norsk Hydro
2012, Wiibbeke 2012, Gang et al. 2013, Liu et al. 2011, 2013, Liu and Miiller 2013a,b, Liu et al. 2013,
Ciacci et al. 2013, Campbell 2013, Lgvik et al. 2014, Miiller et al. 2014, Nuss et al. 2014, International
Energy Agency 2014, Ramkumar 2014, Reck and Graedel 2012, Wells 2014, Stanway 2014, Sverdrup
etal. 2013b, UNCTAD 2000, UNEP 2011a,b,c, 2013a,b,c, USGS 2005, 2007, 2008, 2013, United Nations
2003, World Aluminium Association 2012, 2014). We assess the ultimately recoverable aluminium re-
serves (URR), as the presently extractable metal amounts along with potential resources that may be-
come reserves at increased prices; we also assess the division between presently known extractable
amounts and estimated as hidden extractable amounts, by reviewing the available scientific literature
and from corporate information (Heinberg 2001, Rauch and Pacyna 2009, Rauch 2009, Singer 2010,
2011, 2013). The estimates of URR vary significantly with time, and depends on many factors. The ex-
tractable amounts may be adjusted based on renewed assessment of how recoverable a resource is, as
well as be reassessed based on purely political aspects. We have defined extractable amounts as a re-
source that is extractable physically, provided the extraction price can be paid. Resources are deposits
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with aluminium contents that could perhaps in theory be extracted, but where the extractability has
not been assessed. The reasons for this may be several, often because they are far outside technical
reach, that they are very expensive to extract or somehow blocked from exploitation.

Nepheline is an alternative source for aluminium to bauxite. The known and anticipated global nephe-
line reserves are considerably smaller than the bauxite reserves (Tables 4.1.4.1-2). In this study URR is
distributed between the quality classifications high grade, low grade and nepheline ores. As the alu-
minium extraction efficiency with declining ore grade ultimately goes down, URR will converge on a
final limit with time (Sverdrup et al. 2014b). When the ore grade goes down, we will have to handle
larger and larger amounts of rock and the mining cost will go up (Sverdrup et al,, 2014b, Mudd 2012,
Tilton 2002, 2007, 2009, 2012).

Table 4.1.4.1. Distribution of the world’s recoverable amounts of aluminium ore in tons, the ore
grades used in the ALUMINIUM model simulations. These are the extractable amounts
as estimated for the year 1900 before the large expansion in aluminium production be-
gan. Amounts are in million ton aluminium.

Known Hidden Total Detected bauxite, but considered
amounts amount amounts as unavailable resources for min-
ing

High Quality 300 9,700 7,000 8,400

Low Quality 400 9,600 10,000 12,500

Nepheline and other minerals 200 3,000 3,200 25,100

Sum 900 22,300 23,200 46,000

Table 4.1.4.2. All known aluminium extractable amounts make up 16.2 billion ton, dug up aluminium is

1.9 billion ton, giving an URR of about 18.1 billion ton expressed as aluminium metal in
this estimate.

ENEIES Resources, Sum of Country Amount fully  Potential re-
fully ex- unassessed all extractable sources,
ploitable access to unassessed
extraction access to ex-
traction
Vi- 11.000 5.400 16.400 | Greece 0.600 0.650 1.250
etnam
Guinea @ 7.400 8.600 16.000 | Suriname 0.600 0.600 1.200
Aus- 6.200 7.900 14.100 | Venezuela 0.320 0.350 0.680
tralia
Brazil 3.600 2.500 6.100 Russia 0.200 0.250 0.450
Ja- 2.000 2.500 4.500 Sierra Leone | 0.180 0.250 0.430
maica
India 0.900 1.400 2.300 Kazakstan 0.160 0.450 0.610
Guy- 0.850 0.900 1.750 Others 3.300 3.800 7.100
ana
China 0.830 2.300 3.130 Sum 34.600 38.000 72.600
Aluminium 16.200 17.900 34.100
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Here we estimate URR as the sum of the presently recoverable amounts plus what has been mined to
present (Table 4.1.4.3). Table 4.1.4.1 shows the distribution of aluminium ore expressed as aluminium
content, distributed among known reserve qualities and estimated hidden amounts in ton. URR has a
range from 15 billion ton aluminium to as much as 46 billion ton aluminium depending on the inter-
pretation of the data. Mining costs are strongly connected to energy prices as expressed by for exam-
ple the oil price. The lower the ore grade, the less metal is recoverable from the metal ore deposits in
terms of yield. This puts an upper limit on the possible operational size of the URR (Lenzen 2008, Prior
etal. 2013, Sverdrup et al. 2014a).

Table 4.1.4.3. Different estimates of the total aluminium resources as a basis for mining of alumina ac-
cording to the literature listed in the text. The reserve base is available as extractable,
but only with higher extraction costs and more mining waste.

Source Million ton expressed as aluminium

Roper (2009) - - 40,000 18,800 1,900 20,700
USGS (2011) 29,000 13,700 44,000 20,700 1,900 22,600
Rauch (2009) - 16,000 34,040 - 1,900 17,900
Norsk Hydro (2012) 29,000 13,700 65,000 30,550 1,800 46,050
Averages 29,000 14,470 49,900 23,350 1,900 26,813

Input for the global population size to the demand calculation was derived using the FoF-model (Rag-
narsdottir et al. 2011, Sverdrup and Ragnarsdottir 2011). The FoF-model uses a model similar to the
standard UN population model (UN 2003), but it has been enhanced with a food production module
limited by available phosphorus supply (as a food proxy). The available ore deposit data was inspected
for inconsistencies and adjustments were made when the available input data were not internally con-
sistent. We had to make expert judgment about what are the most likely parameter values to use on
some occasions. Aluminium has a specific density of 2,700 kg per m3, whereas for steel and iron this is
about 7,900 kg per m3. In replacement, because of strength and density differences, 1,000 kg of steel
can be replaced by approximately 500-600 kg of aluminium.

Table 4.1.4.1 shows the distribution of the world's recoverable amounts of bauxite ore in tons of alu-
minium, distributed to ore grades as we have set it up in the ALUMINIUM model for starting the runs.
Table 4.1.4.2 lists aluminium reserves, either proven or highly probable, by country according to the
literature cited above in the text.

Table 4.1.4.3 shows estimates of the global aluminium reserves by different authors at different times
(Roper 2009, USGS 2011, Rauch 2009, Rauch and Pacyna 2009, Norsk Hydro 2012). A general impres-
sion given by many published studies of aluminium reserve estimates, is that there is a lot of alumin-
ium deposits, but many of these are probably not economic or technically viable reserves, even at sub-
stantially higher aluminium prices. The stock-in-use in society is about 500-700 million ton, and we
estimate that 1,800-1,900 million ton aluminium has been dug up and produced to metal. This sug-
gests that we have retained as stock in society about 40-50% of the mined aluminium.

Energy plays an important role for evaluating the impact of aluminium production and for evaluating
to which extent the aluminium production can be increased and whether aluminium can be a substi-
tute for other materials like iron, steel, stainless steel, copper, bronze or zinc alloys. The energy use for
iron and aluminium production in MJ per kg metal (Smirnov and Tikhonov 1991, Smirnov 1992, 1996,
Norgate and Rankin 2000, 2002) is shown in Table 4.1.4.4. This data was used as input to the model
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simulations. Aluminium is tightly bound to oxygen in the ore and in the rocks where it occurs
(Sverdrup 1990). Bauxite is one of the minerals where the extraction energy cost is the lowest. Work-
ing from recycled aluminium uses 5-8% of the energy for making aluminium from bauxite ore to metal.
The cost of recycling metal from metallic scrap is similar for iron and aluminium, but as soon as the
material is derived from ore, the difference is large. The energy cost of making steel from ore is only 7-
12% of that of making aluminium from bauxite ore, and this explains why aluminium is more expen-
sive than iron.

Table 4.1.4.4. Energy need for different metal production pathways, depending on starting raw mate-
rial and final metal product. 1 MJ =2.388 *10-5 ton oil equivalents.

Metal made  Pathway from Energy need Multiple of the least energy de-
MJ/kg manding step
Aluminium Recycled aluminium scrap 11-17 1
High quality bauxite 227-300 20
Low quality bauxite 250-342 25
Nepheline rock 250-350 30
Muscovite or feldspar rock 500-1,400 65
Steel Recycled steel scrap 6-15 1
Iron scrap 20-40
Iron ore plus alloy metals 40-100 7-10
Iron Iron ore 20-25 3
Bog ore 100-150 16

Figure 4.1.4.2a shows the population from the FoF-model (Ragnarsdottir et al. 2011, Sverdrup and
Ragnarsdottir 2011), used as input to set world market aluminium demand. The population size goes
through a maximum this century and then declines, caused by phosphorus shortages. Our model
stricter than the United Nations population model, which assumes that there will never be any re-
source limitations affecting population growth (birth rate, mortality rate). The FoF-model is less strict
than the Limits to Growth model population outputs (Meadows et al. 1972, 1992, 2005), which related
population size to bulk available resources in general. The aluminium demand is driven mainly by
population size and the affluency. Higher price acts as a brake on demand. Figure 4.1.4.2b shows the
stock in use per person in the world, expressed as kg per person. Here we give stocks in use in differ-
ent countries are for 2013, with the saturation level and time of saturation in brackets: USA 540
kg/person (600 kg/person, 2020), Netherlands 500 kg/person (540 kg/person, 2020), Germany 410
kg/person (540 kg/person, 2023), Australia 370 kg/person (460 kg/person 2023), Japan 320 kg/per-
son (350 kg/person, 2018), France 240 kg/person (380 kg/person, 2030), Great Britain 220 kg/per-
son (380 kg/person 2030), China 55 kg/person (380 kg/person, 2035), India 7 kg/person (250
kg/person, 2080). At a stock-in-use level above 400 kg aluminium per person, the demand seems to
stagnate towards the maintenance supply for infrastructure and short-term consumption (Figure
4.1.4.2b). The current global average stock is estimated at about 90-121 kg/person.
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Figure 4.1.4.2. (a) Earth population as a function of time. The population was derived from a FoF-model
run (Ragnarsdottir et al. 2011, Sverdrup and Ragnarsdottir 2011) and used for input to
the ALUMINIUM model. Note that this differs from the standard UN estimates that for
political reasons do not allow any food restrictions to populations growth. (b) Aluminium
stock in use per person in the world, expressed as kg per person. This was used to gener-
ate the demand used as input data to the ALUMINIUM model.
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4.1.4.5 The ALUMINIUM model

Figure 4.1.4.3 shows a simplified flow chart for aluminium for 2000. The numbers adopted using data
from Rauch and Pacyna (2009), Rauch (2009) and others and fitted to the structure of the ALUMIN-
[IUM model. The ALUMINIUM model is based on mass balance expressed differential equations, and
solved numerically in STELLA with a 4-step Runge-Kutta method, using a 0.02 year time-step in the
integration from 1900 to 2400. The ALUMINIUM model a number of stocks and flows:

1. Extractable amounts aluminium
a. High quality ore expressed as aluminium (low silica content)

i. Hidden
ii. Known
b. Low quality ore expressed as aluminium (higher silica content, some contaminants)
i. Hidden
ii. Known

2. Insociety
a. aluminium trade market stock
b. stock-in-use aluminium in society
c. scrapped aluminium not yet lost or recycled
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Figure 4.1.4.3. Flow chart for the aluminium system in 2000. The numbers are stocks in million ton alu-
minium (boxes), and flows in million ton material (bauxite, alumina, waste, after refin-
ing: aluminium except for alumina waste) per year (arrows). This structure is mirrored in
the STELLA version of the model.
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The basic driving mechanism of mining comes from profits and availability of a mineable reserve used
in the model, but affected by the mining cost and how that is modified with capital costs, oil price and
ore grade. A lower ore grade implies that more rock must be moved to mine the aluminium. The impli-
cation is that a higher aluminium price is necessary to keep the aluminium production up. The price
must stay above the production costs and is set by the amount in the trade market. The amount in the
trade market depends on the balance between deliveries into the market from production and the
shipments from the market, in response to world market demand. The causal loop diagram in Figure
4.1.4.4 shows how the mining operation is driven by profit. This profit is driven by the aluminium
price and aluminium amount extracted, but balanced by the cost of operation. The cost of operation is
mainly determined by two important factors beside cost of investments, the energy price ad the ore
grade. The price in the model is set by the amount in the market and the fact that it must stay above
the production costs. It depends on the balance between deliveries into the market from production
and the shipments from the market in response to world market demand. The price also drives the
urge for recycling of aluminium stock from society. The demand is driven mainly by population size
and the affluence of society. Higher price acts as a brake on demand.
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Figure 4.1.4.4. Causal loop diagram of the price model used in the ALUMINIUM model. The model has a
core reinforcing part, market with an R. It is surrounded by two coupled balancing loops,
marked with B. To one side, the balancing loop has two coupled balancing back-loops.
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The pricing mechanism in the model has been adjusted to how the aluminium market has worked in
the past and how it has recently changed. Metal trading is supposed to operate as follows: The traders
come to the trading floor with their lots to sell or to buy, and adjusts their sales or purchase amounts
as the price goes up and down. If demand is higher than production, the price goes up; in the opposite
case the price is moved down. This is a self-adjusting mechanism that balances the trade by adjusting
the prices until the demand to buy an amount at a price match the offers to sell an amount at a price.
The buyer offer to purchase more at a lower price or less at a higher price, and the sellers offer to sell
less at a lower price or more at a higher price. When the price and amount match, the price is set. This
is based on personal observation on the trading floors at the metal markets in New York and London
by the authors. Figure 4.1.4.5 shows the ALUMINIUM model as a causal loop diagram for the whole
world aluminium system. In the model, the aluminium ore is divided into two qualities: one high qual-
ity bauxite grade with low content of silica as an impurity in the alumina; and the other one low quality
with higher silica content, making it more expensive to reduce to aluminium. It consists of low grade
bauxite and other types of low grade alumina and nepheline.
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The aluminium model shown as a causal loop diagram for the whole world aluminium
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4.1.4.6 Results
Outputs from the ALUMINIUM model

Figure 4.1.4.6 shows the past and future aluminium mining rate, expressed as aluminium primary pro-
duction from bauxite ore, and supply to the market. The dots represent the observed primary produc-
tion rate (“aluminium mining”). Figure 4.1.4.6b shows the primary production as compared the
amount recycled from society and to the total supply to markets. Figure 4.1.4.6c shows cumulative dis-
covery or extractable amounts, cumulative mining, cumulative supply to society and cumulative losses.
Note that the supply to society is considerably larger than the amount mined, because of significant
recycling. Figure 4.1.4.6d shows the mining from high and low quality reserves, low quality is priori-
tized down as long as good quality ore is available. Note that after about 2020, recycling is predicted to
become the most important source of aluminium. That will be the time of scrap aluminium.

Figure 4.1.4.6. Diagram (a) shows the total mining and compares observed mining (open circles) and
ALUMINIUM model output. Diagram (b) gives the total mining amount, the total supply
into the market, and how much comes from recycling. Diagram (c) shows cumulative
amounts mined, cumulative supply, cumulative discovered and cumulative losses, ex-
pressed as million ton aluminium content. Diagram (d) shows the reserves in the ground,
high quality hidden and known, low quality hidden and known and how they develop
over time. Amounts are million ton aluminium.
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Figure 4.1.4.7a shows an overview over the development of the reserves of aluminium in bauxite,
known extractable amounts, hidden extractable amounts and all extractable amounts. Figure 4.1.4.7b
shows the cumulative amount of red mud produced from 1900 to 2400, expressed in million ton. Red
Mud is a waste by-product of alumina production. Red mud is at present either dumped in nature
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(10%), stored in ponds (30%), and stored as dewatered dry piles (60%) that can be reclaimed as land.
Normally, bauxite ore contains about 20% aluminium. About 50% of the alumina weight will be con-
verted to aluminium metal in the smelter. Thus, to produce 50 million ton aluminium per year, about
250 million ton of bauxite per year is needed, and 200 million ton wet or solid waste is created (Figure

4.1.4.7b).

Figure 4.1.4.7. Diagram (a) shows total known aluminium in the total known and hidden extractable
amounts. All amounts are million ton aluminium metal. Diagram (b) shows the cumula-
tive amount of red mud produced from 1900 to 2400, expressed in million ton red mud
waste material.
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Figure 4.1.4.8a shows the trade market size, the amount scrapped and the amount in the trade market.
Figure 4.1.4.8b shows the ratio of recycled material to the flux into the market. The large stock in soci-
ety allows for a high degree of recycling, even after the mines become exhausted. After 2050, more
than half the aluminium metal supplied to society will come from recycled metal (Figure 4.1.4.8b).
Overall, today a much smaller proportion is recycled aluminium as we are still building up the stock-
in-use, making the recycled fraction appear as low. The recycling rate is frequently urged by state au-
thorities to do more, helping to keep the recycling higher than what just money and market mecha-
nisms alone can do. Such campaigns are taking place in many countries at present. Factor X which is
defined as the ratio of the internal flux to the net systems input. Factor X has a value of about 2 to 2.5
until about 2020, when it slowly increases to reach a maximum value of 5 around by 2250.

Figure 4.1.4.8.

Diagram (a) shows the ALUMINIUM model outputs for stock-in-use, scrapped metal

stock and aluminium market size. Diagram (b) shows the factor X, and the ratio of recy-
cled material to the flux into the market.
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Figure 4.1.4.9a shows the stock-per-person, the supply per person in kg per person and year and the
target aluminium demand. The simulation shows that stock per person and supply per person will flat-
ten out and stay constant from about 2045 to 2400. Outputs from the ALUMINIUM model (Figure
4.1.4.9a) suggest that aluminium production will not grow forever, but it will stop at a saturation level
of 280 kg/person, a supply of 16 kg per person per year. For comparison, the level of Germany is 410
kg/person, Britain is 220 kg per person and France is 260 kg per person. After 2100, the aluminium
market reaches a high level and remains there for a substantial time into the future (UNEP 2010,
2011a,b, 2013a,b). Rauch (2009) mapped stocks-in-use for aluminium, iron, copper and zinc and re-
lated this to GDP for some countries. He found that the stock in use was linearly proportional to the
country’s GDP. Stock of aluminium in use was equal to 13.5*106*GDP. This suggests that the de-cou-
pling presented by Fischer-Kowalski et al. (2011) is in reality not taking place for aluminium, and
when all externalities are taken into account and have been brought into the model, thene there is no
decoupling of primary value production with respect to natural resources. Figure 4.1.4.9b shows the
simulated world market aluminium price as compared with the observed data. We get r2=0.81 which
is very good, and confirms that we can make valid use of the price predictions inside the model to
drive dynamic market feedbacks on demand, supply and production.

Figure 4.1.4.9. Diagram (a) shows the stock-per-person simulated by the ALUMINIUM model, along
with the supply per person and the target demand in kg per person. Diagram (b) shows
the ALUMINIUM simulation of the aluminium price with the observed data added in
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The ALUMINIUM model operates with two ore qualities and the diagram shows the development of
average ore quality with time. The best ore is mined first, and this causes the ore quality to go down
with time. The high quality ore contains about 20% aluminium, we have set the low quality to have an
average content of 5%. We can see in Figure 4.1.4.10 that after 2100, the ore quality will start to de-
crease. This is an indicator for increased cost of production and increased world market price for alu-
minium. At some point it may become more cost-competitive to mine the large stock-in-society.

180




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

Figure 4.1.4.10.  Simulated development of ore quality with time
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Model field test on data

We have tested the model on data from the past (1900-2015), in order to assess whether the model
has a reasonable performance. Since the ALUMINIUM model reliably reconstructs the observations of
the past, then it can be used with confidence for future predictions (2015-2400) and for scenarios. We
have tested the ALUMINIUM model performance on several aspects:

1. Mining rate with time as recorded 1910-2015 (USGS 2014) (Figures 4.1.4.1, 4.1.4.6a and
4.1.4.11a)

2. The estimated stock in society ( Table 4.1.4.5 and Figure 4.1.4.11b)

3. The development of the world market aluminium price (USGS 2014) (Figures 4.1.4.9b and
4.1.4.11c)

4. The recycling rate as a percentage of total supply to the market (Figure 4.1.4.8b and Table
4.1.4.5)

5. The known extractable reserve at present (Table 4.1.4.5)

For the estimated stock in society we use data by UNEP (2010, 2011a,b, 2013a,b), Rauch and Pacyna
(2009), and Rauch (2009), (Table 4.1.4.5). Figure 4.1.4.11a shows a comparison of observed and simu-
lated aluminium mining rates. The correlation coefficient is r2=0.97, it is hard to do better. The pro-
duction curve shows no sharp bends and the test is not difficult. Figure 4.1.4.11b shows a comparison
of observed stock-in-use and stock-in-use simulated by the ALUMINIUM model. The correlation be-
tween observed stock-in-use and that simulated by the model is r2=0.96. The correlation for the price
simulation (Figure 4.1.4.11c) is reasonable, considering how sensitive the price mechanism is to
changes, we get r2=0.81.
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Figure 4.1.4.11. Comparison of observed and simulated mining rates. Diagram (a) shows fit with data
(circles) over time. All amounts are million ton aluminium. Diagram (b) Comparison of all
available observed data for stock-in-use and the stock-in-use simulated by the ALUMIN-
IUM model. Diagram (c) shows a comparison of observed value-adjusted aluminium
price (circles) and the ALUMINIUM model simulated price.
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Table 4.1.4.5 shows further tests on individual points in time. For some types of aluminium products,
the recycling rate can be very much higher, such as beverage cans or scrap generated internally in
manufacturing industry (Liu et al. 2013a,b, Lgvik et al. 2014). It is estimated that the total extractable
resources are at least 55-75 billion metric tons bauxite when assumed but yet undiscovered bauxite
resources are included. In recent years, prospecting has increased the reserves more rapidly than the
rate of extraction: from 1995 to 2011, 2.7 billon metric tons bauxite were extracted, but in that time
the reserves increased from 23 billion metric tons bauxite to 29 billion metric tons bauxite (Norsk Hy-
dro 2012). The average of data on extractable bauxite for 2014, requires the model to start with the
rights size for URR, have a reasonable distribution between known and hidden, and make reasonable
predictions for discovery and mining.

Table 4.1.4.5. ALUMINIUM model tests on individual points in time for some parameters

Source of information Total Stocks Known Stocks Recycling
amount ex-  in use, mil- reserves, inuse, ratio
tractable lion million kg per %
bauxite ton ton per-

son

Rauch and Pacyna (2009), for year 2002 493 16,000 76

Rauch (2009) for year 2000 504 80

UNEP (2011) in year 2011 560 80 25

Aluminium Association, in year 2011 32

Ramkumar (2014) in year 2014 710 97

USGS (2013) in year 2012 22,300 7,000

Liu et al. (2013) in year 2005 636 94

Norsk Hydro (2012) for 1950-2011 29,000 694 10,000 100 18-28

Average of data 25,650 600 11,000 88 25

ALUMINIUM model in year 2014 22,400 710 9,700 98 25-30
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4.1.4.7 Discussion
On the prospect of aluminium scarcity

If we combine the ALUMINIUM model outputs (Figure 4.1.4.6) and the Hubbert’s model (Figure
4.1.4.12), they suggest peak production to occur somewhere in the period 2025-2050. The ALUMIN-
IUM model suggests that the supply curve reaches maximum about 2080-2090. The supply to society
will slowly decline after the peak, and the supply level of 2014 will be reached in the times around
2275 AD (See Figure Figure 4.1.4.6b).

Figure 4.1.4.12. Hubbert’s model assessment for aluminium extraction from bauxite.
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[t is apparent from our study that there will be no aluminium shortage in the near future, and the alu-
minium price is predicted to stay stable on a relative scale for a long time. Only in the very long per-
spective, after 3000 AD will the bauxite reserves have been used up at the present rate of depletion
and the stock-in-use been depleted by recycling and lower replacement rates. However, before that
happens, the ore quality will decline (Figure 4.1.4.10). Based on field fact, the best ore qualities are
mined first, causing ore quality to go down. Whether the aluminium supply is sustainable depends on
this perspective on time. The reserves of bauxite are still increasing as a result of prospecting, suggest-
ing that we are maybe 20 - 40 years from a definite peak production. Resource scarcity manifests itself
gradually through four stages:

1. The first stage comes immediately when the peak has been reached, when demand still goes up,
but production is flat or slowly declining. The scarcity is manifested through increased prices.
There will be no material shortage, as increased prices will simultaneously decrease demand. A
diagnosticindicator is that even if prices go up, production cannot be increased above the former
demand (2050-2100).

2. The second stage is when the production decreases, and the price will further increase and there
will be capacity limitations to supply. Demand will be further decreased by high prices, but be-
cause of limited reserves, supply will not go up because of increased prices (2100-2250).

3. Later, at an advanced stage of extractable resources decline, the ore quality also goes down,
pushing production prices up (Figure 4.1.4.10, from 2130 to 2200). To make 50 million ton alu-
minium per year from a 5% grade ore instead of a 20% grade ore will increase the waste created
from 250 million ton per year to 1,000 million ton per year. It is self-evident that that increase
in waste will cost money to produce, transport and safely store.
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4. The last stage is when the production has gone down significantly, and material supply is re-
stricted, making practices of mass consumption impossible (2250-2400).

Energy, decoupling and substitution

There is another element that relates to iron and copper. Aluminium may replace these two metals in
some of their applications, but far from completely. The production of iron is 1,450 million ton per
year, whereas aluminium mining is about 50 million ton per year, the total aluminium supply to soci-
ety is about 100 million ton per year. It can be seen that aluminium would never be able to replace all
iron. Iron may become more expensive after 2100, and if aluminium should be replacing iron on a
large scale, then the aluminium supply situation may change completely. If we assume for a hypothet-
ical argument that we can replace half of all iron with aluminium, it would require 670 million ton iron
to be replaced by about 300 million ton aluminium. The energy requirement would rise from 670 mil-
lion x 1,000 x 22 M]/kg = 14.5 trillion M] to 300 million x 1,000 x 230 M]/kg = 69 trillion MJ], which
would be 4.8 times more energy. Aluminium takes up about 2.7% of the global energy expenditure to-
day, and increasing this to 13% in a time when fossil fuels supply will go down, seems more than what
would be feasible in reality.

At present, the reserves to production ratio is about 400 years for aluminium, but doubling the pro-
duction to 100 million ton aluminium per year would cut that ratio to half; increasing it to 300 million
ton aluminium per year would reduce the reserve to production ratio to 60 years and the production
would demand 36% of the present global energy production. It is self-evident that we simply do not
have the available energy for such an amount of aluminium production, nor do we have the aluminium
reserves to sustain it for any length of time. Then scarcity and high prices may definitely be a future
prospect even for aluminium. Copper production is about 16 million ton per year, total copper supply
to the market was about 28 million ton per year in 2014 and copper will soon pass through peak pro-
duction and decline after about 2025-2035 (Sverdrup et al. 2014a). If this is to be replaced with alu-
minium, then aluminium production must increase with 8-10 million ton aluminium per year. The re-
sult of our analysis is that the realism of substitution seems to be limited for the big volume metals.
Imagine an extraction rate 5 times the aluminium extraction rate of today (everyone has as much alu-
minium as every American citizen, implying a global extraction of 250 million ton per year), then the
aluminium reserves will have been exhausted by the year of 2200.

Figure 4.1.4.13a shows the energy demand for all aluminium produced, usinging the values shown in
Table 4.1.4.4, to calculate the total energy use for aluminium production over time. Figure 4.1.4.13b
shows energy use for the amount recycled aluminium, the high grade and the low grade mining contri-
butions, and the sum of all used to supply aluminium. It can be seen that the energy use per ton alu-
minium decrease with time as the contribution from recycling becomes larger. Then the energy use
decreases faster than the production decreases. In 2014, the energy use for aluminium production was
0.320 million ton oil equivalents per year, at the peak in 2050, it will be 0.44 million ton oil equivalents
per year. In 2014, the global oil production was 3,700 million ton oil equivalents, the global energy
production was 12,400 million ton oil equivalents. Aluminium production requires the energy as elec-
tricity, and the energy use for aluminium is about 50% of all hydroelectricity produced in 2014. Of
note is that when hydrocarbons are used for electricity generation, but the efficiency in conversion is
at best about 40%, and normally this ends up at closer to 30%. If all the aluminium were to be supplied
with fossil fuels energy, it would consume about 8% of the total global energy. A significant shortage of
fossil fuels predicted by Campbell (2013) after 2080-2100 may upset the aluminium production sys-
tem and cause significant metal price rises, caused by both energy availability limitations and in-
creased energy price.
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Figure 4.1.4.13.  The total energy use for aluminium production over time. Diagram (a) shows the total
energy use in million ton oil egivalents, and the energy use per aluminium weight unit
produced. Diagram (b) shows energy use for the amount recycled aluminium, the high
grade mining, the low grade mining and the sum of all energy used to supply aluminium.
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Recycling

The recycling rates given by the ALUMINIUM model are about the same as what is reported in the lit-
erature. For some items like beverage cans, the recycling rate is high; for lots of other uses such as for
example packaging, it is sometimes non-existent. The present observed recycling estimates are offset
by the fact that much aluminium is still being built into our infrastructures, and thus will eventually be
recycled, but only after a delay of many decades (Hatayama et al., 2007, 2009). The retention time in
society seems to be on the order of several decades, or 30-60 years. However, aluminium in daily con-
sumer goods like beverage cans, only have a market life in terms of weeks or months, and even if recy-
cling in cans is 85%, that is still not good enough to prevent loosing all the aluminium in that cycle
within months. For such high turnover use, an alternative is to use have even higher recycling or
change material altogether.

Time, long term perspectives and sustainability

For some few people, 100 years is within living memory, and it is the minimum time horizon of profes-
sional pension fund management. For our children and grandchildren, these longer perspectives are
important (Leslie 1998, Macintosh and Edward-Jones 2000). For aluminium, the delays in the system
are long and scenarios that run to the year 2400 seem appropriate. We know for a fact that the princi-
ple of mass balance will be valid 400 years into the future. We know that if we think about sustainable
society, then a number of basic conditions must be in place, setting our assumptions at known posi-
tions for a very long time (Tainter 1988, Leslie 1998, Diamond 2005). We assume that society will be a
civilized society under rule of law and democracy. If we put aside wishes for miracles to occur, then we
must assume that what we know today will be known then, and that must be sufficient to solve the sit-
uation that may come up and the problematic issues that may occur (Kennedy 1987, Diamond 2005).
Some of these issues we know all too well (global chemical pollution, climate change, land degrada-
tion), and we know that they have long delays.
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4.1.4.8 Conclusions

We conclude concerning the aluminium supply, stocks in use and ore reserves as follows:

1. Supply to the market will peak around year 2080 and decline after that, reaching 2014 level in
about 2300. Recycling will peak around the year 2100 and decrease with the stock-in-society
after that. Primary extraction from bauxite will peak in the next decade 2020-2030, unless extra
effort is made to increase mining efforts. This will, however, require a higher market price for
aluminium.

2. After 2030, recycling or urban mining will be the major source of aluminium. This will be the
age of scrap metal, and probably provide the basis for growing many new companies and enter-
prises.

3. Bauxite reserves may potentially run out, but more than one century from now. The aluminium
production from mining will reach a peak about year 2030 and decline begins after 2040, be-
cause of diminishing ore grades and increasing energy prices.

4. Aluminium scarcity will manifest itself as increasing metal price, and supply limits may likely
come from energy limitations and not only reserves running low. The increased price will
change demand and considerations for what aluminium is used for. The global society will prob-
ably run out of money and energy before there is a real lack of bauxite to make aluminium.

5. It does not seem possible to substitute a significant fraction of the iron supply with aluminium.
Nor will it be possible to increase the global aluminium production very much more, without
upsetting the global energy balance.

Very large bauxite or aluminium reserves are available, but they are not inexhaustible. It is doubtful
that we have enough carbon-based energy available to exhaust the reserves, because the amount car-
bon needed for alumina reduction may be difficult to source. At a production of 250 million ton alu-
minium per year, the production would consume about 14% of the present total global energy produc-
tion. That would amount to about 1,600 million ton oil equivalents per year as electricity. The global
energy production is to about 85% from fossil fuels, and by 2100 the energy production from fossil
fuels may have declined to about half (Campbell 2013). Then the energy consumption used to maintain
an aluminium production at the present level will consume an ever increasing fraction of the total
global energy. That would significantly upset global energy prices and transfer to the aluminium mar-
ket price. Thus, we may run out of energy and money to buy it, long before we run out of aluminium
metal.
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4.1.5 LIGHT METALS sub-module LITHIUM
4.1.5.1 Introduction

Lithium is an important element for many new technologies, including batteries, ceramic materials
and new types of alloys (Nassar et al., 2015). Especially, development of the use of lithium for high-
performance batteries have recently opened a new and expanding sector in the market. Figure 4.1.5.1a
shows the global lithium production to date (USGS 2015). We estimate from the curve in Figure
4.1.5.1a that about 1 million ton lithium has been extracted to 2015. The lithium demand and produc-
tion has gone up significantly during the last decade, much because of increased demand from re-
chargeable batteries and accumulators for power-tools and battery-packs for new electric transporta-
tion vehicles (Yoda and Ishihara 1997, Tarascon and Armand 2001, Ning and Popoc 2004, Johnson et
al,, 2007, Tahil 2007, 2008, 2010; Tytgat et al.,, 2008, Angerer et al., 2009, Gruber and Medina 2010,
Jacobson et al., 2011, Gruber et al.,, 2011, Heinberg 2011, Jacobson and Delucci 2011, Kushnir and
Sanden 2012, Grosjean et al,, 2012, Goonan 2012, Stamp et al., 2012, Elshakaki and Graedel 2013,
Wang et al., 2014, Li et al,, 2013, Gaines 2015, Speirs et al., 2014, Bradley et al., 2014, Richa et al 2014,
Sonoc and Jeswiet 2014, Wang et al,, 2014, Gaines and Nelson 2015). Figure 4.1.5.1b shows the lithium
price for lithium carbonate or lithium hydroxide 1998 value-adjusted dollars per metric ton (USGS
2014). Most lithium is produced to lithium carbonate, lithium hydroxide or lithium chloride for further
use. Only a small fraction is produced all the way to metal.

Figure 4.1.5.1. Diagram (a) shows the lithium production to date (USGS 2015) as ton pure lithium. Dia-
gram (b) shows the lithium price for the same time period in S per ton, in dollar value-
adjusted to 1998 (USGS 2015).
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Much of the worlds’ resources of lithium are limited to a small number of old salt-beds, associated with
inland, high altitude salt-lakes or fossil remnants of such lakes (Andes and Rocky Mountains, Tibet
Plateau, Anatolian plateau are examples). It is also associated with some lithium-bearing minerals in
pegmatite formations (Keseler et al., 2012, King 2015), located on the main continental shields. The
main commercial sources of lithium extraction used today or one additional source possible in the fu-
ture are (Mohr etal., 2012):

1. Brines from saltbeds of former or existing salt lakes (Bolivia, Peru, Chile, Argentina, in California,
Nevada and Utah, but also in Tibet, China, and in the deserts of Turkey and Iran) (Ober 1994,
2002, Helvaci et al,, 2003, Aguilar-Fernandez 2009, Keseler et al., 2012, Munk 2011, Nickless et
al, 2014, Tan et al. 2012). There are also deep sea brines, geothermal brines, oil field brines and
some lithium in underground rock salt deposits. Contents are very variable between and within
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different brines, the contents are typically 0.035-0.3%, but in small zones it may reach 1%. High
magnesium content is a problem because it interferes with the extraction process.

2. Lithium-containing minerals where spodumene (Li2ZAl12Si06), amblygonite (LiAlIPO4F) and le-
pidolite (K2Li3F3Si7020) are the most important minerals. Spodumene has 8% weight of lith-
ium in the pure mineral, it is the industrially most important mineral source (Canada, Finland,
Sweden, Australia, Russia). When lower grades are considered, a range of minerals would serve
as sources for lithium. In lower grade ores, larger lithium resources are known (Kunaz 1994,
Eilu 2011, Keseler et al,, 2012, Vladimirov et al., 2012, Luong et al., 2013, Nickless et al., 2014,
King 2015, Outotec 2015). Typical lithium rock deposits contain 0.5-2% lithium in the rock ma-
trix, this is concentrated up to 2-4% in the enrichment process. The rest of the rock is minerals
with no lithium content.

3. Clays that contain lithium. The possibly largest lithium-bearing clay deposits are not yet being
exploited on any scale. The clays subject to mining mostly originate from weathered lithium-
bearing rock. (Hectorite, smectite, montmorillonite, illite; Starkey 1982, Lien 1985, Crocker et
al., 1988, Siame 2011, Keseler et al 2012, Sonoc and Jeswiet 2014, Nickless et al., 2014, Outotec
2015). The clays contain 0.2-0.35% lithium by weight.

Salt brines (saline lakes in the Andes, Turkey and Tibet) are the main source today (50%), but extrac-
tion from minerals is also significant (40%), whereas extraction from clays is modest (10%) (Mohr et
al,, 2012). The salt brine obtained from the saline lakes is leached selectively for lithium in several
steps, and in the process magnesium, sodium and potassium salts are produced in addition to lithium
hydroxide or carbonate. In the lithium mines of South America, boric acid is often also recovered. For
pegmatitic minerals (Bedrock resources), the procedure is different. The mined mineral is crushed and
treated with flotation to produce concentrate. The concentrate is heated in a calcination kiln to 1,100°
C, making it more reactive to sulphuric acid. A mixture of finely ground calcinated spodumene mineral
and sulphuric acid is heated to 250° C, reacting to form lithium sulphate. The lithium sulphate is dis-
solved in water. The lithium sulphate solution is reacted with soda ash, precipitating insoluble lithium
carbonate from the solution. The carbonate is separated and dried for sale or use in the production of
other lithium compounds (Colton 1957, Lien 1985, SGS 2010, Swanson 2012). From clays, the lithium
is selectively leached using acid or organic solvents, the process requires many steps and is demanding
to operate (Crocker et al., 1988).

Extraction from ocean seawater, using evaporation ponds and selective extraction has been discussed,
but so far, no project has been realized in any significant scale. The energy demands for such methods
are very large, and they are only feasible if energy is very cheap. At the point of writing, energy is
cheap because of political processes going on in the Middle East. There is no certainty that cheap oil
will persist.

Uses of lithium are in 2010 (Baylis 2010, Walker 2011, Polinares 2012, Fox-Davies 2013, USGS 2014):
ceramics and glass; 29%, batteries; 27%, other unspecified uses; 16%, greases and lubricants; 12%,
castings and light weight specialty aluminium and magnesium alloys; 5%, air conditioning, cooling me-
dia; 4%, polymers; 4%, aluminium production; 3%, drugs; 2%.

4.1.5.2 Objectives and scope

Our goal was develop a simple model for the global lithium cycle in order to assess the sustainability of
lithium use in new technologies. Special focus will be paid to production of rechargeable batteries for a
future electric vehicle production, and to different strategies for recycling and the sensitivity of the
supply to the size of the extractable amounts of lithium from different sources.
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4.1.5.3 Earlier modelling work

Ziemann et al,, (2010, 2012) is in the process of developing a mass flow model for lithium, where sim-
ple linear mass balances are rolled forward one year at a time. Angerer et al., (2009) modelled the
global supply, assuming 50 and 85% of all cars to be electric vehicles in the future. Carles (2010) mod-
elled global lithium using a stock-and-flow model. Mohr et al., (2012) developed a model for the global
lithium supply, based on modified asymmetric version of Hubbert’s type of model, and used it for sup-
ply sustainability assessments for the period 1900-2200 AD, looking at three different scenarios for
URR. In earlier studies, the authors have developed system dynamics models for a number of metals:
gold (GOLD: Sverdrup et al., 2002), rare earths (Kifle et al. 2012), copper (COPPER: Sverdrup et al.
2014b), silver (SILVER: Sverdrup et al. 2014a), aluminium (ALUMINIUM: Sverdrup et al. 2015a), iron,
manganese, chromium and nickel (IRON, STEEL, Sverdrup et al 2015b,c) and platinum group metals
(PGM Sverdrup et al. 2015d).

The models reported in earlier publications are not true dynamic models and lack the feedback struc-
ture expected from a system dynamics model. The earlier models do not include any effect of price on
demand, supply or and recycling. The present models are fully integrated dynamics models, overcom-
ing many of the weaknesses of earlier models. In the present model and the earlier models of the au-
thors, one of the major advances were the development of a reality-based metal price model, allowing
for price estimation from market fundamentals inside the models, without external forcing functions
or calibration, and with feedbacks on mining, demand and recycling.

4.1.5.4 Model description

The LITHIUM model is numerically integrated from 1900-2400 using a 1/18 year time-step in a 4-step
Runge-Kutta numerical method of integration in the STELLA® modelling software. In addition to this
the general mass balance principle applies with all inputs being balanced by the outputs and the accu-
mulation in society:

Production + recycling = accumulatin in society + losses + recycling (4.1.5.1)

Recycling is present on both sides, and this is how recycling helps keep the flow through society up
even when primary production declines. The mining activity is mainly profit driven as the main causal
factor, but affected by the mining cost and how that is modified with oil price and ore grade. A lower
ore grade implies that more rock must be moved to mine the iron. The implication is that a higher iron
price is necessary to keep the iron production up. This implies that the core of the model is based on
coupled non-linear differential equations, all based on mass balance.

The mining rate was modelled using the following equation (Levenspiel 1980, Sverdrup and Bjerle
1982, Sverdrup 1983, Sverdrup and Warfvinge 1988):

— n
rMining =k Mining * Mgnown (4-1-5-2)

where rMining is the rate of mining, kMining is the rate coefficient and mKnown is the mass of the
known ore body. n is the mining exponent discussed above. The basic mining rate was set at 6% of the
known reserve. The mining coefficient is composed of several variables:

kMining = ko *f(T) * g(P) *j(Y) (4.1.5.3)
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where fT) is a technology improvement function dependent on time, g(P) is a feed-back from price on
the prospecting rate. j(Y) is a rate adjustment factor to account for differences in extraction yield when
the ore grade decreases. This becomes important at very low ore grades. These functions are given ex-
ogeneously to the model. Where the base mining rate coefficient was set at k0=0.001 and n=1.0. How-
ever, it appears from a sensitivity analysis that the results are not very sensitive to the value of n. (See
Figure 4.1.5.5 for the value of the price driver with time and Figure 4.1.5.6 for the technology factor).
The technology functions will keep the mining intensity low when there is only simple technology
available and the demand is not very strong, but increase it significantly when demand increases and
the technology is much improved. For the known reserves, we get equation (4):

dMgnown
T = Tpiscovery — "Mining (41.5.4)

The discovery is a function of how much prospecting we do and how much there is left to find. The
amount hidden resource (mHidden) decrease with the rate of discovery (rDiscovery). The rate of dis-
covery is dependent on the amount metal hidden (mh) and the prospecting coefficient kProspecting.
The prospecting coefficient depend on the amount of effort spent and the technical method used for
prospecting. We get equation (5):

dMyiaq .
% = —Tpiscovery = _kProspecting * Myidden * f(T) * g(P) * J(Mgnown) (4.1.5.5)

The rate is first order as prospecting is three-dimensional by drilling. The modifying functions f(T) and
g(P) are the same as those defined above, but j(mKnown) is a curve expressing the urgency to pro-
spect more, once the known reserves decrease to low levels. Prospecting also depends on how large
the known reserves are. The larger they are, the less the urge to drill for more

Figure 4.1.5.2 shows the flowchart for the LITHIUM model used in this study. In the model, mining and
recycling is profit driven as is shown in Figure 4.1.5.3. The usual terminology of supply and demand is

not used. It is based on observations in the New York and London metal markets for the copper, plati-

num group metal, silver and gold markets from the authors. Sales of extracted metal together with the
price, given the income, the extraction and prospecting give the costs, the profit being the difference.
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Figure 4.1.5.2.

Flowchart for the LITHIUM model developed for this study
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Figure 4.1.5.3.

The price mechanism as implemented in the model is shown as a causal loop diagram.
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Figure 4.1.5.4 shows the lithium price curve, relating amount available in the market to the price. The
price curve was constructed by plotting estimates of market inventory to the spot market price.

Figure 4.1.5.4. Diagram shows the lithium price curve, relating amount available in the market to the
price
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The switch cost for starting to extract a lower quality substrate in the model is shown in Figure 4.1.5.5
and in Table 4.1.5.3. Figure 4.1.5.5a shows the switch from high grade to low grade. Figure 4.1.5.5b
shows the switch from low grade to ultralow grade. Figure 4.1.5.5c shows the lithium demand from
battery production as a fraction of the total demand.

Figure 4.1.5.5. The switch cost for starting to extract a lower quality substrate in the model. Diagram (a)
shows the switch from high grade to low grade. The median switch price is 2,650 $ per
ton. Diagram (b) shows the switch from low grade to ultralow grade. The median switch
price is 5,000 S per ton. Diagram (c) shows the demand from battery production as a
fraction of the total demand.
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Figure 4.1.5.6a shows the recycling enhancement technology as function of time. Figure 4.1.5.6b shows
the new technology demand, as function of time. Figure 4.1.5.6c shows the price driver function on
mining as dependent on the market price.
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Figure 4.1.5.6. Feedback curves used in the LITHIUM model. Diagram (a) shows the recycling technol-
ogy as function of time. Diagram (b) shows the new technology consumer products de-
mand, as function of time. Diagram (c) shows the price driver function on mining as de-
pendent on the market price.
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The LITHIUM model was used to explore the effect of this policy change on supply to society and the
overall recycling fraction of supply as well as the Factor X. Factor X is defined as the ratio of total
amount supplied to society divided by the amount extracted from the ground. The general consumer
demand for products using lithium follows roughly the historic and future simulated population size
(Ragnarsdottir et al., 2012). Recycling depends on price (Figure 4.1.5.6a) as shown by the data in
Sverdrup et al., (2014a,b) in earlier studies.

A normal lithium battery in a computer or mobile phone can take about 1,000 charges before the per-
formance starts to drop significantly, which corresponds to about 3.3 years of use. We have assumed
that significant development will take place and that a battery will last about 7 years on the average,
allowing for 2,100 recharges before the battery must be changed and recycled (At present, a battery
can take 800-1,000 recharges, so we assume an improvement by 2.1-2.6 times the present). The pre-
sent type of batteries available in the market do not live up to these expectations, except in the market-
ing. The present type of batteries also loose their capacity most significantly when the temperatures go
down below zero, pointing to much larger batteries will be required for northern conditions in the
winter (Gaines 2014, Gaines and Nelson 2015, Angerer et al., 2009).

Present electric vehicles have a distance capacity rarely exceeding 150 km, and during winter time in
Northern Europe, this must be divided by a factor of three. For the average customer in a thinly popu-
lated country, this is far from reasonable performance, and these cars offer no serious competition to
fossil fuel-based cars (Bullis 2013). We may assume that research and development may reduce the
amount needed for lithium batteries, but to get better reach for the vehicles, substantially larger bat-
teries will be needed, probably offsetting any development in storage capacity. Some earlier (Carles
2010, Angerer et al,, 2009, Mohr et al,, 2010, 2012) model assessment assume 3-5 kg lithium per bat-
tery pack, we have assumed a substantially larger demand as realistic, as indicated in the ranges we
have explored. We hold the opinion that a range of at least 300 km must be included in order for such
vehicles to provide a viable alternative to hydrocarbon engine and hybrid vehicles.

Demand

Demand was made to a linear combination of a proportionality to the global population and a demand
driven by the urge to replace conventional vehicles with electric vehicles. However, the “old applica-
tions” of lithium, such air conditioning, alloys, ceramics and lubricants kept their internal ratios, but
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the battery proportion of demand was allowed to increase as shown in Figure 4.1.5.5c. [t shows the
demand for batteries were assumed to rise faster than other demand. This shows the demand to bat-
tery production as a fraction of the total demand. It assumes that by 2250, 80% of all lithium supplied
goes to batteries. Not that it is supplied and not primary extracted, as recycled is a part of supplied.

Figure 4.1.5.7 shows the STELLA software diagram for

the LITHIUM model.

Figure 4.1.5.7. The STELLA model diagram for the LITHIUM model. The model has a sector for mining
lithium from brines and minerals, one sector for the market and one for society and in-
dustrial use. In the model we have rearranged all extractable amounts into high, low and
ultralow ore grade, disregarding if this is in salt brines or mineral deposits.
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Scenarios tested

We used the model to test the outcome of a number of scenarios. Our scenarios are:

1. Recycling rates tested were 50%, 65%, 80%. Recycling above 80% is difficult for technical rea-
sons and the cost associated with extracting lithium from complex low grade sources.

2. Different possible sizes of URR; 116 million ton, 73 million ton and 34 million ton lithium.

3. Lithium requirement per vehicle unit; 3, 5, 10, and 30 kg lithium per unit. This corresponds to
100, 160, 320 and 400 km vehicle range on one charge.

4. The peak global stock of vehicles may reach 1.2, 1.7 or 2 billion units by 2050. 1.2 billion implies
a stabilization at slightly above today’s level, 1.7 billion is a 50% increase and 80% increase
above the present level

The outputs corresponding to these scenarios will be found later in the results section. As shown in
Figure 4.1.5.7 the model has a sector for mining lithium from brines and minerals, one sector for the
market and one for society and industrial use. In the model we have rearranged all extractable
amounts into high, low and ultralow ore grade, disregarding if this is in salt brines or mineral deposits.
In the model, shift to a lower ore grade only occurs when the market price exceed the extraction cost
in such a way that the profit stays positive. When the profit is lower or goes negative, the mining rate
is slowed down, leading to less material in the market, driving the price up. In practice we have several
sources of metal in society; the high, low and ultralow ore grades and the stocks of metal in society
that can be recycled. For lithium, we use three different ore grades, as well as recycling.

4.1.5.5 Input data generation

The available data was closely inspected for inconsistencies and averages and adjustments were made
when the input data were not internally consistent. Many of the data sources we have used are incon-
sistent between them and we are sometimes forced to make expert judgment about what are the most
likely figures. The available amount for extraction from salt-brines, pegmatitic minerals and lateritic
clays have been mapped by several studies (Colton, 1957, US Bureau of Mines 1980, Anstett et al.,
1990, Ober 1994, 2004, Kunaz 1994, Yoda and Ishihara 1997, Tarascon and Armand 2001, Helvaci et
al., 2003, USGS 2008, 2012, 2014, Tahil 2008, Evans 2008a,b, Wellmer 2008, Fernandez 2009, Yaksic
and Tilton 2009, Clarke and Harben 2009, Angerer 2009, Jaskula 2010, Mohr et al. 2010, 2012, Gruber
and Medina 2010, Gruber et al., 2011, Jacobson and Delucci 2011, Eilu 2011, Munk 2011, Rodigues and
Contreras 2011, Munk 2011, Ziemann et al., 2012, Vikstrgm et al. 2012, Grosjean et al. 2012, Keseler et
al,, 2012, Polinares 2012, Munaz 2011, Kushnir and Sanden 2012, Tan et al.,, 2012, Li et al., 2013, Brad-
ley and Jaskula 2014, Gaines 2014, Speirs et al. 2014, Nickless et al., 2014, King, 2015).

The opportunity cost approach was used when evaluating extractability of resources (Tilton 2009,
2012). This was done by assigning an extraction yield and an extraction cost for each ore quality class.
Table 4.1.5.1 shows different estimates of reserves and resources by different studies. All amounts are
in million metric ton lithium content. Considerable uncertainty is connected to the estimation of the
amounts stored in clays. In some studies, this is stated, but not quantified. Some studies exclude lith-
ium in clays altogether.

The study of Mohr at al. (2012) was useful and has a thorough assessment of available extractable
amounts. Mohr et al. (2012) paid special attention to the reserves and resources, listing every resource
they could find data on. Mohr et al. (2012) recognizes that there may be significant additional re-
sources not yet discovered, considering that large areas have not been prospected for lithium yet.
Thus, any estimate limiting itself to what is known from a limited part of the possible territory, risks
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coming up with a substantially too low estimate. The conclusion to draw from Mohr et al. (2012) is
that, even if they come up with a larger estimate than many other researchers, it may still have to be
considered as a minimum estimate. We have extrapolated the occurrence of lithium in areas investi-
gated, and tried to guess how much more there could possibly be in comparable areas, such as salt
brines of different types, lithium-containing clays or areas with pegmatite rocks, all being helped by
literature such the study of Keseler et al. (2012) and more. If this is considered, the global resource
converges on slightly less than 120 million ton lithium eventually being technically extractable, disre-
garding the cost for the moment (Tables 4.1.5.1 and Table 4.1.5.2).

Table 4.1.5.1. Different estimates of reserves and resources by different studies. All amounts are in
million metric ton lithium content. Considerable uncertainty is connected to the estima-
tion of the amounts stored in clays, and a base assumption was made. These estimates
are placed in brackets. Only Mohr et al., (2012) reports extracted to present, but this
coincides with our estimate (Italics) from the production curve, and is fairly certain. Data
was adapted using data from the literature (See in particular Mohr et al., 2012), com-
bined with our own assessment. On the average across all the estimates, “reserves” are
about 30% of the “resources”.

Author Reserve Resource estimate Extracted URR
Estimate  “known” + “hidden” to 2015
“Known”
Ziemann et al., (2010, 2012) | 16 14 12 (30) 56 0.8 57
Polinares (2012) 13 n.a. n.a. n.a n.a 0.8 n.a
Vikstrgm et al. (2012) 30 n.a. n.a. n.a (60) | 0.8 (61)
USGS (2014) 18 24 15 (30) 69 0.8 70
Grosjean et al. (2012) 16 29 15 (30) 74 0.8 75
Mohr et al. (2010, 2012) 19 30 20 5 55 0.75 56
Keseler et al., (2012) 20 24 10 115 149 | 0.8 150
Yaksic and Tilton (2009) 39 20 20 24 44 0.8 45
Evans (2009) n.a. 29 (30) 59 0.8 60
Clarke and Harben (2009) 39 (39) (30) 69 0.8 70
Tahil (2008, 2009) 19 (36) n.a 66 0.8 67
Gruber and Medina (2010) 15 25 14 (30) 69 0.8 70
Average 22 72 72
Table 4.1.5.2. Input data for the runs with the LITHIUM Model, divided into a high, middle and low es-
timate for the extractable amount of lithium. Amounts in million metric ton lithium con-
tent.

High: Assuming 50% extractability on all resources

High - 6 4 10 4 3 7 10 0 10 27
Low 2,650 | 13 1 14 7 1 15 0 15 37
Ultralow | 7,500 | 20 0 20 15 0 15 17 0 17 52
Sum 39 5 44 26 4 30 37 5 42 116
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Middle scenario: Based on Table 4.1.5.1.

High - 6 3 9 6 1 7 4 0 4 20
Low 2,650 |6 0 6 8 0 8 4 0 4 18
Ultralow | 7,500 | 10 0 10 10 0 10 5 0 5 25
Sum 22 3 25 25 0 25 13 0 23 73
Low scenario

High - 6 3 9 6 1 7 4 0 4 20
Low 2,650 |4 0 4 3 0 3 1 0 1 8
Ultralow | 7,500 | 2 0 2 2 0 4 0 0 0 4
Sum 15 14 5 0 5 34

For the model, the data extracted from the literature has been rearranged to fit the models input data
format requirements. The extractable amounts have been sorted according to substrate quality in
terms of extraction cost as defined by in Table 4.1.5.3. Table 4.1.5.2 shows the final assembly of the in-
put data for extractable amounts for the model runs. We have adopted 3 different scenarios:

1. A high scenario, where all plausible resources have been included assuming them all to be fully
extractable (Keseler et al,, 2012). URR was assumed to be 116 million ton lithium.

2. A middle scenario where we in agreement with Mohr et al.,, (2012) assume 50% of all resources
to be extractable, but we come to substantially higher estimate URR than the Mohr et al.,, (2012)
study. URR was assumed to be 73 million ton lithium.

3. Alow scenario is consistent with the conventional view as shown in Table 4.1.5.1 (USGS 2008,
2012, 2014, Grosjean et al,, 2012, Gruber et al., 20111, Ziemann et al., 2010, 2012, Polinares
2012, Vikstrom et al., 2012, Mohr et al., 2012). URR was assumed to be 34 million ton lithium.

Table 4.1.5.3. Quality definition of the extraction substrate qualities
Substrate grade High Low Ultralow Extralow
Lithium weight content 8-3% 3-1% 1-0.3% >0.3%

Extraction threshold cost | 1,000 $ perton | 2,650 S perton | 4,000 $ perton | 6,000 $ per ton

The lithium amounts represent the amounts and their allocation in 1950, when the LITHIUM model
run starts. In the Table 4.1.5.2, amounts in different substrate qualities have been considered, and salt
brines, pegmatite minerals and lateritic clays been factored in. “Known” is the known reserves,
whereas “known” plus “hidden” amounts to what is called known and anticipated resources. The LITH-
[UM model was applied to all these scenarios. Figure 4.1.5.5 shows the switch cost for starting to ex-
tract a lower quality substrate in the model. The category extra-low ore grade can also be defined and
its size estimated, but it was not used in this assessment. This would apply to large quantities of peg-
matite, deep sea brines and some bottom nodules, and deep subterranean fossil salt-beds (about 15
million ton extra, but at present, this is not really technically feasible to extract). These have been not
included in the simulations as they were estimated to be too expensive and energy demanding to ex-
tract. Including them would increase the URR from 73 million to 90 million ton lithium in the middle
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estimate (Table 4.1.5.2). It can be seen from the data in Table 4.1.5.1 that it will be important to in-
clude lateritic clays in the estimates. The lateritic clays are low in ore grade but high in contained
amount (Crocker et al., 1988, Rodrigruez and Contreras 2011, Siame 2011, Keseler et al., 2012,
Grosjean et al,, 2012, Sonoc and Jeswiet 2014). However, the extraction costs are high requiring a high
lithium price. The environmental impacts of large scale clay mining will be significant. Atan ore min-
eral content of 1%, every ton lithium content produced will generate more than 100 ton of mine waste,
and then refining waste comes in addition to that. Our conclusion is that the technically extractable re-
sources are far larger than earlier realized, and that a new assessment of sufficiency and risk for scar-
city is needed.

4.1.5.6 Results

The LITHIUM model was run 1900-2250 for the medium extractable amount case shown in Table
4.1.5.2 and plotted up in Figure 4.1.5.8-14, and a small sensitivity analysis of the extractable amount
estimate in Figure 4.1.5.14.

Figure 4.1.5.8a displays the mining rate over time in total and from the different ore qualities. It can be
seen that the model suggests that extraction will reach a peak in the time period 2065, when high
grade deposit production goes into decline. The production will stay level at about 0.6 million ton lith-
ium per year to about 2110, and then decline. This coincides with beginning decline in the known re-
serves, and that more effort must be made to produce the same amount from a lower grade. The de-
cline in extractable reserves can be counter-reacted by intensifying the extraction rate at which at the
same time will increase the speed of high grade ore exhaustion. Figure 4.1.5.8b shows a comparison of
the demand, mining rate, the flow from recycling and the total supply to the market. The simulation
suggests that by 2020-2025, recycling may become the most important source of lithium, as mining
steadily go down with declining ore grade and increasing cost of primary extraction. In 2110 we can
see a demand-supply separation, suggesting that after this, scarcity starts to appear. Further runs sug-
gest that after 2400, the world will in principle be without primary production of lithium.

Figure 4.1.5.8. Diagram (a) shows the mining rate over time in total and from the different ore quali-
ties. Diagram (b) shows a comparison of the mining rate, the flow from recycling and
the total supply to the market and the demand.
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Figure 4.1.5.9a shows the hidden and Figure 4.1.5.9b known reserves of lithium. The model predicts
that the known reserve in 2008 is 21 million ton and in 2012 that it is 23 million ton, including salt
brines, hard minerals and clays. Table 4.1.5.1 inform us that the reserves estimates range from 13-39
million ton, with an average of 22 million ton lithium.
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Figure 4.1.5.9. Simulation of the hidden (a) and known (b) extractable amounts of lithium, including salt
brines, hard rock minerals and lithium contained in clays.
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Figure 4.1.5.10a shows the supply rate of lithium in million ton per year to different sectors. Battery
production becomes the dominant market in the future. Figure 4.1.5.10b shows the stock in society in
the same sectors. Batteries and ceramics dominate in the stocks-in-use. Accumulators represent the
largest stock-in-use, as batteries are assumed to last about 7 years, where as the other applications
have their specific lifecycles. This is about twice the duration of present batteries, but we have as-
sumed that lifetimes will improve fast in the near future from the present 3 years to 7 years (Burke
2012). The life time for air conditioning material was set at 7 years. The life time for ceramics was set
at 20 years. For aluminium alloys with lithium the lifetime in society was set as 5 years on the average.
For scrap it is assumed that it takes 1 year before it is recycled back to battery. For “other”, like medi-
cations, the residence time for lithium is 1 year. For greases, it is a flow, greases are not stored in sig-
nificant amounts and all is lost after use. The maximum lithium stock in use for batteries peak at 4 mil-
lion ton in 2115.

Figure 4.1.5.10.  Diagram (a) shows the supply rate of lithium in million ton per year to different sectors.
Diagram (b) shows the stock in society in the same sectors.
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Figure 4.1.5.11a shows the cumulative amounts supplied, mined and lost with time. It can be seen that
the amount supplied to the market becomes much higher than the amount mined in the future. This
implies that recycling actually increases the amount in use. Figure 4.1.5.11b shows the total reserves,
the total resources and the amount hidden.
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Figure 4.1.5.11.  Diagram (a) shows the cumulative amounts of lithium mined, supplied and lost with
time. Cumulative supplied is larger than extracted because of recycling. Every ton of lith-
ium is used about twice. Diagram (b) shows the extractable resources, the known re-
serves and the hidden resources.
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Figure 4.1.5.12a shows the degree of recycling and the factor X. Factor X is the ratio of the total cumu-
lative amount supplied to society to the mined cumulative amount. The recycling (ratio of recycled to
the total amount supplied to society) stabilizes at about 50% after 2150 and will stay there as long as
the lithium price does not go up further. This is low because of several of the uses of lithium have no or
limited recycling. For some of the uses, the use of lithium is present in the product in such a low con-
centration (medication), bound in such a strong compound (Ceramics), or used in a way that it gets
lost (greases, lubricants), that recycling is not very feasible. Figure 4.1.5.12b shows the number of total
cars and the projected future demand for vehicle stock in society. The simulations with our model sug-
gest that the demand for electric vehicles (EV) cannot be satisfied. “EV realized” in Figure 4.1.5.12b is
the number of EV possible, based on the assumption that about 10 kg of lithium is used per vehicle. If
we assume 85% of the active above ground stock is allocated to batteries, a maximum of about 400
million electric vehicles can be maintained.

Figure 4.1.5.12.  Diagram (a) shows the Factor X and degree of recycling. Diagram (b) shows the number
of total cars and the projected future demand for vehicle stock in society using the
standard case with URR=73 million ton. The demand for electric vehicles is also shown.
EV realized is the number of EV possible. The maximum number of EV assume 85% of
the active above ground stock is allocated to batteries at all times.
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Figure 4.1.5.13a shows the simulation of the lithium market price. For the period 1965-2010, the
model simulation matches the observed price level fairly well. The correlation to the observed data is
r2=0.86. Figure 4.1.5.13b shows the development of ore grade with time, and the ore substrate grade.
The substrate grade is the grade of all the material used for extraction, including scrap as an ore. In the
calculation, we assume that the scrap from which recycling takes place contain average about 1% lith-
ium. That is higher than the lowest ore grades. Thus, at some point it (about 2100) will be more cost
effective to derive lithium from recycling than from primary extraction.

Figure 4.1.5.13.  Diagram (a) the simulated market price as compared to the observed price in value-ad-
justed dollars to 1998 per ton lithium content. Diagram (b) shows the development on
ore grade with time, and the substrate grade.
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4.1.5.7 Testing the model

Figure 4.1.5.14 shows the mining 1950-2020 in a different resolution. Figure 4.1.5.14a shows a test of
the model on the mining rate against observed data. Figure 4.1.5.14b shows the same data in a 1:1 plot
of observed versus simulated with the LITHIUM model. The fit between simulation and observed data
is excellent; r2=0.91. Figure 4.1.5.14c and Figure 4.1.5.14d show a test of the model on modelled price
versus the observed data. The correlation to the observed data is reasonable; r2=0.86. This test shows
that the model is able to reconstruct the past with respect to mining rate and price. This give confi-
dence for making future assessments and predictions.

Figure 4.1.5.14.  Test of the model on the mining rate against observed data in diagrams (a) and (b). The
fit is excellent, r2(mining)=0.91. Diagrams c and d shows the simulation of the lithium
market price in $ per ton, value adjusted to 1998 year dollar value. The correlation to
the observed data is good; r2(price)=0.86.
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4.1.5.8 Discussion
Sensitivity analysis

The sensitivity of the model was explored with a very limited sensitivity analysis, using the high, mid-
dle and low scenario for extractable amount as outlined inTable 4.1.5.2. The high scenario assumes the
extractable amount to be 116 million ton lithium, the middle scenario 73 million ton lithium and the
low scenario sets the extractable amount at 34 million ton lithium. The results for lithium mining rate,
supply to the market and the market price in $ per ton is shown in Figure 4.1.5.15a-d. Figure 4.1.5.15a
shows the effect of URR on the mining rate, Figure 4.1.5.15b shows the effect of changing URR on the
supply rate, Figure 4.1.5.15c the stock in society and Figure 4.1.5.15d the effect on the market price.
For lower reserves, the lithium price rises to higher levels earlier. We get for the three resource size
scenarios listed earlier:

1. URR=34 million ton; The electric vehicle production peaks at 8 million units per year. The total
number electric vehicles produced will be 522 million units to 2400.The amount of electric ve-
hicles realized yields a stock of electric vehicles in society of about 305 million vehicles at the
peakin 2060-2070. The number declines after that.

2. URR=73 million ton: The electric vehicle production peaks at 8.3 million units per year. The
total number electric vehicles produced will be 962 million units to 2400. This implies a rela-
tively level stock from 2070 to a maximum stock in 2120, and a decline after that.

3. URR=116 million: The electric vehicle production peaks at 9.8 million units per year. The total
number electric vehicles produced will be 1,570 million units to 2400. The EV stock increases to
about 310 million vehicles by 2070 and grow slowly up to 380 million vehicles in 2160. After
that, decline sets in.

The number of electric vehicles in the future vehicle fleet will be substantial. For a strategy to replace
conventional fossil fuel driven vehicles with electric vehicle to be successful, a strong recycling strat-
egy will be a requirement. The large need to recycle them suggests that here is a significant future
business opportunity. The size of the extractable amounts has a significant effect on the lithium min-
ing rate, the level of supply and the market price. We find the middle case the most plausible when we
assess the reserve and resource estimates critically. All three cases listed above imply cases of exhaus-
tion of a finite source, with the same result, despite the large difference in extractable amounts. The
stock in society stays always below 2.5 million ton lithium, and it is always lower that the known re-
serves.
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Figure 4.1.5.15. A simple sensitivity analysis with the LITHIUM model using the high (URR=116 million
ton) middle (URR=73 million ton) and low (URR=34 million ton) estimates for the ex-
tractable amount of lithium as outlined and specified in 4.1.5.2. Diagram (a) shows the
mining rate, diagram (b) shows the lithium supply rate, diagram (c) shows the stock in
society and diagram (d) shows the lithium market price for the different URR scenarios.
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The extractable amount estimates, as illustrated in Table 4.1.5.2, are considerably larger than the liter-
ature estimates. The reasons for this are several. We have considered high, low and ultralow grade
ores of salt brines and pegmatite minerals. We have included lateritic clays that contain significant
amounts of adsorbed lithium on the ion exchange sites of the clay. This can be leached out and ex-
tracted using special solvents and then separated from other alkali metals using repetitive chemical
methods. The sensitivity analysis we have done here is only a first tentative exploration. At a later
stage, more sensitivity analysis will be needed with respect to more parameters, like mining intensity,
delay times on feedbacks, enhanced recycling, different future product changes and proportions be-
tween lithium uses. Different types of market interventions may be explored.

Sensitivity analysis using a different mining rate

The mining rate is important for the total extraction rate. Figure 4.1.5.16a shows the change in the
technology factor with time. This feature is essential for obtaining the good fit to the observations. The
mining coefficient is the result of two feedbacks, one is the development of technology, and the other is
the push from a higher lithium price. Figure 4.1.5.16b shows the value of the feedback function in the
model with time on mining from the price and the feedback function in the model with time on recy-
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cling from the price. It can be seen that the market feedback is substantial throughout the whole pe-
riod. The effect of the global mining output being capped at a global production of 250,000 ton lithium
per year and 85% of the production is reserved for electric vehicle batteries can be investigated with
the model. The lithium would lasts longer. The production of EV units may stay constant at 400 million
electrical vehicles per years for a longer time to 2300-2350.

Figure 4.1.5.16.  Diagram (a) shows the value of mining rate coefficient from Equation (4.1.5.3), it tells
how intense the mining effort is. Diagram (b) shows the push on mining from the price
and the push on recycling from the price.
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The feasibility of replacing all cars with electric vehicles

The simulations show that all cars in the world today cannot be replaced with electric vehicles without
overcoming some substantial hurdles and challenges (See Figure 4.1.5.17 and Table 4.1.5.4). The lith-
ium weights per vehicle battery unit given in the Table 4.1.5.4, it shows the values applied in presently
produced batteries. We have assumed a vehicle design range of 500 km under summer conditions. In
below zero degrees centigrade conditions, the range is normally less than half of that (Bullis 2013,
Gorzelany 2014). Zero degree situations occur in a majority of where people live some time during the
year. Table 4.1.5.4 shows the electric vehicle potential as a function of lithium requirement and size of
the URR. The total vehicle fleet has a peak at 1.2 billion cars in this scenario. We have assumed three
different recycling scenarios; 50% which is the business-as-usual, 65% which is the enhanced recy-
cling scenario, and 85% which is an ambitious scenario. Across that we have taken the three different
sizes of URR; 34 million ton lithium which is the literature average estimate, 73 million ton lithium
which we think is the best estimate, and 116 million ton lithium which we think is a global maximum
for extractable lithium. Moving the increase in battery production forward, does not really change the
overall picture of how many, as mass balance principle still apply.
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Figure 4.1.5.17.  Most likely under the base-line scenario (a) and maximum feasible numbers (b) in the

global electric vehicle fleet.
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There are two developments to consider when looking at these estimates. The world contains about
1.2 billion cars today (2016), and we conclude that a maximum stock of 400 million cars can be main-
tained in the base case for URR and recycling, assuming business-as-usual with respect to recycling
and lithium use per car battery unit (10kg). As resources dwindle, the ability to maintain fleet size de-
cline. The maximum occurs around 2120. If a policy change is made where 85% of all lithium is re-
served for electric vehicle battery production, we will achieve market sufficiency in about 2060, and be
able to maintain this to about 2180-2200, when the ability to supply declines. Depending on different
interpretation of the literature and evaluation of future global economy, this may stagnate at the pre-
sent level or continue to grow up to about 2 billion cars on the globe, corresponding to a stock of about
10-15 billion ton steel locked in vehicles. We may conclude that we need to think in terms of business-
as-unusual, and change things in the system. If the trend towards heavier batteries seen recently
would continue, we should look towards the row with 30 kg lithium per vehicle unit. We will with all
probability see peak fossil fuels occur long before that time, and a decline is as likely as an increase.
Assuming higher car production will not lead to more electric vehicles, the mining rate is capacity lim-
ited. The number of electric vehicles realized depend on how much lithium is available, and not how
many cars that are needed.

Table 4.1.5.4. Electric vehicle potential as a function of lithium requirement and size of the extractable
amount available. Basic car demand, has a peak at 1.2 billion cars in this scenario (Fig-
ures 4.1.5.17a and b). The positions where 85% of the world’s vehicle demand of 1.2 bil-
lion cars can be met has been put in light shaded. To meet 85% demand of 2 billion has

been put in a darker shade

Recycling fraction of supply alternatives used

Size of the ex-

tractable

amount, million

ton lithium ‘ 5 ‘ 10 ‘ 30
116 1,200 | 610 203 | 2,884 | 1,442 481 | 3,050 | 1,525 | 508
73 800 400 133 | 1,892 946 315 | 2,000 1,000 @ 333
34 396 198 66 880 440 147 | 932 466 155
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Table 4.1.5.5. Different battery types and their properties and materials requirements (Gaines and
Nelson 2010, Gaines 2014).

Components Description Wh 500 km range at 190 Wh/km, Lim Use
of compo- /kg ingredient weight, kg it

nents and me
costs
Li(Org)o2. Does not 350 | 32 | - - - - - 50-80 | Li Space | 1

tolerate
fast dis-
charge.
Cathode
material 10
S/kg, cost
of cathode
40-50 S/kg.
LiCoO2 Weight fac- | 170 56 | 476 | - - - - 530 Co Tele |2
tor be- PCs
tween Co EV
and Liis
8.5. The
highest risk
for self-ig-
nition.
Cathode
material 18
S/kg, cost
of cathode
27-36 S/kg.
Li(ConNinMnn)O2 | Thesebat- | 150 |25 ' 63 |84 |66 |- - 240 Co |EV 3
Li(CovNiwAlz)02 teries dis- - 200 | - ; - Ni
charge and
n=1/3, v=0.15, recharge

w=0.8, z=0.05 faster.
Weight fac-

tor Co:lLiis
1.5-2.8,
Ni:Li is 2.6-
8. Cathode
material 11
S/kg, cost
of cathode
22-30 $/kg.
Ag20/Zn Uses silver | 130 | - = = = = = 330 Ag Any |4
and zinc as
main com-
ponents
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LiMnO2

Weight fac-
tor Mn:Li is
7.9. Cath-
ode mate-
rial 3.8
S/kg, cost
of cathode
10 S/kg.

100

11

88

100

Li

EV

LiFePO4

Weight fac-
tor Fe:liis
8.5, PO4:Li
is 13.4.
Cathode
material
1.5 S/kg,
cost of
cathode 20

S/kg.

100

16

136

152

Li

EV

Li4Ti5012

Fast charge
and dis-
charge,
lower fire
hazards.
Weight fac-
tor
Ti:Li=6.9.
Cathode
material 4
S/kg, cost
of cathode

10 S/kg.

100

41

354

395

Li

EV

NiZn

Very simple
design.
Fewer re-
charging
cycles. Low
cost.

100

500

500

Ni

EV

NiREEO2

02.4

La0.8Nd0.2Ni2.5C

Complex
mix of Ni,
Co and REE.

50-
70

350

400

50-
300

700-
1,000

REE
Ni
Co

EV

NiCd

Simple de-
sign. Toxic
waste by
failure

40-
60

40

500

1,000

Cd
Ni
Co

EV

10

Lead accumulators

Needs lead,
zinc and
manga-
nese, all
sufficiently
abundant
elements

30

100

1,500

Pb

EV

11
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There is one new product type we have not taken up in this study. As more and more countries move
towards renewable energy like photovoltaic electricity or windmills, the demand for intermittent elec-
tricity storage will rise (Takada et al., 2004, Takada 2013, Tasumisago et al., 2013). One alternative
technology for that would be large lithium-based accumulator banks. Since the extent and design of
such technology is still largely undecided, we have chosen not to include it here. But if implemented on
a large scale, it could compete with units for automotive use.

Changing from business-as-usual to business-as-unusual.

There are a number of factors in the global lithium system that we can attempt to change:

1. It will be a very tough challenge to replace the global fleet of conventional combustion engine
based vehicles (Amounts to 1.2 billion in 2016 and increasing) by electric vehicles based on lith-
ium technology batteries or lithium-cobalt technology batteries. In addition would come
amounts contained in other appliances, in addition to lithium locked in scrap, products in pro-
duction, material in transit, and a substantial amount is lost as the degree of recycling remains
too low. Table point out that the situation may be changes with powerful policy changes, priori-
tizing uses, minimizing losses and dramatically increase recycling.

2. We can assume the recycled fraction to increase from the base case of 50% to 65% or 80%. This
would depend on a number of factors in how the products are designed, development of efficient
recycling and refining technologies, and incentives and limitations designed through policies
(Gaines 2014, Li et al,, 2013, Outotec 2015 Richa et al,, 2014, Sonoc and Jeswiet 2014, Tarascon
and Armand 2001, Tytgat et al., 2008, Wang et al., 2014, Ziemann and Schebek 2010).

3. The extractable reserve is not sufficiently well investigated and mapped. Much of the resource
estimates are based on good science, but the uncertainties are still so significant that we still
only have a vague idea of the order of magnitude. Not really good enough for robust estimates.
We think 73 million to is a reasonable estimate, but we cannot prove it, and there is a fair prob-
ability that the extractable amount may be both half or the double.

4. Ifacompletely new battery technology should appear that does not need lithium, all our conclu-
sions may change. The basic assumption made here is that these limitations and conclusions
apply if we remain dependent on lithium. Inventing a better battery with no need for lithium,
would create a new paradigm and need a new assessment.

Some of this discussion has been summed up in Table 4.1.5.4. It shows the electric vehicle potential as
a function of lithium requirement and size of the extractable amount available. Lithium batteries, have
the cathode based on several substances containing lithium; the most important are from top and
down (Takada et al., 2004, Takada 2013, Tatsumisago et al., 2013, Gaines 2014) are shown in Table
4.1.5.5. All the batteries listed have greatly reduced lifetime when recharged fast at high voltage or
used for fast discharges.

The numbers given above implies that producing 100,000 ton of lithium cathodes per year will require
850,000 ton per year of cobalt for alternative 2, and 280,000 ton of cobalt per year in alternative 3. Al-
ternative 3 implies that 263,000 ton nickel per year is required. The annual cobalt primary production
in 2014 was about 110,000 ton of per year. The total amount cobalt supplied to the market in 2014
was about 150,000 ton, and that is insufficient for both alternative 2 and 3. Thus cobalt will probably
become limiting for high-performance battery production before lithium does.

The global nickel production is at present about 2.1 million ton per year and sufficient for the need.
Thus, both lithium availability and cobalt availability may limit the maximum production capacity for
the best category of batteries. Alternative 4 implies that we need 790,000 ton per year of manganese.
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The present production is about 18 million ton manganese per year and this is fully adequate to cover
the demand from batteries. For alternative 5, we need for battery production about 100,000 ton pro-
duction consumption of lithium, a supply of 850,000 ton per year of iron and 1.34 million ton of phos-
phate per year. The supply of iron is 1,300 million ton per year in 2012 and for phosphate the produc-
tion in 2012 was about 210 million ton per year. There fully adequate supplied for both phosphorus
and iron for handling the battery needs. For alternative 3 there is sufficient amounts of titanium avail-
able.

The present lithium cycle is not optimized for efficient recycling in terms of industrial recycling tech-
nologies, infrastructures nor in public policies. Many products containing lithium are not being recy-
cled at all today, leading to permanent losses that can never be retrieved. Some of these uses have low
or no potential for recycling (glass and ceramics, lubricants, medical components), and possibly these
used should be taxed significantly, to limit their use to the absolutely essential. For many of the uses of
lithium, there are good substitution alternatives (Elshakaki and Graedel 2013). However, for medical
use, the substitutability is poor, and for some uses no substitutes are available. In modern high-perfor-
mance rechargeable batteries, no good substitute has been found so far, but that may change in the fu-
ture.

The industrial response-delay to price we have set to 3 years. It is a bit short for a step-up, a bit long
for a step-down. Delay for starting new mines used to be 5 years, it is now seen to lengthen to 7-15
years in some cases. Introducing such long delays will create production oscillations and a very vola-
tile price. Because of improvements in recycling, the supply is kept up longer and the decline is slower
than the decline in primary extraction. The supply will be sufficient for the demand to the new electric
automotive demands, but after 2050, prices may increase significantly because of inability to satisfy
demand. If our basic simulation assumptions are right, in particular the size of the extractable
amount, the available lithium resources will be largely exhausted by 2300. The supply situation may
be improved by additional efforts to increase recycling and product design to promote recycling ease.

Policy advice

This work was funded by the German government for support of a vision called “Industriland Deutsch-
land - 2050” as one of the scenarios in the SIMRESS project. For this reason, our policy analysis will
have a focus towards German resource policy. The policy advice derived from our assessment is for
Germany in the context of global lithium supply and the effects on electric vehichles availability:

1. Without powerful resource policy changes on the global level, it will not be possible to replace
85% of the global vehicle fleet with electric vehicles based on the lithium battery technology.
Strategies should be developed that reduce the ever increasing need for individual vehicles. A
national German policy must be set into that global frame. A German domestic policy must be
supported by a strong International policy on the resource issue. Research must be done to stay
ahead in terms of technical and resource strategic developments.

2. There is probably substantial lithium resources in fossil salt brines in the large rock salt for-
mations under the Central European area, known locations are known both in Northern Ger-
many and in German Bavaria. In an initial stage this should be properly mapped and quantified,
probably lead by a government-supported program with drilling to 3-4 km depth. Potentially,
Germany may have substantial resources that are technically extractable. If so, some thought
should be made that the lithium thus gained is recycled to a maximum degree and that export
from it does not exceed the imports that can be recycled.

3. German industry has a globally leading competence in recycling of metals and development of
industrial chemical processes, and should look into its potential for creating a substantial com-
mercial platform for recycling lithium batteries on a large scale, serving at least a substantial
part of the European demand, but exploring wider scopes. It could potentially make Germany a
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major supplier of secondary lithium to the markets. This strategy would secure future German
lithium demands.

4. Germany has a significant competence in electric storage technology and vehicle manufacturing
and should enhance and support further development of such technologies to become world
leading in mobile high-performance electric storage. A transition to front-line electrical vehicle
technologies would be essential for the large vehicle industry in Germany. Several large compa-
nies may take charge and lead the way, but governance could probably promote innovation
among small- and medium-sized enterprises to create a broad industrial base.

5. There are potential substitutions to lithium, however these are far from being usable and avail-
able. Several of the substitutes have sufficient technical performance, but with significant im-
pairment to durability, efficiency or performance. Much more research is needed and this needs
to be properly funded for a sustained period of time.

Electric temporal storage is an issue for the German National policy of the “Energiwende”. It designed
to make Germany less dependent of fossil fuels and increase the fraction supplied by renewables dras-
tically. Coal power and conventional uranium-based nuclear energy will possibly also be phased out.
What remains will be different ways to harvest solar energy and lean and efficient energy use. Electric-
ity production today occurs out of phase with consumption, and storage that can quickly take excess
production under certain hours and then supply it back during other hours in 24 hour cycles, and well
as in biannual storage cycles are in great demand.

4.1.5.9 Conclusions

We have found the extractable amounts (resources) of lithium to be far larger than what the scientific
literature suggests it is. Instead of the often suggested URR if 40 million ton lithium, we get by quanti-
fying extractable amounts across high, low and ultralow ore grades and including resources in salt
brines, pegmatite hard minerals and lithium contained in different types of in clays, accumulating de-
posits in all countries, a maximum resource estimate of 116 million ton lithium, a middle best estimate
resource of 73 million lithium to and a worst case low resource estimate of 34 million ton lithium.

We conclude from our investigations on resource data that 73 million ton lithium is the most plausible
resource estimate for what is actually extractable, and this is our baseline modelling scenario. This
amount is both technically feasible and economically possible. The simulations suggest that a produc-
tion peak is likely to occur in the period 2050-2055, with a slow decline in supply and a steady in-
crease in price in the decades after 2120. The model simulations suggest that a maximum level of pri-
mary extraction may be reached in 2020, followed by a flat plateau to 2120, and followed a slow de-
cline in primary extraction output.

The low recycling fraction for lithium remains is a technical hurdle to be overcome and a political man-
agement challenge. Our simulations suggest it will stabilize around a maximum of 50% by market
force mechanisms alone, which is not sufficient for solving the electrical vehicle transition challenge.
That is not very good, and some considerations need to go into how that can be significantly improved.

The estimates for maximum number of battery units for vehicles, indicate that we have some chal-
lenges to solve:

1. It would be beneficial if the lithium use per battery unit could be reduced. Research and devel-
opment is needed, to increase battery efficiency as well as capacity and safety. If alternatives are
found, these are helpful only if they use less material of elements more abundant than lithium.
Alternatively, one should develop batteries where more electricity can be stored per kg lithium.
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2. Cobalt will be limiting for high-density batteries as lithium at the present level of use, cobalt
abundance (extractable amounts) and production rates are lower than for lithium. However, co-
balt extraction is dependent on copper, nickel and platinum extraction, and there are fewer op-
tions available for increasing the production significantly. Substitution for cobalt will be im-
portant, and manganese and nickel are acceptable substitutes with sufficient supply.

3. Thedegree oflithium recycling in the global system is far too low, and substantial improvements
are required. This will need intensified efforts like those of UNEP, but also involvement of larger
economic forces.

4. The estimates for the extractable amounts are uncertain, and the resources need to be far better
investigated for extractability and extraction costs. However, finding larger potential resources
will not be sufficient, they must also be technically recoverable, and this without large environ-
mental damages. All in all, and Effort Return On Effort Investment (EROEI) must be performed.
Substantially better degree of recycling is required to have a more long term secure supply.
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4.1.6 SPECIALITY METALS sub-module — COBALT
4.1.6.1 Introduction

Cobalt belongs to a series of technology metals, which are produced in small annual amounts and are
used as key components in important technologies that society depends on. Cobalt production is at
present 97% from secondary extraction. In the past, mining of cobalt was from small cobalt mines with
rich ore grade in Germany, Norway and Canada.

Cobalt blue is well known and cobalt is used since ancient times as a pigment for glass. Georg Brandt, a
Swedish scientist, was the first to isolate cobalt as a new metal (Brandt 1735, 1746, 1748). He detected
that cobalt was the causative element in cobalt blue. Cobalt is a silvery, white metal, the specific den-
sity is 8.86 g/cm3 and the melting point is high, 1,4950C. It is magnetic and resistant to corrosion. The
earliest cobalt use was to colour glass, enamel and pottery.

One of the first industrial cobalt mines was located in Norway in the 16th century (Rosenqvist 1949,
Liesmann 1994, Drake Resources 2015), but at the same time mines were developed in Sweden, Sax-
ony (now a federal state in Germany) and Hungary. The first cobalt product was pigment for glass,
later some of these mines also produced metal (Ramberg 2008). Today, there are few mines extracting
cobalt only (Eckstrand and Hulbert 2007, USGS 2010). There is one mine in Morocco at Bou Azzer that
produces about 1,800 ton per year; it has been operating for many years. The reserves are stated at
20,000 ton, the total hidden resources are unknown, but they are with certainty significantly larger
(Newman 2011, Shedd 2002, 2012, 2015). The other dedicated cobalt mine opened in 2013 in Idaho,
USA, and will produce about 1,500 ton per year of refined pure cobalt, about 1,500 ton per year of cop-
per and about 100 kg of gold per year. The ore grade is 0.6% for cobalt and considered as “high grade
cobalt ore”, 0.6% for copper and 0.5 g per ton rock for gold. The total resource is estimated to signifi-
cantly more than 20,000 ton (Spencer and Searle 2015).

Cobalt has many uses, the most important are listed in Table 4.1.6.1 together with their market share,
assumed market prospects and profitability. Some authors have highlighted risks of resource deple-
tion looming (Meadows et al. 1972, 1974, 2005, Heinberg 2001, Johnson et al. 2007, 2014, UNEP
2011a,b,c,d, 2012, 2013a,b,c, Ragnarsdottir et al., 2012, Kwatra et al. 2012, Nassar et al. 2012, Bardi
2013, Elshaki and Graedel 2013, Sverdrup et al. 2013, Roland Berger 2015, Eliott et al. 2014, Mohr et
al. 2014a,b, Northey et al. 2014), a few also considering cobalt particularly (Alonso et al., 2007, 2014,
UNEP 2011a,b,c,d, 2012, 2013a,b,c, Ragnarsdottir et al. 2012, Sverdrup et al. 2013, Sverdrup and Rag-
naradottir 2014). About 55% of the cobalt extraction is a by-product of nickel extraction, 35% of the
extraction is a by-product of copper production and 10 % comes from other sources like platinum
group metals extraction and chromium refining. Only 2.2% came from primary cobalt mining
(Liessmann 1994, Hawkins 2001, Shedd 2002, 2012, 2015, Alonso et al. 2007, Eckerstrand and Hul-
bert 2007, Slack et al., 2010, Mudd et al., 2013a,b, 2014, Dawkins et al,, 2015).

Table 4.1.6.1. Overview of different uses of cobalt. The metallic uses take 56% of the supply, the other
uses take 44%.
Product group Fraction of Trend in use and Recycling Value added
supply, % since when to product

Super-alloys Metallic 22 Increases | 1995 @ Yes High
Cutting tools Metallic 11 Increases | 1960 | Partly Medium
Magnets Metallic 12 Increase 1990 @ Partly High

Other applications | Metallic 11 Constant | - No Low
Batteries Chemical | 22 Increases | 2000 Yes Medium
Chemicals, catalyst | Chemical 9 Increases | 1960 | No Low

Resins, pigments Chemical | 13 Constant | - No Low
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Figure 4.1.6.1a shows the historical cobalt mining in tons per year since 1900 (data taken from USGS
2015). Figure 4.1.6.1b shows the cobalt metal production for the same time period, only about 65%
the extracted amounts of cobalt is smelted into metallic form. Since year 2000, there has been a signifi-
cant increase in metal production, which is used for super-alloys and specialty steels.

Figure 4.1.6.1. Diagram (a) shows the cobalt mining to date (USGS 2015). Diagram (b) shows the cobalt
metal production for the same time period.
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The new growing application for cobalt is for rechargeable accumulators (batteries) and in super-al-
loys for high performance jet turbines. Cobalt is a significant and required component in nickel hy-
dride and lithium ion batteries. A flow chart for cobalt is shown in Figure 4.1.6.2 (note more elaborate
flow chart for the whole system are given in Figure 4.1.6.4 and Figure 4.1.6.5). A very small amount
(3%) comes from primary mining of cobalt, but this may be expected to increase in the future because
of on-going projects and mineral prospecting in unchartered areas of the World (USA, Canada, Mo-
rocco). In 1960, most cobalt was used for alloys, but the materials consumption has increased signifi-
cantly after year 2000. The cobalt use in chemicals is sharply rising with the production of larger lith-
ium ion batteries, where cobalt is a major battery cell-stabilizing compound. The cobalt price has gone
up in running prices, and it has fluctuated a lot since 1975. From 1945-1973, cobalt was considered to
be a strategic metal and trade was partly government controlled. During that period, some countries
had strategic stockpiles, and the market was not really free for cobalt. The market was thus not a free
functioning, but one of partial command and control. Much of the cobalt originates from the copper-
belt in Central Africa (about 50%), and the volatility in the cobalt supply and price is a reflection of the
troubled political situation in that region.
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Figure 4.1.6.2. Cobalt flow path from ores to society, from different types of deposits. Connection be-
tween the production of many different metals (oval rectangles) and the parent metal
ores (cylinders) are displayed as a flowchart. This flowchart was used in the develop-
ment of the COBALT sub-model in WORLD6. PGM is “Platinum Group Metals”.
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4.1.6.2 Objectives and scope

Our goal was to use BRONZE, STEEL and PGM (platinum group metal) sub-models to be operated from
inside the WORLD6 system dynamics model and add a cobalt sub-module to the integrated structure.
The objective is to use the WORLD6 model to explore what it would take to make the global cobalt sup-
ply system more sustainable.

4.1.6.3 Earlier modelling work

There have been several earlier attempts at modelling global cobalt extraction, cobalt demand and
market supply rates. Some early predictions were made without any formalized simulation models,
they represent educated guesses (Papp et al. 2008, Berger et al. 2011, Spencer and Searle 2011, Daw-
kins et al. 2015, Wilburn 2015). Roper (2014) used a fit to an empirical model analogous to the Hub-
bert’s model. When applied to cobalt it becomes a non-linear curve-fitting to a curve where the inte-
gral of the curve fits the assumed extractable resource. The Hubbert’s type of model used in singular
mode is not applicable for cobalt because of cobalt’s dependence on the extraction of other metals
(Sverdrup and Ragnarsdottir 2014a).

Mass Flow Analysis models have been used earlier for sustainability assessments for cobalt (Alonso et
al. 2007, Halada et al. 2008, Gerst 2008, 2009, Elshaki and Graedel 2013, Graedel et al., 2004, Gloser et
al. 2013a,b). As Flow models are easy to use, but do have some shortcomings we need to be aware of.
Mass flow analysis models do neither incorporate systemic feedbacks, nor do they have market dy-
namics and they cannot generate metal prices internally to the models. Most Mass Flow Analysis mod-
els are linear in their fundamental function. Many of them are step-by-step mass balanced advanced
one year at a time in spread-sheets (Graedel et al., 2004, Norgate and Rankin 2014, Gerst 2009, Mohr
2012).

We have in earlier studies developed systems dynamics models for a number of metals: gold, silver,
copper, rare earths, aluminium, iron, platinum group metals, lithium (Sverdrup et al. 2002, 20144a,b,
2015a,b,c, 20164a,b, Sverdrup and Ragnarsdottir 2014a, 2017, Sverdrup 2017), manganese, chromium
and nickel as well as copper, zinc and lead metals with a number of associated minor metals and ele-
ments. In these integrated dynamic models, some of the major advances were the development of a
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reality-based metal price model, allowing for price estimation from market fundamentals inside the
models, without external forcing functions or calibration.

Table 4.1.6.2 shows an overview of cobalt demand for several current battery technologies. Limita-
tions in cobalt supply may pose a problem for future production of rechargeable large batteries for
electric vehicles, unless efficient substituting new technologies are developed (Sverdrup et al., 2016).
If we assume we will need one billion battery units in use in the future, then the cobalt column in Table
4.1.6.2 shows million ton of cobalt required. The estimates can be seen to be in the range of from a
very lowest estimate of 40 million ton of cobalt (NiCD battery) up to as much as perhaps as much 470
million ton of cobalt (LiCoO2 battery) (Goll et al., 2015). When the total supplied amount to the 2400
from land-based resources seems to be on the order of 32 million ton of cobalt and ocean resources
about the same, we will have a significant problem with making that many battery units. The situation
is similar for nickel, from 84 million ton nickel up towards 500 million ton of nickel would be required,
when we have no more than maybe 250-300 million ton of extractable nickel in total (Sverdrup and
Ragnarsdottir 2017).

Table 4.1.6.2. Different battery types and their properties and materials requirements (adapted from
Sverdrup 2016). REE = Rare Earth Elements.

Components Description of Wh/kg 500 km range at 190 Wh/km,
components ingredient weight, kg

and costs

LiCoO2 The highest risk | 170 56 | 476 | - - - 530 Co
for self-ignition.
Cathode mate-
rial 18 $/kg, cost
of cathode 27-
36 S/kg.
Li(ConNinMnn)0O2 These batteries | 150 25 /63 84 |66 @ - 240 Co, Ni
Li(CovNiwAlz)02 discharge and 150 25 | - 200 - - 240 Ni

(n=0.33, v=0.15, recharge faster.
w=0.8, z=0.05) Cathode mate-

rial 11 $/kg, cost
of cathode 22-
30 S/kg.
LiFePO4 Cathode mate- 100 16 | 136 | - - - 152 Li
rial 1.5 S/kg,
cost of cathode
20 S/kg.
NiREEO2 Complex mix of | 50-70 | - 350 | 400 | - 50- | 850 REE,
La0.8Nd0.2Ni2.5C02.4 | Ni, Co and REE. 300 Ni, Co,
Ni
NiCd Simple design. 40-60 |- |40 |500] - - 1,000 | Cd, Ni,
Toxic waste by Ni, Co
failure

4.1.6.4 Data sources and estimations

The reserves estimates are based on classical geological estimates from survey data, and the allocation
of extractable amounts according to ore quality, stratified after extraction costs (Sweeneye 1992,
Neumeyer 2000, Tilton 1983, 2009, 2012, Tilton and Lagos 2007, Boschen et al. 2013, Singer 2013,
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Phillips and Edwards 1976, Fischer 2011, US Environmental Protection Agency 1994, US Department
of the Interior, Bureau of Mines and Geological Survey, 1980). Some complication is added when ocean
seafloor resources are considered, but we have used the available literature for ocean resource esti-
mates and the opportunity cost approach when it was included in the model. Hubbert’s model and
burn-off rates were rejected for cobalt, as the production is dependent on other metals such as nickel,
copper, chromium, platinum group metals as illustrated in Figure 4.1.6.2.

Basis for estimating how much can be extracted from ore deposits

Table 4.1.6.3 shows the relationship between metal ore grade, production cost and minimum supply
price to society, as well as impact of price on the recycling in market supply as we have used it in the
model. The task is to divide the ultimately recoverable resources (URR) into known resources and hid-
den resources, graded into ore quality groups as we have displayed in Table 4.1.6.3. Hidden means
that the resources exist, but must be found with prospecting before they are moved to “known” and
can be mined. This classification we developed for copper, silver and gold initially, has subsequently
been applied to all metals (Sverdrup 2016, Sverdrup and Ragnarsdottir 2016, Sverdrup et al.,
2014a,b,c, 2017). This is the format needed for the sub-models of the COBALT model system inside the
WORLD6 model. The price range is based on data and the author’s own professional experiences from
copper, silver and gold extraction (Sverdrup et al. 2013c, 2014a,b, but see also Papp et al.,, 2008,
Wellmer and Becker-Platen 2007, Wellmer 2008), and does vary between ore types and metal types.
The assessment was done by studying the available scientific literature, and a number of industrial re-
ports and annual reports. All the estimates have then been added up in Table 4.1.6.3. This assessment
gives significantly larger estimates of the extractable amounts than conventional overview studies.

Table 4.1.6.3. General relationship between ore grade, the approximate production cost and minimum
supply price to society, as well as impact of price on the recycling in market supply
(adapted from Sverdrup et al., 2015a,b and a large yet unpublished database by the au-
thors for about 35 different metals and materials). The values are illustrative of typical

ranges.
Metal content Extraction  Extraction  Market Energy
yield cost recycling | need
% S/kg % MJ/kg
Rich 40-5 100-99 4-15 0-30 30
High 5-1 99-98 15-28 30-40 33-64
Low 1-0.2 10,000-2,000 98-95 28-50 40-48 120-160
Ultralow | 0.2-0.04 2,000-400 91-95 50-100 48-54 400-600
Extralow | 0.04-0.01 400-100 80-91 100-160 54-60 700-1,100
Trace 0.01-0.002 100-20 75-80 160-400 60-80 3,000-
20,000
Rare >0.002- 20-4 55-75 >400 80-90 >20,000
0.0004

Cobalt systematically follows copper, nickel, chromium and platinum group metals in ore deposits (see
Figure 4.1.6.2), and thus literature concerning these metals were also reviewed for estimates of ex-
tractable cobalt (Berry 2015, Boliden 2011, Brown et al., 2015, Cailteaux et al., 2005, Cobalt Invesriting
News 2014, Cobalt 2014, Crowson 2011, Dalvi et al., 2004, Davis 2000, Eilu 2011, Hagelticken and
Meskers 2009, Hannis and Bide 2009, Geoscience Australia 2009, Kesler and Wilkinson 2013, 2015,
Nuss and Eckelmann 2014, Norgate and Rankin 2002, Prior et al., 2012, Rasilainen et al., 2010a,b,
2012, Idaho Cobalt Mine 2015).
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An important basis for the assessment is how much cobalt is available for extraction. We build on
three different assessments based on two methods for the estimation. (1) The work of Mudd 2007,
2009a,b, 2010a,b, 2012, Mudd et al. (2013a,b) made an important assessment of the available amounts
extractable of cobalt. (2) Harper et al. (2012) and (3) Eckstrand and Hulbert (2007) mapped where
these deposits are located and of what origin they are, providing important geological background ma-
terial. The USGS has renewed their resource assessment and updated it (Slack et al., 2010, Shedd
2015). Further information was obtained by compiling and combining information from Ghose (2009),
Gordon et al., (2006), Graedel and Erdmann (2012), Graedel et al., (2011) and the reports by UNEP
(2011a,b,c, 2012, 20134a,b). The different estimates yield consistent results:

1.

The estimation of extractable amounts of cobalt was done from copper, nickel, platinum group
metal and cobalt production numbers. We ignored cobalt content in manganese and iron depos-
its, as cobalt is not extracted from these ores and the amounts of cobalt contained are limited.
Our estimates are as follows:

a.

b.

d.

Total global annual production of cobalt is 110,000 ton per year (USGS 2015). Originat-
ing from nickel, the cobalt extraction is 61,000 ton per year. Cobalt content in primary
nickel extracted is 3-3.3%. The extractable nickel known reserve is 73 million ton, the
total known and hidden cobalt resources have been approximated by the USGS as mini-
mum 182 million ton. Analysing nickel resources in another ongoing study we find it is
probably closer to about 300 million ton (Mohr et al., 2014, see also in Table 4.1.6.4). In
extractable nickel deposits, there are 6-9 million ton of cobalt (Nickless et al. 2014).
Annual production of copper is 17 million ton per year, the cobalt flow from copper is
39,000 ton per year. The cobalt content in the copper flow is on the average about 0.23-
0.25% in the data available. If we estimate that the extractable copper amount is about
3,700 million ton of copper (Henkens et al., 2014, Sverdrup et al. 2014b, 2016a), then
the extractable copper deposits contain about 8.5 million ton of cobalt (8.5-9.3 million
ton).

Other ores with cobalt are:

i. Cobalt production from PGM mining activity is about 10,000 ton/year, mostly in
South Africa. The ores in South Africa are poly-metallic ores with copper, nickel,
gold and platinum, where every metal contributes to the profitability of the ex-
traction operation. Cobalt contentin PGM ore is about 20 times the platinum con-
tent (40-100 g cobalt/ton rock, 0.4-1%). This suggests that there is about 4-6
million ton of cobalt in the extractable PGM deposits, about 200,000 ton PGM but
maybe as much as 300,000 ton PGM, implying perhaps as much as 6-9 million
ton of cobalt (Sverdrup et al.,, 2016b).

ii. Chromium and manganese smelting and refining could yield maybe as much as
2,000-3,000 ton of cobalt per year (assuming a content of about 0.16%, or about
3-4 million ton). This much is not extracted at present, it would require a change
in the chromium production technology in South Africa and other chromium and
manganese producing nations.

iii. Extractable low grade old mine dumps are estimated to contain about 0.3 to 0.5
million ton of cobalt (in South Africa and Peoples Republic of Congo, but also
other places), but depending on Ni-Cu-Co content for economics of extraction.
These are old dumps where older and less efficient extraction methods were
used or where no attention was given to cobalt. This would be 0.5-1 million ton
of cobalt all together.

In total this adds up to 23.3-32 million ton of extractable cobalt. The historically ex-
tracted amount is somewhere between 2 and 3 million ton of cobalt, this gives us URR=
26-35 million ton.

2. USGS (2012) made an estimate in 2012 based on traditional assessment of reserves and re-
sources, classifying them according to technical extractability and reality-evaluated extractabil-

ity. The results are as follows:
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An estimate of 7.5 mill ton for the cobalt reserve, and 13 million ton of cobalt in the re-
serves base, total about 20.5 mill ton cobalt in all (average content 0.36%). Their justifi-
cation for this estimate is available in the USGS website (Johnson et al.,, 2014, USGS
2014).

3. The Australian geologist Mudd and his coworkers (2013a,b, 2014), at Monash University in Aus-
tralia, made a new assessment by going through all known and recorded deposits, including the
latest data, evaluated their extractability and came up with the following estimates:

a.

Table 4.1.6.4.

34 million ton of recoverable cobalt, 16-20 million ton of cobalt is estimated to be tech-
nically recoverable in: Nickel ores 5.5-6 million ton, poly-metallic ores with copper-zinc-
lead, about 10 million ton of cobalt, other ores of varying poly-metallic compositions
have an estimated content of about 0.5 million ton of cobalt. Not included by Mudd et al.
(2013a,b, 2014) were estimates of about 2,000 million ton sub-sea ore with a cobalt con-
tentin the range 0.25-0.35%, translating to an approximate 5-7 million ton cobalt, bring-
ing the total contained cobalt resources to about 32 million ton. These sub-sea deposits
were concluded to be out of technical reach at present, and at present also too expensive
to mine for their cobalt content. Excluded were also about 0.5 million ton of cobalt in old
mine waste dumps, which would be technically feasible resources to recover. In Mudd’s
(2013) estimate, the implication is that 50% of detectable contained cobalt in deposits
is extractable. His bottom line is that we have 16-17 million ton extractable out of about
34 million detectable. In 2014, Mohr et al. (2014b) revised their nickel resources esti-
mate to be at least 300 million ton of extractable nickel. Our own recent estimates con-
firm this as the probable maximum amount for nickel URR. At a content of 3-3.2% cobalt
in the nickel that implies the content is about 9-10 million ton of cobalt in such extracta-
ble resources, increasing the land-based URR to be in the range 32-36 million ton.

Sources of cobalt from secondary extraction and their concentration in the parent sub-
strate, and estimate of total extractable amounts. The content in the primary cobalt ore
relates to rock cobalt content. All amounts are in million ton of cobalt.

Parent source of co-  This study USGS  Mudd
balt for extraction (2012) | (2013)
(2015)
Copper 0.23-0.3 3,767 6-11 yes 10 6-10
Nickel 3-3.3 300 9-10 yes 9 9-10
Chromium 0.16-0.2 2,495 3-5 yes 2 -
PGM 2,000 0.2-0.3 4-9 yes 2 1
Primary cobalt ores | 0.3-3.0 Not available 0.5-2 no 1 0.5
Old mine dumps 0.2-0.7 300 0.5-2 yes - 0.5
Sums 23-39 - 20 22-29
Extracted earlier 3 yes 3 3
URR on land 26-41 - 25.5 25-31
Ocean floor deposits | 0.25-0.35 2,000 7-372 yes 1483 5-7
URR, land and ocean 33-78 - n.a. 30-38

From the overview given in Table 4.1.6.4, we can see that there is consensus on the total land-based
extractable amount to be in the range 30-38 million ton of cobalt. Extraction of cobalt is energy-inten-

2\We have assumed that % is technically extractable, but at considerable extra cost, see Table 4.1.6.6.
3No assessment of extractability was done in that study.
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sive as can be seen from Table 4.1.6.3, which shows energy requirements for different steps. The CO-
BALT module inside the WORLD6 model was run with the Ultimately Recoverable Resources (URR),
divided into quality classes as indicated in Table 4.1.6.3. Fundamental for this study is the estimation
of how much metal can be extracted in total. This implies evaluation of how much metal is present,
how much is technically extractable, disregarding price, energy or political obstacles. Both Mudd
(2013) and USGS (2012, 2015, Slack et al., 2010) include ocean seabed cobalt crusts, but they evalu-
ated the crust cobalt content very differently.

The studies of the USGS are among the most valuable sources of information due to their wide scope,
long term perspective and large degree of consistency (Shedd, 2002, 2012, 2015, Papp et al., 2008,
Slack et al., 2010, Berger et al,, 2011, Newman 2011, Johnson et al., 2014, USGS 1980, 2014). The most
recent USGS estimate is for cobalt detected in deposits, but with no serious assessment of extractabil-
ity. There are a number of corporate prospects and pamphlets available on ocean seafloor mining, all
very optimistic. However, these are aimed at potential investors and company shareholders, and may
not represent the most down-to-Earth assessments. Ocean floor mining technology is currently being
developed, much supported by advances in deep-sea oil exploration. However, such undertakings ap-
pear as technologically challenging and as capital intensive (Allsopp et al. 2013, Clark and Smith
2013a,b, International Seabed Authority 2015). Mudd (2013) estimates that a lot of cobalt is present,
but very little is technically extractable.

A list of production rates and estimated resources are shown in Table 4.1.6.5. The main cobalt produc-
ing country is the Peoples Republic of Congo, in Africa. They produce one third of the global output
(about 56,000 ton per year). The production in these countries is associated with copper production.
They are followed by a number of countries in the range from 8,000 to 3,000 ton per year. The assess-
ment was done by going through the available scientific literature and a number of industrial reports
and annual reports, independent from the sources behind the information in Table 4.1.6.4. All the esti-
mates have then been added up in Table 4.1.6.5. This assessment gives significantly larger estimates of
the extractable amounts than conventional overview studies like those of the USGS.

Table 4.1.6.5. Assessment of total production, reserves (Known) and technically extractable resources
(Hidden) in million ton of cobalt.

Country Extraction Cobalt Deposit type or mother Reserves  Resources
2015, refining metal million million
ton/yr 2015, ton/yr ton ton

Congo DRC 56,000 3,300 Copper 3.400 14.5

China 7,200 42,000 Copper, Nickel, Iron 0.080 0.4

Canada 7,000 7,000 Copper, Nickel, Cobalt 0.240 0.9

Australia 6,500 6,500 Copper, Nickel 1.200 4.5

Russia 6,300 2,300 Nickel, Copper 0.250 0.9

Cuba 4,200 - Nickel 0.500 2.1

Phillipines 3,700 - Nickel 0.500 1.2

Zambia 3,100 5,300 Copper 0.270 1.2

South Africa 3,000 1,400 PGM, Nickel, Copper 1.200 4.5

Brazil 3,000 1,400 Iron, Copper 0.890 2.1

New Caledonia 3,500 - Nickel 0.370 0.9

Indonesia - - Nickel 0.080 1.0

Morocco 1,800 1,800 Cobalt ore 0.020 0.2

Madagaskar 2,950 3,000 Copper 0.500 1.5

France - 220 - - -
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Belgium - 11,000 - - -
Finland - 11,400 Nickel 0.250 1.2
Norway - 4,500 Nickel 0.050 0.5
Germany - 5,000 - - 0.2
Sweden - 2,500 Copper 0.100 0.7
Japan - 3,700 - - -
India - 1,100 Copper - 0.2
USA 1,260 5,000 Copper, Nickel 0.180 1.0
Other countries | 1,750 2,000 Copper, Nickel 0.200 0.34
Cameroon 0.050 0.66
Sum 110,000 118,200 9.180 39.5
Recycling, waste | - 12,000 Metal waste, batteries 2.200 2.5
URR - - - 11.380 43.7
Ocean floor - - Crusts, nodules 1.000 7-37.04
Global total 110,000 129,200 - 12.280 80.7

Table 4.1.6.6 shows the resources of cobalt from secondary extraction and their concentration in the
parent substrate, and estimate of total extractable amounts. The content in the primary cobalt ore re-
lates to rock cobalt content. Table 4.1.6.7 shows an overview of deep sea metal resources. The ex-
tractability estimates rely on a number of scientific studies (Allsopp et al. 2013, Beaudoin et al., 2014,
Tilton 1983, Herzig and Hannington 1995, Clark et al., 2005, 2010, 2013a,b,c, Beckmann 2007,
Boschen et al,, 2013, Hein et al. 2009, 2010, 2013, Hein et al,, 2009, 2010, 2013, Hoagland et al,, 2009,
Johnson et al., 2014, Martino and Parson 2011, Mudd 2013, Munos et al., 2013, Schmidt and Heydon
2013, Schmidt 2015, Roberts 2012, SPC 2012, Walther 2014, Zhou 2007, World Ocean Review
2015a,b,c) and this study. Table 4.1.6.8 shows the relationship between cobalt ore grade, the approxi-
mate production cost and minimum supply price to society, for a high and a low case for recoverabil-
ity. The size of the cobalt resource is dependent on the estimates for the total copper and nickel re-
sources. Thus, the total extractable resource estimates for these metals must be discussed. Johnson et
al. (2014) attempt to estimate the copper resources around the world, stating that in addition to iden-
tified 2,100 million ton, they suggest that about 3,500 million ton of copper resources should exist,
making a total copper resource of 5,600 million ton (URR). They considered porphyry copper deposits
down to 1 km depth and sediments and strata-bound copper down to 2.5 km depth. However, the cop-
per ore grade distribution in the resource and extractability remain unknown, and the proposed addi-
tional 3,500 million ton of copper cannot be added to the known resources of 2,100 million ton of cop-
per without a proper extractability assessment. Such an assessment of extractability has not been un-
dertaken. Assuming that 1/3 - % of the resources given by Johnson et al. (2013) are in reality extracta-
ble, then the total URR for copper would be in the order of 3,270-3,850 million ton of copper.

Table 4.1.6.6. Sources of cobalt from secondary extraction and their concentration in the parent sub-
strate, and estimate of total extractable amounts. The content in the primary cobalt ore
relates to rock cobalt content. All amounts are in million ton cobalt metal.

Parent Parent metal Cobalt content in Fraction of mines with Co URR

source of resource mother material, % extraction capability million ton

4As much as 148 million ton of cobalt has been detected in deep sea cobalt crusts and manganese nodules (Slack et al.,
2015). If we assume that 25% is extractable, that corresponds to a resource of 37 million ton of cobalt. That we probably
should see as a high estimate (Smith and Heydon 2007, Hein et al., 2010, 2013). Mudd (2013) assumes that 5% of the
ocean floor cobalt is technically extractable (7.5 million ton of cobalt).
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cobalt for Million ton _
extraction
Copper 3,767 0.23 Variable; 0-0.8 8 16
Nickel 300 3.2 Variable; 0.2-0.7 10 14
Chromium | 2,495 0.12 Variable; 0-0.5 2 4
PGM 0.3 2000 1.0
Primary 100 1.0 1.0 2 5
ores
Ocean 148 4.7 1.0 7 37
floor
URR - - 32 82
Table 4.1.6.7. Overview of deep sea metal resources
Co Extractable Co
content, fraction, extractable
mill ton % mill ton
Manganese 4,000-6,000 | Ni, Cu, Co, Mn 38 5-25 1.9-9.5
nodules
Cobalt crusts 800-2,500 Co, V, Mo, Pt 110 5-25 5.5-27.5
Sulfide deposits 1,400-3,700 | Cu, Pb, Zn, Au,Ag |2 5-25 0.1-0.5
Sums 7.5-36.5
Table 4.1.6.8. Relationship between sea floor copper ore grade, production cost and URR.

Ore metal Extraction Hidden Known Sum

content, % | cost, S/kg
Sea floor grade low 1-0.2 50,000 2 1 3
Sea floor grade ultralow 0.2-0.04 80,000 4
Sum 6 0 7

Additional information concerning mining technologies and technical development was taken from
Rosengqvist (1949), Allen and Behamanesh (1994), Liessmann (1994), Hawkins (2001), Wagner and
Fettweiss (2001), Shedd (2002, 2012), Alonso et al. (2007), Papp et al. (2008), Berger etal. (2011),
Boliden AB (2011), Cobalt Facts (2011), Newman (2011), Harper et al. (2012), Wiibbeke (2012), Wal-
ter (2014), Wagner and Fettweiss (2001), Dawkins et al. (2015), Searle (2015), and Wilburn (2015).
The extractable amounts were set at the beginning of the COBALT model simulation in 1900, stratified
with respect to ore metal content and relative extraction cost based on yield of extraction and energy
requirements. All major model inputs on resources were extracted from earlier published information.

Harmsen et al. (2013) and Henckens et al. (2014) use an estimate for the total extractable nickel re-
source at 1,800 million ton, but we can find no scientific support for such a large estimate in the availa-
ble scientific literature (Mudd et al. 2013, Mudd and Jowitt 2014). With no scientific basis in numbers,
it would appear to be a wild guess. Johnson et al. (2013) agrees with this, and states that the copper
resource estimates in Harmsen et al. (2013) and Henckens et al. (2014) are not suitable for any suffi-
ciency assessments. We have done an extensive survey of the literature and found that there is more
nickel available than what the traditional estimates suggests by about a factor of two. This is shown in
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Table 4.1.6.4, where we estimate the nickel resources to be at least 183 million ton and more probably
about 300 million ton (Mudd and Jowitt 2014). The full assessment of global nickel resources will be
published in a separate study. Table 4.1.6.9 shows the relationship between primary hard rock copper
ore grade, the approximate production cost and minimum supply price to society, and URR used in the
COBALT model. This is a minor part of the URR for cobalt (URRMines=2 million ton).

Table 4.1.6.9. Relationship between primary hard rock copper ore grade, the approximate production
cost and minimum supply price to society, and URR used in the model.

Ore metal content, % Extraction cost, S/ton Hidden Known

Low 1-0.2 28,000 0.290 0.010 0.300
Ultralow 0.2-0.04 50,000 1.000 0 1.000
Trace 0.04-0.01 80,000 0.700 0 0.700
Sum 1.990 0.010 2.000

Table 4.1.6.10 shows an overview of the input data to the COBALT submodel fin WORLD®6 or extracta-
ble amounts at the starting time for the simulations. Both land-based and ocean sea-floor resources
were included. The ocean seafloor extractable resources are 5 times those of Mudd (2013), assuming
25% extractability.

Table 4.1.6.10. Input data to the model for extractable amounts, at the starting time for the simula-
tions. Both land-based (Primary and secondary) and ocean sea-floor resources were in-
cluded.

Secondary extraction

Rich 15 5 20 40-5 400-50
High 10 20 30 5-1 50-10
Low 100 1,250 1,350 1-0.2 10-2
Ultralow 15 1,200 1,215 0.2-0.04 2-0.4
Extralow 15 1,100 1,115 0.04-0.01 0.4-0.1
Sums 155 3,575 3,730

High 29 1 30 5-1 50-10
Low 6 36 42 1-0.2 10-2
Ultralow 3 110 113 0.2-0.04 2-0.4
Sum 38 147 185

Extralow 2,000 38,000 40,000 0.01-0.005 10-5
Trace 0 47,000 47,000 0.005-0.002 5-2
Rare 0 64,000 64,000 0.002-0.0004 2-0.4
Nickel ore 5,000 18,000 23,000 5-0.5
Sums 174,000
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Ocean seabed primary cobalt mining

Rich 50 700 750 55-5 550-50
High 0 800 800 11-2 110-20
Low 0 1,000 1,000 2-0.5 20-5
Sums 50 2,450 2,500

Primary cobalt mining

Low 0.01 0.290 0.300 1-0.5 10-5
Ultralow 0 1.000 1.000 0.5-0.1 5-1
Extralow 0 0.700 0.700 <0.1 <1
Sums 0.010 1.990 2.000

Low 1 20 21 1-0.2 10-2
Ultralow 1 14 15 <0.2 <2
Sums 2 34 36

4.1.6.5 Model description

Structural description

The COBALT submodel is a model arrangement inside the WORLD6 model consisting of a system of

sub-models. Figures 4.1.6.3 and 4.1.6.4 shows the connection between the production of many differ-
ent metals and the parent metal ores displayed as a flowchart. The COBALT submodel consists of the

following parts based on earlier models (Sverdrup et al. 2014a,b,) and new system dynamics parts
(Sverdrup et al. 2015a,b,c) as shown in Figure 4.1.6.4:

1. BRONZE submodel for, zinc, lead and many dependent metals (silver, antimony, bismuth, in-
dium, gallium, germanium, tellurium, selenium, cadmium), including the COPPER and SILVER

submodels (Sverdrup et al. 20144a,b)

STEEL sub model for iron, manganese, chromium and nickel, including the IRON submodel.
PGM submodel for platinum, palladium and rhodium, in conjunction with the STEEL submodel.
A submodel for the simulation of primary mining of cobalt.
Inside the COBALT submodel is a newly developed sub-module for the cobalt market cycle.

v Wi
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Figure 4.1.6.3. Flowchart for cobalt flow in society as pictured in the COBALT submodule in WORLDS6.
This is continued in Figure 4.1.6.5 and reflected in the STELLA structure shown in Figure

4.1.6.6 and Figure 4.1.6.7.
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Figure 4.1.6.4. Flowchart for the COBALT submodel, including independent and dependent metals rele-
vant to cobalt. The stocks sorted up into extraction cost classes are shown.
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Figure 4.1.6.5 shows the causal loop diagram defining the market dynamics in the model, where the
price is an output from market mechanisms involving supply to the market, supply to customers from
the market in response to demand. Note that supply from the market is not necessarily the same as the
demand.

Figure 4.1.6.5. The price mechanism as implemented in the COBALT submodel is shown as a causal loop
diagram. The diagram shows how supply to the market, the market amount, price and
take from market and demand are all connected into one system of mutual feedbacks.
In the model this is used to calculate the price dynamically at each week. The time step
in the model is one week.
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Figure 4.1.6.6 shows the STELLA diagram for the whole COBALT submodel. All of this is embedded
into the WORLD6 model, and the COBALT submodel is operated and run from within the WORLD6
model. The simulation of the primary mining of copper, zinc, lead and antimony and silver are in their
own modules, the dependent metals are calculated from the production of these primary metals. Recy-
cling from society and waste dumps provides a substantial flow of copper in comparison with rock
mining. The COBALT submodel is numerically integrated using a 0.02 year time-step in a 4-step
Runge-Kutta numerical method of integration in the STELLA® modelling software (Figure 4.1.6.7).
That means we have values every week. Table 4.1.6.10 shows the input data for extractable amounts
used to initiate the COBALT submodel. The main extractable amounts of cobalt are associated with
nickel, copper and platinum group metals deposits.

The full causal loop diagram for metal mining and copper in particular has been published earlier
(Sverdrup et al., 2014a,b, 2015a,b). Population estimates from the WORLD6 model is used in the de-
mand estimates (Ragnarsdottir et al. 2011, 2012, Sverdrup and Ragnarsdottir 2011, Sverdrup et al.
2012c) (see Figure 4.1.6.9).
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Figure 4.1.6.6. The STELLA diagram for the whole COBALT submodel including the linked systems dy-
namics submodels BRONZE, STEEL and PGM (Sverdrup et al. 2016a) that we have devel-
oped earlier as a part of the WORLD6 model system.

Source: Own Figure, Lund University/University of Iceland

227




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

Figure 4.1.6.7. The cobalt sub-module of the WORLD6 model as shown in Figure 4.1.6.4 and 4.1.6.5,
implemented inside the STELLA software shown in Figure 4.1.6.6. The titles overwritten
on the diagram shows the different modules for secondary extraction, using copper,
nickel, chromium and platinum group metals as input. In the model is also included hard
rock mining in Canada and Morocco and future ocean seabed mining. Figure 3 shows the
causal loop diagram implemented in this module.
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Rate equations and feedback functions

The rate of cobalt primary production is determined by the following equation:
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rCobalt = rNi * XNi + rCu +rPGM * XPGM + rCr x XCr (4.1.6.1)

where rcobalt is the rate of cobalt extraction in million ton of metal per year, rNi the contribution from
secondary extraction of cobalt from nickel production, rCu is cobalt from copper production, rCr is co-
balt from chromium production and rPGM is cobalt from platinum group metals production. The val-
ues of the different Xi are given in Table 4.1.6.4, it is a unitless fraction. The extraction is first order
proportional to the amount of substrate from the primary mother metals treated in refining. In addi-
tion to this the general mass balance principle applies with all inputs being balanced by the outputs
and the accumulation in society:

Flow through society = Production + Recycling = Accumulation + Losses + Recycling (4.1.6.2)
For metal recycling we used the following equation (adapted after Sverdrup et al. 2014a,b):
R = 0.3 xlog10(Price) + f(policy) (4.1.6.3)

for the applied feedback function for recycled fraction. R is the recycled fraction of the total supply, P is
the price in US dollars per kg and f(policy) is a unitless function depending on regulations and social
training of the agents in the market. With social training, we mean ways to have the consumers and
actors have recycling and a more inherent behaviour, independently of monetary drivers. In the
model, market price is determined by the amount present as tradable in the market. The market price
curve for cobalt is derived from Figure 4.1.6.8a where we have plotted market inventories against the
observed global market price for cobalt. The equation is in US dollars per ton:

Cobalt price = (21,867 * Market stock — 0.57 — 20) * g(E) (4.1.6.4)

g(E) is the market efficiency, a unitless scaling function that varies with time. It has the value 0.5 until
about 1960, and then increases to 1 by 1980, when the metal trade markets became organized and
much more efficient, especially for cobalt. The correlation to the observed points between market
stock and cobalt price is r2=0.99 (Figure 4.1.6.8a). The more material in the market, the lower the
price. The amount of cobalt in the market depends on both the speed of delivery (supply) and the ship-
ping from the market (demand). The cobalt amount taken from the market (F), as promoted by de-
mand, was calculated as follows:

F = (DNM % P x (1 — ZM) + DNM * ZM)) * f(D)  g(S) (4.1.6.5)

F is the amount cobalt that is taken from the market. DNM is the specific cobalt demand per person.
This amount is limited by what is available, where ZM is the fraction metallic cobalt in the demand.
This demand was assumed to be higher for metals than for non-metallic uses. The factors
DNM=0.00166 and DM=0.00332 implies a demand of 1.66 gram of cobalt per person for non-metallic
uses and 3.32 gram cobalt per person for metallic uses. f(D) is the unitless feedback function limiting
demand with higher price and g(S) is technological development, a unitless scaling factor. P is the
global population in billion people taken from the population module in WORLD®6. The actual rate of
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cobalt extraction is maximized by the rate of extraction of nickel, copper and PGMs, the parent sub-
strates it is contained in.

Figures 4.1.6.8-13 show some of the feedback functions from the model that we use in the COBALT
submodel. Figure 4.1.6.8a shows the empirically determined price curve for cobalt as a function of
London Metal Exchange market stock. Figure 4.1.6.8b shows the applied feedback function for the frac-
tion recycled materials as a function of the price, in US dollars, value-adjusted to 1998. The higher the
market price, the more recycling efforts will be stimulated.

Figure 4.1.6.8. Diagram (a) shows the price curve found for cobalt, by plotting market tradable inven-
tory against observed price. The red line is the fitted equation. Diagram (b) shows the
actual curve modified from (a) and entered in the model as Equation (4). Curve (b)
comes down a bit faster at higher market contents than the fit to data in diagram (a).
The curves are derived from the private metal trading archives of one of us (Sverdrup)
and are in the process of being published.
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Figure 4.1.6.9 shows the population curve from the World3 sub-module and the alternative United Na-
tions forecast for populations with no resource feedbacks of any kind. The World3 model simulation
peak in 2040 at 8.6 billion people, the WORLD6 simulation peak at 9.1 billion people in 2045 and the
UN forecast in 2065 at 9.8 billion people.

Figure 4.1.6.9. shows the population curve coming from World3 model, (W3 scenario), the new popula-
tion estimates from WORLD 6 (W6 scenario) and the alternative United Nations forecast
for populations with no resource feedbacks of any kind (UN scenario).
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Figure 4.1.6.10a shows the fraction of supply as recycled, a function of metal price. It shows how much
market mechanisms make recycling as a % fraction of supply increase when the metal price goes up.
Adapted with data from Lenzen (2008), Prior et al. (2013) and Dahmus and Gutowski (2007) for
Sverdrup et al. (2014a,b, 2017). The diagram was used to parameterize Equation (4.1.6.3). Figure
4.1.6.10a shows the applied price feedback function for the restriction on supply. For the feedback, a
one-and-half year running average is used. This running average is adapted, because society is not in-
stantaneous in its response to change in the market price. Figure 4.1.6.10b shows the applied price
feedback function for the restriction on demand. The higher the price, the lower the demand. Figure
4.1.6.10c shows the applied feedback function for the fraction recycled materials as a function of
price.

Figure 4.1.6.10. The diagrams show the applied price feedback function for the restriction on supply (a)
and demand (b) of cobalt. Diagram (c) shows the shows the applied feedback function
for the fraction recycled materials as a function of price (see the CLD shown in Figure
4.1.6.3 where in the model this feedback is used).
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We use the global population from the population model inside the WORLD6 to estimate the global co-
balt demand from the per capita estimation (Sverdrup and Ragnarsdottir 2011) (Figure 4.1.6.11a). We
use the predictions internal to the WORLD6 model, as well as the United Nations populations predic-
tions which are politically correct, but probably flawed (Meadows et al., 2004, Greer 2008, Ehrlich and
Ehrlich 2009, Heinberg 2001).

Figure 4.1.6.11a shows the applied increase in demand from the technological development of new in-
dustrial cobalt uses. The fluctuations reflect the instability of production caused by problems in unsta-
ble countries in Central Africa. Prices are in American inflation adjusted dollar value with 1998 as the
reference year. The main market model used for cobalt is the same as used in our earlier models
(Sverdrup et al. 2013c, 20144a,b, 2015a). Figure 4.1.6.11b shows the efficiency of the cobalt extraction
technology and methods, and Figure 4.1.6.11c shows the applied restriction on hard rock cobalt min-
ing and ocean mining from price feedbacks.
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Figure 4.1.6.11.  Diagram (a) shows the applied increase in demand per person from the technological
development of new industrial cobalt uses. This is an input curve. Diagram (b) shows the
efficiency of the cobalt extraction technology and methods. Diagram (c) shows the ap-
plied restriction on hard rock cobalt mining and ocean mining from price feedbacks.

Sand //

—
o

& & o >
8 3 / =
[=} Qo
c "3 =]
3 ¢ / g /
g % @
z ] / l:
8 3 / S /
0 0 J ol <
1900 TIME 2200 1900 TIME 2000 0 Co_S_per_kg 60
a b c

Source: Own Figure, Lund University/University of Iceland

Figure 4.1.6.12 shows the share of total cobalt supply going to super-alloys and batteries. The demand
for cobalt to batteries comes from the battery module in the lithium sub-module of the WORLD6
model. A certain price level for cobalt must be reached before it becomes profitable to start mining
from the ocean floor. Figure 4.1.6.12b shows the switching price for changing from land-based mining

to ocean floor-based mining.

Figure 4.1.6.12.  Share of total cobalt supply going to superalloys and batteries. Diagram (a) shows mar-
ket share of cobalt; Diagram (b) shows the switching price for changing from land-based

mining to ocean floor-based mining.
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The market research organization CRU in their Cobalt Market Outlook 2015 (Spencer and Searle
2015), forecast a progressive tightening of the supply-demand balance out to 2020 and beyond; "A se-
rious deficit is anticipated by 2020 which will probably generate a supply response from China and the
Democratic Republic of Congo. Beyond 2020, a change in battery cathode chemistry which does not
use cobalt could bring the market back into surplus.” The market mechanisms cannot extract above
the content potential in the mother metal flows. This limits the flexibility of the cobalt production. The
primary cobalt production thus only partly responds to market mechanisms. We assume the concen-
tration in the refinery residuals used for cobalt extraction to remain constant, even when the ore grade

of the mother metal ore grade decline.
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4.1.6.6 Results
Basic model setup

We ran the COBALT model as integrated in the WORLD6 model with the three different population
scenarios shown in Figure 4.1.6.9, the World3 scenario (W3) (using the same way to estimate the
global population as was done with the original World3 1992 version), the base case scenario with the
WORLD6 model (W6) and the United Nations population scenario (UN). The different scenarios result
in different cobalt demands, and thus also different types of cobalt scarcity, three different cobalt total
supply scenarios and cobalt market price trajectories as will be evident from the results shown in the
following text. Runs with the COBALT submodel were made for the time 1900-2400 in order to see
how long the available amount for extraction would last. We have done all the simulations using a re-
source estimate of URRLand=32 million ton cobalt on land and URROcean=34 million ton at the bot-
toms of the oceans, in cobalt crusts and massive sulphides, a total of 66 million ton (Table 4.1.6.4). We
have included primary hard rock mining, secondary extraction from copper, nickel, chromium and
platinum group metals (PGM), and from old mine waste dumps, and from 2020 on from ocean seabed
mining, using the ocean seabed resource estimate of Mudd and Jowitt (2013). Including a larger esti-
mate for ocean seabed resources did not change anything significantly before 2200, because of the
higher costs of extraction. This favours land-based resources and recycling as primary sources of co-
balt until after 2200.

Comparing the base case with the high, intermediate and low population scenarios

Figure 4.1.6.13a shows the primary extraction rate as reconstructed by the COBALT submodel for the
past 115 years and predicted for the future from 2015 to 2400. Not all of the mined cobalt goes to
metal, but a significant part is used for industrial chemicals, batteries and in pigments. The dots are
observed values. It can be seen from Figure 4.1.6.13a that observed mining rates are the same as given
by the model. To note is that they are not fitted, the mining data was not used to calibrate the model.
Figure 4.1.6.13b shows the supply rate to society for cobalt as compared to the extraction rate and the
cobalt recycling rate. The chromite deposits of South Africa and Zimbabwe are used less for cobalt ex-
traction than what could actually be done. The decline is both due to declining resources, but also a
decline in population size-driven demand after 2060 (see Figure 4.1.6.9).

Figure 4.1.6.13.  Diagram (a) shows the mining rate as reconstructed by the COBALT model, as well as
from which mother metal. The dots show the actual mining rate (the model is not fitted
to these). The importance of cobalt supply from secondary extraction from copper and
nickel mining is evident. The circles are the observed extraction rates (USGS 2015). Dia-
gram (b) shows the cobalt extraction, the supply to the market and the amount derived
from recycling.
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Figure 4.1.6.14a shows the price adjusted demand for cobalt. Figure 4.1.6.14b shows the simulation of
the price as compared to the observed data. The price shoots up when cobalt runs into hard scarcity
2360.

Figure 4.1.6.14.  Diagram (a) shows how the price-adjusted demand (a) separates from the demand from
the market. This is what we defined as soft scarcity. From 2360, hard scarcity is visible,
when price-adjusted demand cannot be fulfilled. Diagram (b) shows the simulation of
the price as compared to the observed data. The price shoots up when cobalt runs into
hard scarcity 2360.
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Figure 4.1.6.15a shows the origin of the cumulative cobalt extraction in million ton per year. The total
amount of cobalt is extracted from copper mining, nickel mining, chromium mining and platinum
group metals mining. Figure 4.1.6.15b shows the cumulative amount cobalt supplied to the markets,
the total amount cobalt extracted to the markets and the cumulative cobalt losses to 2400.

Figure 4.1.6.15. The diagram (a) shows the cumulative amounts cobalt extracted from nickel, copper and
PGM, and the total extracted amounts. Diagram (b) shows the cumulative amount sup-
plied, the total amount extracted and the cumulative losses to 2400 AD.
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Figure 4.1.6.16a shows the total extracted amount for the different population scenarios explained in
the text and in Figure 4.1.6.9. UN is the United Nations population forecast, W6 is the estimate of the
WORLD 6 model and W3 is the updated World3 estimate using the model from 1992. It can be seen
that the higher population leads to a higher demand, causing a higher extraction and a faster depletion
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of the extractable resources. Under the UN population scenario, cobalt extraction starts drastically de-
creasing by 2230, the price rises sharply leading to increase in recycling and mining at sea. The effect
is also seen under the WORLD6 population scenario (by 2340), but not in the World3 scenario. Figure
4.1.6.16b shows the price-adapted demand (after adjustment for soft scarcity) and the actual supply
from the market. It can be seen how hard scarcity for cobalt sets in under the WORLD6 and UN popula-
tions scenario. Hard scarcity sets in in 2230 for the UN scenario and in 2360 in the WORLD®6 scenario,
but never in the World3 scenario. Figure 4.1.6.16¢c shows the amount cobalt deriving from mining at
sea. Figure 4.1.6.16d shows the recycling degree for the different scenarios. The recycling rates are de-
pendent on the market price and have no additional social mechanisms or governmental actions in-
volved. The recycling works reasonably well for metallic cobalt in super-alloys and other specific me-
tallic uses since 1978-1980 when new and better technology was developed. For other use such as
paints, pigments, chemicals or chemical catalysts, recycling is virtually non-existent.

Most of the cobalt in these uses gets lost or goes to landfills. The recycling rates are dependent on the
market price, but will not go above 45% unless something more than just market mechanisms are
used. In the time period from 2080-2120 the recycling rate increases as a market response to in-
creased market prices. By market forces alone, recycling improves towards 2100, but by then far too
much cobalt will have been wasted and lost diffusively. When compared to the recycling rates re-
ported by the International Resource Panel (UNEP 2011a,b,c, 2012, 2013a,b,c), it becomes apparent
that estimates of recycling rates at single point in time are very uncertain.

Figure 4.1.6.16.  Diagram (a) shows the total extracted amount for the different population scenarios ex-
plained in the text and in Figure 4.1.6.9. UN is the United Nations population forecast,
W6 is the estimate of the WORLD 6 model and W3 is the updated World3 estimate using
the model from 1992. Diagram (b) shows the price-adapted demand and the actual sup-
ply from the market. Diagram (c) shows the amount cobalt deriving from mining at sea.
Diagram (d) shows the recycling degree for the different scenarios.
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Source: Own Figure, Lund University/University of Iceland

Figure 4.1.6.17a-b shows the price under different population scenarios in different scaling. The model
gives price in 1998 value-adjusted prices in US dollars per kg cobalt. Scarcity becomes serious after
2050 with sharply increasing cobalt price in the intermediate and high population scenario. For the
low scenario, nothing much happens with the price until after 2400, beyond our time horizon. The re-
lationship between total extracted and total supplied is about 1.8, Factor X. Factor X is an indicator for
the resource use efficiency in society. Factor X can be changed by changing the degree of recycling.

Figure 4.1.6.17. The diagrams show the price trajectory for cobalt for the different population scenarios,
the same diagram but in in different scaling.
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4.1.6.7 Discussions
Test and uncertainties

In Figure 4.1.6.13a we show a tests of the model on the cobalt extraction rate to the observed extrac-
tion rate (dots in figure), it gives a correlation of r2=0.96. Figure 4.1.6.14b shows the modelled price as
US dollars per kg value-adjusted to 1998 for 1900-2020 as compared to the observed running current
market price and the observed price in US dollars per kg value-adjusted to 1998 and the observed
price in the markets. For the period 1920-1990, we get the level in price right (Figure 4.1.6.14b,
r2=0.44), but all the observed price volatility in the market is not captured by the WORLD6 model. The
accuracy of the price simulations is quite sensitive to the price-to-market-stock curve used, and the
observed price curve shown (Figure 4.1.6.8b) has the best performance. The discrepancy between ob-
served and modelled price is also caused by difficulties in setting historic demand levels, the short
term variations in the demand and uncertainties in the demand-price and supply-price feedback func-
tions applied in the cobalt model. The reason for this, may be the inability to capture periods of disrup-
tion in major producing countries a-priori as well as the effect or market speculation and financial ma-
nipulations which are not included in the model at present.

Some readers may react to the runs being run as far into the future to 2400. This may seem bold, but it
must be remembered that in contrast to statistical data driven models, causally based models with
coupled mass and energy balanced become quite well confined for substantial periods of time. This is
supported by the fact that the same model (WORLD6) has been used to model trajectories from 1850
to the present (165 years) for copper, zing, lead and iron to give examples, and from 1750 to the pre-
sent (265 years) for silver and gold, being able to reconstruct the past production and market process
with good accuracy (Sverdrup et al. 2002, 2012, 2014a,b). This was accomplished without excessive
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calibration, and these fundamental settings were kept throughout the runs (Figures 4.1.6.8, 4.1.6.10-
12, Table 4.1.6.10).

Output sensitivity to population size, affecting demand

We have used the base run of the WORLD6 model for the estimates. As an alternative, we used the
United Nations estimates. They are only based on demographic dynamics, and assume that the re-
source supply situation is sufficient at all times and will never ever become limiting. In the WORLD6
model, food supply as affected by phosphate availability, agricultural land development including soil
erosion and energy availability is considered in the simulation of population dynamics. Cobalt has
marginal effect on this, but the population has a large effect on cobalt. This leads to a very different
population dynamics as a result of feedbacks from the global mass balances and energy balances. Our
opinion is that a population model with no feedback from energy availability or food availability is not
very realistic, and probably gives an over-prediction of the long-term sustainable population.

Ore grades and reserves

Over time, the grades for cobalt have declined in parallel with the decline in ore grade of the parent
metals nickel, copper and PGM (Mudd 2007, 2009, 2010a,b, 2012, Mudd et al. 2013a,b, Sverdrup et al.,
2017). Sudbury (Canada) and other similar nickel sulphide ores have today 1-0.5 kg nickel per ton
rock, the laterite ores have 1-10 kg nickel per ton material, the cobalt ore in Katanga, Republic of
Congo has a cobalt content 2-10 kg cobalt per ton rock. The bulk cobalt ore grade have gone down
about a factor 3-5 over the last 40 years, following the declining ore grade of the mother metal ores for
nickel and copper (Mudd 2007, 2009, 2010a,b, 2012, Mudd et al. 2013a,b). As the mother metal ore
grades are low in the mother metal deposits, cobalt extraction indirectly implies a large environmental
impact. If the cobalt reserves run out, and the metal has been diffusively lost, we will simply have no
cobalt available when the stock in society is gone. The systemic cobalt recycling rate at present is far
too low to be acceptable from a point of view of long term metal conservation, and it is appropriate to
consider policy measures to strengthen cobalt conservation in society.

Substitution

Substitution is partially possible for some of the applications of cobalt (Slack et al. 2010). In magnets,
several rare earths provide alternatives, and the use of cobalt there is flexible. Rare earths are more
abundant than cobalt, and provide a real and good functional substitute. Substitution in cutting tools
and in pigments is trivial and straight forward, and good alternatives exist.

In super-alloys, there are not any good functional substitutes for cobalt, and this may become a prob-
lem for large scale production of high performance jet turbines. It may only partly be replaced by
nickel. The platinum group metals, niobium or rhenium may in some situations substitute for some of
the cobalt, but niobium and rhenium are rarer in nature than cobalt, and thus the capacity for supply-
ing the amounts needed for full substitution are not there. After 1980, super-alloy recycling increased
significantly due to technical advances, improving cobalt supply. But further improvements are neces-
sary (Alonso et el. 2007).

For chemical catalysts, some of the used cobalt may be substituted with platinum and palladium, but
with a loss of performance and at a significantly higher cost. The platinum group metals are very lim-
ited in supply when compared to cobalt, and for any need in larger volumes, they will be totally insuffi-
cient. For some uses there is no functioning replacement for cobalt, but some work-around strategies
is possible.

In lithium battery technology, cobalt plays an important role for battery durability, number of battery
recharging cycles and stability of the storage capacity with time. The substitutes manganese, nickel or
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rare earths have inferior function, leading to heavier batteries. The use of cobalt in battery technology
requires weight amounts comparable to or larger that of lithium and may exceed the available cobalt
production rate in the near future.

The need for dynamic modelling

[t is important to include dynamic market features and feedbacks in assessment used for policy devel-
opment. Some policies depend on assumptions on market mechanisms being able to allocate resources
most efficiently, and this needs to be modelled with feedbacks involved and tested in order to verify or
falsify such assumptions. For those metals we have assessed so far (copper, zinc, lead, silver, gold, plat-
inum, palladium, cobalt, lithium, iron, aluminium, manganese, chromium, nickel, tantalum, molyb-
denum, rhenium), market mechanisms were inadequate for sustainable management of the materials,
calling for substantial governance actions and measures.

Ocean cobalt mining

Ocean bed mining of cobalt was included in the model. Because of cost constraints, the amounts being
mined turned out to be insignificant as compared to land-based extraction for the period from now to
about 2050. The model predicts that ocean mining will become significant when significant price in-
creases will make extraction payable (Figure 4.1.6.16 and Figure 4.1.6.17). However, because of the
high costs and low profit potential as compared to recycling, the amounts never become really signifi-
cant until after 2050 for any of the scenarios. For the higher population pressures under WORLD6 and
UN population estimates, sea mining can become significant and even run those resources to exhaus-
tion. No technology exists for doing subsea mining on a large scale at present, what exist are proposals
and early prototypes (Beckmann 2007, Allsopp et al. 2013). The long term environmental challenges
have so far no solution (Herzing and Hannington 1995, Beckmann 2007, Zhou 2007, Clark et al., 2010,
2013, Allsopp et al. 2013, Mudd et al. 2013, Smith and Heydon 2013, Schmidt 2015). Large technologi-
cal and environmental obstacles must be overcome for the ocean seabed alterative to become realistic
(Beckmann 2007). The cobalt crusts are located from 800 meter depth to 3,500 meter depth in the
oceans, and associated manganese nodules are normally from 1,000 to 5,000 meters depth, and it is
not going to be an easy task to get them up to the surface (Clarke et al. 2010, 2013, Allsopp et al,,
2013). The work will require advanced robotics and is likely to incur substantial cost that can only be
carried out at a price significantly higher than the present market price.

The next step in model development

The next steps are possible, because the COBALT submodel is integrated in the WORLD6 model. By
running it in conjunction with the LITHIUM submodel in WORLD®6, we can take into account demand
from lithium based battery technology. Inside the WORLD6 model are modules handling the metals
that go into making super alloys for high performance turbines, air superiority jet fighter high perfor-
mance engines and rocket engines (nickel, cobalt, niobium, molybdenum, rhenium, tantalum, hafnium
and PGM). This allows assessment of any scarcity issues for these types of products.

The issue of population

Throughout the internal market dynamics inside the WORLD6 model, the size of the population is very
important. Demand is composed of use per capita, the efficiency of use and the number of consumers.
The number of consumers is another name for the global population size. Thus, the issue of population
cannot be ignored. We have adopted three population scenarios, the UN forecast, the WORLD6 estima-
tion and the Word3 estimation from 1972. We think the World3 1972 estimation is somewhat too low,
and we think the UN estimate is a naive estimate ignoring all feedbacks from resources like energy,
land and phosphorus. Our own opinion is based on what we consider to be the best available estimate
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according to present scientific knowledge, considering world systems feedbacks, as done with
WORLDS.

4.1.6.8 Conclusion

The present use of cobalt shows a low degree of recycling and systemic losses are significant. The ex-
tractable resources of cobalt are not very large, about 32 million ton extractable from land-based re-
sources and about 34 million to from ocean seabed resources, a maximum of about 66 million ton.
Some time after 2200, the supply of cobalt will have run out under a business-as-usual scenario, de-
pending on the population scenario adopted. Too much cobalt is lost if only market mechanisms are
expected to improve recycling, and unnecessary cobalt is wasted if no policy actions are taken. We can
conclude that the market mechanisms alone do neither have the goal nor the competence to make co-
balt use sustainable without governmental interventions and regulations. A science-based solution-
oriented policy is needed to correct the situation before it is too late and too much cobalt has been lost.
Failure to take this message in will risk that society one day will be without cobalt. In order to con-
serve cobalt and allow it to be available for coming generations, present policies must be changed and
the large observed losses mitigated within the next decades.
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4.1.7 SPECIALITY METALS sub-module - MOLYBDENUM and RHENIUM
4.1.7.1 Introduction

Molybdenum, rhenium are metals that are key for making specialized stainless steel alloys that pre-
serve strength and corrosion resistance at high temperatures, important for advanced technologies
used in civil and military applications. Molybdenum and rhenium are associated in nature, and that
share a number of special metallurgical and chemical properties. These metals are valuable and sought
after for manufacturing of super-alloys and as catalysts for chemical reactions. The demand for these
metals is normally higher the supply, and they are already scarce with a high market price. Scarcity of
natural resources in the future may cause trouble for continued technology development and the fur-
ther development of the economy in the long term (Hubbert 1966, Acemoglu and Robinson 2013,
Bardi 2013, Busch et al., 2014, Heinberg 2001, Hirschnitz-Garber et al., 2015, Morrigan 2010, Mead-
ows etal, 1972, 1974, Nickless et al., 2014, Nassar et al., 2012, Ragnarsdottir et al., 2015, International
Molybdenum Association 2013, 2015, Avon Metals 2014, Robinson and Menzie 2012). This study in-
tends to address some of these issues. They find use in turbine blades, jet engines, rocket engines, nu-
clear energy technologies and specialized chemical environments.

Super-alloys mainly rely on dispersion of coherent L12 y'-austenitic precipitates in a face-centred cu-
bic y metal matrix for excellent high temperature mechanical properties. Corrosion resistance is en-
hanced by components creating corrosion resistant oxide scales at high operation temperatures. Com-
positions of super-alloys have continued to evolve to be able to be used under increasingly challenging
operation conditions. Additions of rhenium, ruthenium or other exotic materials have significantly im-
proved creep strength and resistance to corrosion. Nickel-based alloys are the most common, but
other alloys based on cobalt have been developed in recent years. Further research focuses on more
alternatives using high contents of metals such as chromium, niobium, molybdenum or platinum. A
strategically important use of these metals is in high temperature section of turbines and jet engines.
The superalloys may make up as much as 50% of the jet engine weight, which shows how dependent
modern jet engines are on these metals (Reed 2006, Makineni et al., 2015a,b).

4.1.7.2 Objectives and scope

Develop a model for the production and cycling of molybdenum and rhenium in society. We intend to
compile estimates of the available reserves and reserves for extraction, the present annual production
and historical production and to give an outline of what these metals are used for and where they are
strategically important. The objective is to use a systems dynamics model to explore the term sustaina-
bility of the supply system and its limitations.

4.1.7.3 Background Molybdenum

In 1778 the Swedish chemist Carl Wilhelm Scheele found a new element, named molybdenum for the
mineral in which it resided, and from which can be isolated (Scheele 1778). The Swedish chemist Peter
Jacob Hjelm isolated metallic molybdenum in 1781, but published it some years later (Hjelm 1788,
Hess 1924, Cunningham et al., 2008, Ludington and Plumlee 2009). Molybdenum is found in wulfenite
(PbO*Mo003) and powellite (Ca0*Mo03), but the main commercial source for extraction is molybde-
nite (MoS2), which is a sulphide ore (Cunningham et al., 2008, Ludington and Plumlee 2009, Magyar
2004, Molybdenum 2015). There are two types of molybdenum mines. Primary mines where the main
focus is molybdenum extraction and some other metals are made as by-product, and mines where the
main focus is most of the time copper, but sometimes also nickel-copper mines, and where molyb-
denum is a by-product. Some of the first mines for molybdenum and niobium were in Knaben Gruver,
Norway. Very little molybdenum was produced before 1930 (Figure 4.1.7.1). About 88% of molyb-
denum produced today is used in metallurgical applications such as specialty alloys, super-alloys and
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stainless steels, with the rest of molybdenum used as compounds in chemical applications (12%). The
industrial use of molybdenum in structural steel is about 38% of the annual supply, manufacture of
stainless steel is 22% of the annual production, tool and high-speed steels consume 8% of it, produc-
tion of nickel alloys consume 2% of it, cast iron uses 8% of it, molybdenum elemental metal production
is about 5% of it, and super-alloys consume 5% of the annual production (International Molybdenum
Association 2013, 2015; Koizumi et al. 2003, Molybdenum 2015). The ability of molybdenum to with-
stand extreme temperatures without significantly expanding or softening makes it useful in applica-
tions that involve high temperatures, such as military armour, weapons, aircraft parts, electrical con-
tacts, industrial motors and filaments. Molybdenum has good resistance to chlorine, and stainless
steel that is in contact with seawater needs to contain molybdenum. Many types of high-strength steel
contain 0.25% to 8% molybdenum. Many high-strength steel alloys contain from 0.25% up to as much
as 8% molybdenum. In 2014, more than 45,000 ton per year of molybdenum was used for alloying in
stainless steels, tool steels, cast iron and temperature-resistant super-alloys out of a total extraction of
265,000 ton per year. Figure 4.1.7.1 shows the recorded extraction rate for molybdenum and the ob-
served market price. Around 1978-1981 and 2008-2010, the molybdenum market was subject to se-
vere speculation and possibly illegal use of derivatives to manipulate the market, putting normal mar-
ket price mechanisms out of function. Molybdenum is processed to three categories of products. These
are (International Molybdenum Association 2013, 2015, Molybdenum 2015):

1. Technical oxides (Mo02) which are added in the specialty steel-making process

2. Ferromolybdenum (FeMo), is produced with the thermite reduction of technical oxide with iron
present. Used for alloying into specialty steel and stainless steels.

3. Pure metal is used for alloying. Several super-alloys cannot tolerate iron content, and for this
purpose, pure molybdenum is produced and mixed with the cobalt- or nickel-base alloy. The
pure molybdenum metal is made from the technical oxide (Mo02) or the ammonium molybdate
((NH4)2Mo04), by reduction with hydrogen at enhanced temperature. The result is molyb-
denum sponge that is annealed or sintered to solid pieces. This is then used in the alloying.

Figure 4.1.7.1. The world production of molybdenum, and the inflation-adjusted market price (USGS

2015).
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Figure 4.1.7.2 shows a flow chart for where the produced molybdenum and rhenium comes from.
Some molybdenum is recycled (Magyar 2004a, International Molybdenum Association 2013, 2015,
Molybdenum 2007). Molybdenum is used in super-alloys with rhenium, niobium and tantalum to cre-
ate rocket nozzles and the high-performance jet engines fight aircrafts designed for total air superior-
ity. With special ceramic coatings on single crystal turbine blades, with special cooling strategies, these
blades may tolerate working at 1,600-1,7000C in a high-performance jet engine. It is also used for sat-
ellite skins, and ship rudders and guidance planes. Molybdenum has a small neutron absorption cross
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section, and good corrosion resistance to liquid metal in fusion reactors. The largest producers of pri-
mary molybdenum from specifically molybdenum mines are found in Canada, United States, China, Pa-
pua New Guinea and Australia. Norwegian and Swedish mines are closed at the moment, these were
among the first mines opened. Many large copper and nickel producers have a significant production
of molybdenum as a by-product from copper and poly-metallic deposit mining. Molybdenum has very
variable ore grade between the different mines where it is excavated and extracted, from the best at
4% through the more usual at 0.3-1.5%, but occasionally molybdenum is still taken out along other
metals at lower ore grades.

Figure 4.1.7.2. Flow chart showing where molybdenum and rhenium comes from in terms of ore depos-
its and mother metals. Containers are extractable resources of mother metal, ovals rep-
resents production and arrows are metal pathways.
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Source: Own Figure, Lund University/University of Iceland

4.1.7.4 Background Rhenium

Rhenium was discovered in 1925 by a team of German scientists; Walter Noddack, Ida Tacke-Noddack,
and Otto Berg (Noddack and Noddack 1931). It is a precious metal at room temperatures, and has a
notable high melting point and high specific density, in some ways resembling the platinum group
metals. Rhenium is found in contents of 0.001-0.2% in molybdenite ore, on the average 0.02% (Magyar
2004b, Fleischer 1959, Polyak 2011), itis very rare. Large scale copper, nickel and tungsten extraction
sometimes yield small amounts of rhenium as a by-product when the refinery is set up with the right
equipment for it. It is one of the rarest metals on earth and whenever it is found, it is always in very
low concentrations, mostly associated with another metal. The annual global rhenium production is 50
ton per year (2014). Figure 4.1.7.3 shows the world production of rhenium, and the inflation-adjusted
market price as far as the records go (USGS 2015). Rhenium remained a curiosity metal until it became
important for high performance jet engines and high efficiency turbines in the 1980’s (USGS 2015, see
Figure 4.1.7.3). Before 1970, there was no real trading market for rhenium and no real market price,
and the technologies where it is needed were not yet invented. The metal was produced to order by a
few specialized firms at internally negotiated prices. The rhenium production in 2015 is not exactly
known according to the USGS (2015) commentary, it is somewhere between 48 and 58 ton per year. It
is used in rocket engine nozzles and jet turbine blades to the largest part (78%).
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Figure 4.1.7.3. The world production of rhenium, and the inflation-adjusted market price (USGS 2015).
The production of rhenium is closely related to the molybdenum production and the

new demand for it from technologies involving superalloys.
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Much of the rhenium use and stockpiling is military secrets, thus the difficulty in estimating how much
rhenium is really in use and circulation. The rhenium production is dependent on the production of
molybdenum and copper mainly. The largest market suppliers are perhaps Poland and Germany, be-
cause this is where the refining capacity is best developed. Potential additional future rhenium sources
may be nickel, platinum and tungsten mining where it may be extracted as a by-product (Magyar
2004b). It has been estimated that Chile, United States, Peru, Uzbekistan and Kazakstan have the larg-
est geological resources of rhenium (See Table 4.1.7.1, the data was compiled using information from
Abischeva and Zagorodnyaya 2013, Berzina et al., 2005, Berzina and Korobeinikov 2007, Cunningham
etal,, 2008, Figueiredo et al., 2013, Fleischer 1959, Grabezev 2012, Keseler and Wilkinson 2012,
Plotinska et al., 2014, Safirova 2013, Roskill 2015, IndexMundi 2015, USGS 2015). Some rhenium is
used in chemical catalysts (14% of the supply). A significant part of rhenium is used for chemicals and
chemical catalysts. The most important is a rhenium-platinum catalyst for converting low octane fuels
to high-octane petrol (Avon Metals 2014).

One would believe that because of the very high price, rhenium would have a high recycling rate, but
that does not appear to be the case. Actually, real rhenium recycling is not more than 25% at present.
Recycling of rhenium from some of the military uses pose significant chemical challenges and may at
times incur high costs. Rhenium recovery from recycling is about 10 ton per year, and reported to be
increasing (Anderson et al., 2013).

Table 4.1.7.1. Overview of reserves and resources in 2012 for important alloying metals for superal-

loys. Amounts shown are expressed in million metric ton of molybdenum.

Known ex- Additional Extractable  Extracted URR  Wild cards

tractable extractable amount before

amount amount metal 2012
Rhe- 0.005 0.010 0.015 0.0014 0.016 | 0.005 0.010
nium
Cobalt 8 15 23 6 29 30 40
Vana- 14 20 34 5 39 250 20
dium
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Niobium | 6.6 40 46.6 5 51.6 |10 10
Tanta- 0.1 0.4 0.5 0.02 0.52 | 0.3 ?
lum

Zirco- 10 152 162 18 180 60 -
nium

Hafnium 0.1 3 3.1 0.05 3.15 0.6 -

4.1.7.5 Data and materials

Production rates

The reserves estimates are based on classical geological estimates, and the allocation of extractable
amounts according to ore quality, stratified after extraction costs (Singer 1993, 1995, 2007, Singer and
Menzie 2010, Tilton 2007, 2009, 2012, Neumeyer 2000, Sweeneye 1992, Sverdrup et al., 2015a,b,c,d).
Each category is mined when the market price allows for it. The data was gathered by going through
country reports and other published literature. The numbers add up to about double of the estimates
from the USGS (2015). Assemble data on reserves and resources, a number of literature sources were
consulted (Alves et al,, 2015, Bastos-Neto et al., 2009, Berger et al., 2009, Beurlen et al.,, 2014, Biruaba-
rema et al., 2014, Chicharro et al,, 2014, Eckstrand and Hulbert 2007, Fritz et al., 2013, Ginzburg and
Fel’dman 1974, Gupta and Suri 1994, Hulsbosch et al., 2014, International Business Publications, 2013,
2015, Kravchenko and Pokrovsky 1995, Lele and Bhardwaj 2014, Lehmann et al., 2014, Keseler and
Wilkingson 2013, Kwatra et al., 2012, Ludington and Plumlee 2009, Melcher et al,, 2015, Méller 1989,
Polinares 2012, Safirova 2013, Nassar et al,, 2012, Mudd and Jowitt 2014, Mudd 2009, Nickless et al.,
2014, Nuss et al,, 2014, Polyyak 2011, Sverdrup et al. 2013, Tilton and Lagos 2007, UNEP 2011a,b,c,
2013a,b,c, USGS 2009, 2015, Vulcan 2013). There are a number of sources available for reserves, most
have been summarized by the United States Geological Survey in their yearbooks (USGS 2015). Table
4.1.7.2 shows an overview of important alloying metals for superalloys. Table 4.1.7.2 also shows a
compilation of some estimates of peak production date estimates and to which degree the extraction is
primary hard-rock mining or secondary and dependent on mother metals.

Table 4.1.7.2. Overview of important alloying metals for superalloys. s.d.a.p. = Systems dynamics

model assessment planned for later point in time.

Productionin  Annual extrac- Dynamic model peak URR De- Hub-

2015 tion as % of URR  year estimate Million  pendent bert’s

ton per year ton Extrac- Model

tion valid?

Molyb- 270,000 0.5 2032 55 Partly Yes
denum
Rhenium | 50 0.3 2035 0.016 Yes No
Cobalt 120,000 0.4 2040 29 Yes No
Vanadium | 80,000 0.2 s.d.a.p. 39 Partly No
Niobium 65,000 0.3 2055 52 No Yes
Tantalum | 1,200 0.4 2045 0.5 Partly No
Zirconium | 1,530,000 0.9 s.d.a.p. 180 Partly Yes
Hafnium 10,000 1.0 s.d.a.p. 1 Yes No
Nickel 2,500,000 0.9 2030 280 No Yes
Tungsten | 85,000 0.3 s.d.a.p. 30 No Yes

244




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

Deducting from resource data the need for a specific simulation model structures

By looking at the numbers presented in Table 4.1.7.1 and 4.1.7.2 and based on Figure 4.1.7.4, we may
make a number of conclusions on what sources contribute to the supply of different metals:

1. For molybdenum, 76% is primary extraction, 21% comes from copper extraction and 2% from
nickel mining.

2. For rhenium, extraction from molybdenum supplies 78%, 22% comes from copper and about
3% from nickel and 1% from tungsten extraction. There is no primary extraction. Small amounts
come from platinum group metal refining.

The following model structure can be foreseen for modelling the supply taken from the authors library
of metal models (Sverdrup et al,, 2014a,b, 2015a,b,c, 2016, a,b,c):

1. Molybdenum modelling is combined with secondary supply from copper and nickel extraction,
using the BRONZE and STEEL sub-modules.

2. Rhenium is modelled as completely dependent on molybdenum, copper and nickel mining and
extraction, using the BRONZE and STEEL sub-modules.
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Figure 4.1.7.4. Overview of the extraction of the metals that get to be used in superalloys and the cou-
plings between them. The flow chart was a step in developing the final model structure
for these metals. Dotted lines represent potential but not yet used production possibili-
ties
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The extraction of niobium and tin is important for tantalum, but not the other way around. Tungsten,
niobium and tin have their own mines and contributions from the other metals are insignificant. There
are no primary rhenium mines in operation, and only three places on Earth are known to have small,
but potentially mineable rhenium deposits for rhenium’s sake only. Chile is by far the largest producer
with 26-30 ton of rhenium per year in production from their copper and molybdenum deposits. In Cal-
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ifornia, the El Dorado gold mine has small amounts of platinum group metals and rhenium that some-
times follow platinum group metals. Ukraine has a potential deposit of significant size in the Carpa-
thian Mountains that may one day be put into production. Russia is a significant producer with about 5
ton of rhenium per year from their copper-nickel deposits (Safirova 2013). Ore grades for rhenium re-
semble those of gold and platinum group metals, in the range from 26 gram per ton at the very best to
3-4 gram per ton, which was the norm in 2010-2015. Most rhenium is produced from the roasting of
molybdenum concentrates derived from porphyric copper mining. Only some copper plants have mo-
lybdenum roasters, and only a few have the ability to extract rhenium. In the roasters, molybdenum
sulphide (M0S2) is roasted to remove the sulphur and to produce molybdenum trioxide (Mo0O3) for
the steel industry. In the roasting process, rhenium particles form Re207, which passes up with the
flue gasses where the sulphur from the molybdenum roasting is scrubbed out to produce sulphuric
acid (Vulcan 2013). Rhenium recycling has traditionally been low, but has in later years gained in-
creased attention because of the high price and increased demand for military applications (Anderson
etal., 2013, Papp 2014, Olbrich et al., 2009, UNEP 2013c).

4.1.7.6 The model description

The flow pathways, the causal chains and feedbacks loops in the global iron system were mapped us-
ing system analysis, and the resulting coupled differential equations were transferred to computer
codes for numerical solutions, using the STELLA® environment. This is shown in Figure 4.1.7.5. The
upper part of the metal model consists of the BRONZE sub-model in WORLD6, where molybdenum
and rhenium has been integrated. The model combines the extraction of many primary and secondary
metals. From this, the necessary demand drivers and mining drivers in the copper sub-model can be
estimated. Nickel resides in the STEEL model and takes with it stainless steel, iron, chromium and
manganese in order to operate. From this the demands drives for nickel originate. The model was used
for quantification of flows, scenarios and future predictions. The model was developed to estimate
supply, extractable amounts stocks, iron price and stocks, and flow in society in the time interval
1900-2400.
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Figure 4.1.7.5. The STELLA diagram for the model structures used. The upper part consists of the
WORLD6 model, where molybdenum and rhenium has been integrated. Nickel is simu-
lated as a part of the WORLD6 model and takes with it stainless steel, iron, chromium
and manganese in order to operate.

A=

T AT N

Source: Own Figure, Lund University/University of Iceland
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Figure 4.1.7.6 shows a basic flow chart applied in the model. Molybdenum flows from molybdenum
ore bodies and from molybdenum produced as a by-product of copper mining. Not all copper deposits
contain molybdenum, and not all copper refineries are equipped to extract molybdenum and whatever
rhenium that comes with it. Molybdenum and rhenium flow into the market, gets stored in products in
society and are eventually scrapped or lost. The losses are of two types: One type is dissipative losses,
where the metal is irretrievable lost in general waste, landfills or by wear and tear and lost irreversi-
bly. A significant part or molybdenum and rhenium is also lost into steel scrap that may be recycled as
iron, but the rhenium and molybdenum is no longer recognized and separated from the iron, thus it is
from a functionality point of view, lost. Rhenium and molybdenum are expensive metals and a signifi-
cant part of the scrapped metal is recycled and refined. During the last decade recycling technologies
for rhenium and molybdenum have been significantly improved and it appears that this trend is con-
tinuing.

Figure 4.1.7.6. Flow chart for molybdenum and rhenium from mine to final dissipation.
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The part of the WORLD6 structure used for this study has the following stocks used to define the cou-
pled differential equations defined by mass balance:

1. Molybdenum
a. Mineable 4 stocks, and 4 with hidden resources;
i. Known high, low, ultralow and trace grade ore
ii. Hidden high, low, ultralow and trace grade ore
b. In society, we distinguish 4 stocks;
i. Trade market
ii. Stock-in-use as alloy
iii. Stocks-in-use as chemicals and catalysts
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iv. Scrapped molybdenum
2. Rhenium
a. Insociety, we distinguish 4 stocks;
i. Trade market
ii. Stock-in-use as alloy
iii. Stocks-in-use as chemicals and catalysts
iv. Scrapped rhenium
b. Rhenium production
i. Molybdenum mining and refining, contributing rhenium
ii. The BRONZE model; Copper mining contributing molybdenum and rhenium
iii. The STEEL Model; Nickel mining contributing rhenium
iv. The PGM submodel; PGM mining contributing rhenium

The rate of change in all stocks is defined by inputs and outputs, conforming to the equation

dm

P inputs + produced — outputs (4.1.7.1)

The inputs are from recycling, and produced from primary extraction. Accumulated is what is accumu-
lated in society either as stocks in use or as useless scrap. Qutputs will be what is lost or recycled. Note
that recycled is present on both sides, and thus increase the flow through society. To meet a certain
supply to society, the larger the recycling, the smaller the primary extraction must be to meet the de-
mand. The non-linear, coupled differential equations that are simultaneously solved numerically with
a 4-step Runge-Kutta algorithm. Figure 4.1.7.5 shows the STELLA® diagram for the model. The ore is
mined from the grade with the lowest extraction cost, but with some overlap between the ore grade
classes. Dependent stocks are cumulative amounts of: mined, amounts rock waste, losses, smelter slag
and ore found by prospecting. The mining activity is profit-driven, the profit is affected by the mining
cost and the market price. A lower ore grade implies that more rock must be moved to mine the met-
als. In the model, mining and recycling is profit driven. Sales of extracted metal together with the price,
given the income, the extraction and prospecting give the costs, the profit being the difference. In the
model, shift to a lower ore grade only occurs when the market price exceeds the extraction cost in such
a way that the profit stays positive. When the profit are lower or goes negative, the mining rate is
slowed down or stopped, leading to less material in the market, driving the price up.

There are several sources of metal in during extraction; the high, low and ultralow ore grades and the
stocks of metal in society that can be recycled. For molybdenum, we have molybdenum mines with
four different ore grades, and secondary extraction from nickel, copper and platinum group metal
ores, as well as recycling of a fast stock of chemicals and catalysts and a slow stock of metallic alloys
(Figure 4.1.7.4). The mining rate follows a rate equation depending on the mineable reserve, profita-
bility of the operation and the available mining technology:

Tmining = k * mg = f(profit) * g(technology) (4.1.7.2)

where rmining is the rate of mining, k is the rate coefficient and mK is the mass of the ore body known
and available for extraction, and n is the mining process order. The rate coefficient is modified with

ore extraction cost and ore grade. In the model, a delay in mining rate change is considered by using a
forward rolling two-year average of the market price. g(technology) is a technology factor accounting
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for the invention of technologies used in efficient mining, refining and extraction. f(profit) is a feed-
back function of market price, increasing mining at higher price and lowering it at lower metal prices.

It was defined by the following equation:
Profit = Income from sales — mining costs (4.1.7.3)
Where the costs are defined as:
Total costs = Mining costs + refining costs + prospecting costs (4.1.7.4)
Rre =rMo « XRe(Mo) + rCu* XRe(Cu) + rW * XRe(W) + rNi = XRe(Ni) (4.1.7.5)

In this equation, mining costs, refining costs and prospecting costs all include both variable operations
costs and capital costs for infrastructures and equipment, as well as a 10% profit margin. The income
is defined as:

Income from sales = Amount sold * market price — sales costs (4.1.7.6)

The profit is driven by metal price and amount extracted, but balanced by the cost of operation. The
mining rate is related to the state of the technology, and it has two alternatives: (1) the technology and
the financial capacity determines the mining rate and the ore body is always sufficient to supply any-
thing attempted to be extracted, (2) the mining rate is unrelated to the technical and financial capacity
and limited by the access to the ore body. There are many different definitions of recycling available
(Graedel and Allenby 2003, UNEP 2011b, 2013a). The size of the extractable ore body is determined
by the rate of extractions (rmining) and the rate of prospecting (rdiscovery):

dmg
7 = Tmining + Tdiscovery (4.1.7.7)

We use the following equation for the rate of discovery:

dmy
Tdiscovery = T = _kprospecting * my * g(technology) (4.1.7.8)

The discovery is a function of how much prospecting we do and how much there is left to find. There
are many different definitions of recycling available (Graedel and Allenby 2003, UNEP 2011b). The
amount hidden reserve (h) decrease with the rate of discovery. The rate of discovery is dependent on
the amount metal hidden (h) and the prospecting coefficient kprospecting.
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The prospecting coefficient depend on the amount of effort spent and the technical method used for
prospecting. The rate is first order as prospecting is three-dimensional by drilling. mH is the amount
hidden in the resource. The basic driving mechanism of mining comes from profits and availability of a
mineable resource used in the model.

The price is set relative to how much iron or steel there is available in the market. f(technology) is a
function accounting for improved prospecting techniques coming with modern society and technologi-
cal development. Figure 4.1.7.7 shows the molybdenum sub-module model as a causal loop diagram
(CLD). The causal loop diagram maps all significant causal connections in the system. It is important
that the links are true causal links and not just correlations or modelled on chain of events. The causal
loop diagram together with the flow chart, defines the model.
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Figure 4.1.7.7. The mining model as a causal loop diagram for the whole world system. The causal loop
diagram describes the causal relationships and the feedback loops in the global supply
system.
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The contribution from tungsten mining to molybdenum and rhenium extraction was so small that it
was ignored in the final model. The extraction rates of molybdenum (RMo) and rhenium (Rre ) in the
model were calculated as follows:

RMo = rNi * XMo(Ni) + rCu «* XMo(Cu) + rMo (4.1.7.9)

Where Xj(i) is the fraction of metal j in mother metal i, and rj is the mining rate of metal j.

The causal loop diagram shows us the mining operation is driven by operations profit as can be seen in
Figure 4.1.7.7. For the purpose of clarity, the recycling fraction displayed in results were calculated as
follows in this study:

. ’ o Flow of recycled metal (4.1.7.10)
ecycling fraction = Supply from primary extraction + Flow of recycled metal o

Which is equivalent to:

] ) Supply to market — Primary extractionl
Recycling fraction = (4.1.7.11)
Supply to market

The cost of the mining and extraction operation is mainly determined by two important factors beside
cost of investments, the energy price and the ore grade. The price is determined by two factors, that it
must stay above the production costs and by the amount in the market.

Defining Factor X

Factor X is used to estimate the resource use efficiency of a material. Factor X vary over time, and thus
an alternative measure would be Factor x:

Market supply rate
Factor x = - (4.1.7.12)
Extraction rate

We have considered the time from 1930 to 2400. Production before 1930 was insignificant.

Feedback functions in the model

A number of feedback response curves are employed in the multi-metal model. These are shown in
Figure 4.1.7.8. These curves quantify our assumptions on future global demand per person and change
in extraction efficiency with time. The causal loop diagram in Figure 4.1.7.7 shows how the extraction
operation is driven by profit. This profit is driven by the aluminium price and aluminium amount ex-
tracted, but balanced by the cost of operation. The cost of operation is mainly determined by two im-
portant factors besides cost of investments, the energy price and the ore grade. The price in the model
is determined by the amount in the market and the fact that it must stay above the production costs. It
depends on the balance between deliveries into the market from production and the shipments from
the market in response to world market demand. The price also drives the urge for recycling of metal
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stock from society. Higher price acts as a brake on demand. Metal trading is supposed to operate as
follows: The traders come to the trading floor with their lots to sell or to buy, and adjusts their sales or
purchase amounts as the price goes up and down. If demand is higher than production, the price goes
up; in the opposite case the price is moved down. This is a self-adjusting mechanism that balances the
trade by adjusting the prices until the demand to buy an amount at a price match the offers to sell an
amount at a price. The buyer offer to purchase more at a lower price or less at a higher price, and the
sellers offer to sell less at a lower price or more at a higher price. When the price and amount match,
the price is set. This is based on personal observation on the trading floors at the metal markets in
New York and London by the authors. We model the price as a rational process, assuming the price to
be set through an arbitration between market partners. We have not included random effects and irra-
tionality. This profit is driven by metal price and amount extracted, but balanced by the cost of opera-
tion. The cost of operation is mainly determined by two important factors besides cost of investments,
the energy price and the ore grade. In addition, we have the condition that it must stay above the pro-
duction costs for the operations to be profitable. The amount in the market in turn depend on the bal-
ance between deliveries into the market from production and the shipments from the market in re-
sponse to world market demand. The price drives the urge for recycling of metal stock from society.
The R in the causal loop diagram indicate the reinforcing loops, driving the mining activity and the
supply to the market. We have collected a lot of data over the years from the metal trading arenas, and
these have been used to create the relationships between amount tradable metal in the market arena
and the market price. Some of this is easily accessible from the London, Now York and Shanghai metal
trade exchanges, in addition we have used private trading archives collected over the years. From such
data, price curves were constructed.

Figure 4.1.7.8. Molybdenum. Feedback response curves employed in the model for molybdenum
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In the market, several types of transactions occur:

1. The metal is sold in the market to a buyer, shipped and physically supplied at once. Supply to
market and take from market is the same.

2. Forward sale; The metal is sold at once and payment received, but the metal is physically deliv-
ered atalater date. Ownership shifts at once, but the money later. Many mines do this to improve
liquid funds.

3. The metal is shipped at once but payment is received at a later date. Ownership shifts at once,
but the money moves later.

The causality in profits go to income from supply when the amount is supplied and paid at once into
the metal exchange warehouse. The same applies with a forward sale, when the metal is paid upfront
but physically delivered later. If not, all or part may be paid when the supplied amount has been
cleared out from the physical warehouse. When we have no data or very few, maybe only one data
point for creating a price curve for a commodity, then we will fit a curve to Equation 14:

Price = k * (Market stock)™ (4.1.7.13)

We will demonstrate the procedure as follows:

1. For molybdenum, the following data is available; The London Metal Exchange (LME) stock was
120 ton during March to December 2015, the price was 12,800 $ per ton.

2. For cobalt, there was 400 ton in the LME trade stock in January 2012, the price was then 34,700
$ per ton.

Figure 4.1.7.9 shows the reconstructed price curve for molybdenum and cobalt, using the copper curve
for help. For molybdenum, we do not have good overlapping data for market stocks and price. For co-

balt, we have some overlap and can thus check the performance of the method. The comparison shows
that the assumption of the same curve shape, but a different coefficient is valid. The molybdenum price
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is for molybdenum oxide. Ferro-Molybdenum has about the same cost. Pure molybdenum metal costs
a bit more. When no information is available, this equation will be used.

Figure 4.1.7.9. The reconstructed price curve for molybdenum and cobalt, using the copper curve for
help. For molybdenum, we do not have good overlapping data for market stocks and
price. a; Approximation of molybdenum and cobalt price curve, (b) the cobalt curve from

data.
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Input data and parameters

Table 4.1.7.3 shows the settings nickel. The extractable amounts were set at the beginning of the simu-
lation in 1900, stratified with respect to ore metal content. The average ore grade for the high grade
molybdenum was set at 5%, for low grade at 1%, for ultralow grade at 0.2% and for trace grade at
0.02%. For rhenium, no initial resource quantification is used, the metal is totally dependent on the
concentration in the different mother metals (Tilton and Lagos 2007, Robinson and Menzie 2012,
Sverdrup et al., 2014a,b, c, 2015a,b). For copper, the extractive potential is 3,665 million ton, however,
by 2400 AD, only 2,700 million ton of the total copper resource will have been extracted (Sverdrup et
al,, 2014b).

Table 4.1.7.3. Estimated ultimately recoverable amount nickel, starting from 1900. This was used as
the starting point for the STEEL model.

Mining depth Recoverable metal amount metal in million ton per ore class

Hidden 0-1 km 4 60 45 30 30 169
Hidden 1-2 km 3 30 25 20 15 93
Hidden 2-3 km 2 20 20 10 10 62
Hidden 3-4 km 1 10 10 8 5 24
Sum 0-4 km 10 120 100 68 60 348
Mining cost, $/ton 40 S/ton | 120 S/ton | 400 S/ton | 1,750 S/ton | 3,500 S/ton
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The main producing countries of molybdenum have been listed with their annual production and re-
serves and resources in Table 4.1.7.4. To put this together, a number of literature sources were con-
sulted (Abischeva and Zagorodnyaya 2013. Berzina et al., 2005, Crowson 2011a,b Cunningham et al,,
2008, Eckstrand and Hulbert 2007, Figueiredo et al., 2013, Grabezev 2012, Hess 1924, Fleischer 1959,
International Business Publications 2013, 2015, International Molybdenum Association 2013, 2015,
Keseler and Wilkingson 2013, Kwatra et al., 2012, Ludington and Plumlee 2009, Magyar 2004a,b, Mo-
lybdenum 2007, Nassar et al., 2012, Mudd and Jowitt 2014, Mudd 2009, Nickless et al., 2014, Nuss et
al,, 2014, Polyyak 2011, Robinson and Menzie 2012, Roskill 2010, 2015, Sverdrup et al. 2013, Tilton
and Lagos 2007, UNEP 2011a,b,c, 2013a,b,c, USGS 2009, 2012, 2013, 2014, 2015, Vulcan 2013). There
are a number of sources available for molybdenum reserves and resources, most have been summa-
rized by the United States Geological Survey in their yearbooks (USGS 2015). Reserves are the known
and proven reserves, omitting that there probably is far more material in the ground further in or
down, as well as in areas not investigated. These resources, which we call “hidden” in this study, repre-
sent what is called resources. Resources are defined as that amount that can in due time be found and
extracted, even if some or much of it would require a higher price and more effort. Some of it may re-
quire technological innovations and a significantly higher price to cover the extraction costs. For mo-
lybdenum, this is a number far larger than 9 million ton, it is at least 33 million ton, and possibly as
much as 55 million ton (See Cunningham et al., 2008 and Table 4.1.7.2). The numbers have been as-
sembled from data from the USGS (2015) and other literature sources listed. The molybdenum ores
have grades from 4% to 0.01% weight molybdenum content. Rhenium is about 0.02-0.025% in molyb-
denum metal. The procedure is to first separate molybdenum from the anode sludge and then after-
wards, separate out rhenium from molybdenum (International Molybdenum Association 2013, 2015,
Olbrich et al., 2009).

Table 4.1.7.4 Estimation of extractable amounts of molybdenum, based on literature sources and new
estimates of the extractable resources of the mother metals nickel, copper and tung-
sten.

Production Mined to Reserves Total Re- URR  Comment and source of
2013 present (Known)  sources information. Some from
unpublished industrial
documents.
China 94,000 - 8.5 20.0 New data from China
United States 64,000 - 2.7 5.7 New data from industry
Chile 38,000 - 1.2 2.5 New data from industry
Peru 18,000 - 0.6 2.0 Guessed total resource
Mexico 12,000 - 0.2 0.4 Guessed total resource
Canada 4,500 - 0.4 0.9 USGS; underestimated
1.5 3.0 New data from industry
Guessed total resource
Russia 2,500 - 0.2 0.5 USGS; underestimated
3.0 6.0 New data from industry
Guessed total resource
Others 20,000 - 1.6 5.0 USGS; underestimated
5.0 12.0 Guessed total resource
Sum 280,000 6.5 11.0 36.5 42.0 | Minimum
20.1 49.1 55.6 | Best estimate
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Table 4.1.7.5 shows an overview of degrees of molybdenum recycling. The numbers are approximate
annual estimates for 2010-2012. Much of the scrap metal is recycled within the metal manufacturing
plants and never reach a refinery or the metal trading markets. This holds true for super-alloys, high-
speed tool steels, stainless steels and some of the cast iron, and is true for both molybdenum and rhe-
nium.

Table 4.1.7.5. Overview of recycling degrees of molybdenum. The numbers are approximate annual
estimates for 2010-2012. All amounts in metric ton.

Product Recycling Recycling, Metal use  Metal use Primary metal
fraction of  ton per year % of total  Ton per production,
supply % supply year ton per year

Super-alloy 58 10,440 5 18,000 -

High-speed steels 56 16,100 8 28,800 -

Tool steel alloy 44 11,100 7 25,200 -

Stainless steel 38 30,100 22 79,200 -

Cast iron 18 5,180 8 28,800 -

Structural steel 13 17,800 38 136,800 -

Chemicals 5 2,160 12 43,200 -

Summary 26 92,880 360,000 280,000

This implies that the degree of recycling appears as invisible to the outsider. Much of the structural
steel and cast iron is down-cycled into general steel where it gets diluted and lost. The recycled rhe-
nium and molybdenum chemicals go back to a refinery and are recycled over the metal markets. Table
4.1.7.6 shows the estimation of molybdenum and rhenium primary extraction, metal production and
recycling by country. We have made some assumptions, as data on resources amounts are to a large
degree only guesswork and data is missing. The data is very uncertain, and for many regions, rhenium
resource data is missing or not available to us. The production in 2015 is not exactly known according
to the USGS (2015) commentary, it is somewhere between 48 and 58 ton per year. A negative number
suggests that rhenium is derived from secondary material from this country somewhere else. In the
table, we have back-calculated from molybdenum contents as well as estimated military needs in
United States, Russia, China and India, using military resource needs assessment literature. Produc-
tion, supply and consumption and extraction estimates for India, China and Russia are no longer avail-
able, and represents our estimates based on corporate annual reports, secondary unofficial sources,
older literature and back-calculations using trading and industrial statistics. Their military needs for
rhenium can be roughly estimated through indirect means from open sources. For rhenium, we esti-
mate the degree of recycling to be about 30% of the total market supply, or 42% of the primary extrac-
tion estimate. For some countries, the rhenium production is a strategic secret and the published num-
bers may be distorted. The molybdenum production was included as an indicator of rhenium extrac-
tion potential. Most molybdenum deposits contain rhenium, some copper-nickel deposits contain rhe-
nium and it occasionally occurs in uranium deposits. The metal resources were distributed to high
grade, low grade and ultralow grade ores.
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Table 4.1.7.6. Estimation of molybdenum and rhenium primary extraction, metal production and recy-
cling by country. A negative number suggests that rhenium is derived from secondary
material from this country somewhere else. Amounts in metric ton.

Molybdenum  Rhenium extraction by Rhenium supply Rhenium recycling by
production in  country of origin in by country in country of origin in
2013-2015, 2013-2015, ton 2013-2015, ton 2013-2015, ton
ton

China 110,000 5.0 12.5 7.5

USA 61,000 4.3 10.0 5.7

Chile 37,000 20.0 26.0 6.0

Peru 17,000 5.0 - -5.0

Mexico | 11,000 4.1 - -4.1

Canada | 9,000 1.7 - -1.7

Arme- | 6,500 0.4 - -0.4

nia

Iran 6,300 - - -

Turkey | 5,000 - - -

Russia | 4,800 5.0 7.0 2.0

Mon- 2,000 = = =

golia

Kazak- | 500 - 3.0 3.0

stan

Uzbeki- | - 5.0 2.5 -2.5

stan

Poland | 5,000 2.6 7.6 5.0

Ger- - - 6.0 6.0

many

Estonia | - - 3.0 3.0

India - - 1.0 1.0

Other 5,000 2.5 - -2.5

World | 280,100 55.6 78.6 23.0

Table 4.1.7.7 shows an overview of the input data used for rhenium in the simulations. All amounts
shown are in metric ton.

Table 4.1.7.7. Overview of the input data used for rhenium in the simulations. Amounts in metric ton
Mother metal URR Rhenium, Rhenium content,
Million ton % in mother metal ton
Copper 3,665 0.00006 2,200
Nickel 300 0.000064 180
Molybdenum 54 0.02-0.025 16,500
Rhenium - - 18,880

Table 4.1.7.8 shows an overview of production rates and metal prices in 2014 for the STEEL model.
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Table 4.1.7.8. Overview of production rates and metal prices in 2014 for the STEEL model. Amounts in
million ton

Metal Ton per year Typical weight content Metal
in stainless steel, price
% S/ton

Iron 1,320,000,000 3,200,000,000 50-80 450

Manga- | 18,000,000 24,000,000 12 2,200

nese

Chro- 8,000,000 15,000,000 18 2,500

mium

Nickel 1,700,000 3,000,000 8 12,000

Table 4.1.7.9 shows the estimated ultimately recoverable amount metal, starting from 1900 for the
STEEL model. Values in parenthesis are not used in this assessment. The highest ore grades are con-
sumed first in the model, the switch to a lower ore grade takes place when the price has passed a pre-
defined price level. Reserves are the known and proven reserves. These we call “Known” in this study.
The yet undiscovered extractable amounts (Resources), which we call “hidden” here, represent what is
called resources. Resources are defined as that amount that can in due time be found and extracted,
even if some or much of it would require a higher price and more effort. Through prospecting “hidden”
is converted to “known” when it is found. But technically it will sooner or later be available, provided
we will take to effort to extract it.

Table 4.1.7.9. Estimated ultimately recoverable amount metal, starting from 1900 for the STEEL

model. Values in parenthesis are not used in this assessment. Amounts in million ton

Type of re-
source

Ore grade classes, recoverable metal amount metal in million ton and
average metals content in %

Iron Known 30,000 12,000 8,000 (120,000) 50,000
Hidden 52,000 80,000 158,000 (500,000) 290,000
Sum 82,000 92,000 164,000 (620,000) 340,000

Manga- | Known 240 200 50 (1,400) 490

nese Hidden 1,010 1,400 1,800 (3,000) 4,210
Sum 1,250 1,600 1,850 (3,400) 4,700

Chro- Known 5 0 0 (400) 5

mium Hidden 1,200 800 500 (1,200) 2,500
Sum 1,205 800 500 (1,600) 2,505

Nickel Known 1 0 0 0 1
Hidden 5 120 100 68 293
Sum 6 120 100 68 294
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The yield in Table 4.1.7.10 is the fraction of the ore content that actually can be extracted from the
whole content. Yield data from Mudd (2009) and from data compiled by Sverdrup et al. (2016) was
used for estimating the nickel reserves down to 3 km mining depth.

Table 4.1.7.10. Relationship between ore grade, the approximate production cost and minimum supply
price to society. The numbers are approximate for 2012-2015 (Sverdrup et al., 2015a).

Ore grade Ore metal content Yield Cost Price Energy need

Rich 400-50 40-5 100 | 4 5-20 6

High 50-10 5-1 99 15 20-80 15

Low 10-2 1-0.2 98 63 80-330 100
Ultralow @ 2-0.4 0.2-0.04 91 280 330-1,200 1,000
Trace 0.4-0.1 0.04-0.01 | 80 1,000 | 1,200-1,900 10,000
Rare 0.1-0.02 0.01-0.002 70 1,600 1,900-10,000 | 100,000
Faint 0.02-0.002 | >0.002 50 8,000 | 10,000-50,000 | 1,000,000

4.1.7.7 Results
Model simulation results for molybdenum

The model outputs for the time period 1900 to 2400 were used to create the simulation output plots.
The time interval was chosen as it shows the rise, peak and fall of the metal supply in that period. Fig-
ure 4.1.7.10 shows mining rates in terms of source and from what kind of ore grade extraction takes
place in molybdenum mining is shown in the upper row to the left. Figure 4.1.7.10b shows a compari-
son of the demand, price-modified demand, total supply to market, total extraction rate and amount
recycled. Figure 4.1.7.10c shows extracted amounts from molybdenum mines, and by-product separa-
tion from copper and nickel mining. The diagram to the Figure 4.1.7.10d shows a comparison of ex-
tracted, supplied and recycled. Figure 4.1.7.10e shows the development of the known and hidden re-
sources in different qualities. Figure 4.1.7.10f shows the simulated ore grades. Figure 4.1.7.10g shows
the simulation of price as compared to data. Figure 4.1.7.10h shows a comparison of known reserves
and the amounts in use in society.

The results show that molybdenum will always be in soft scarcity, but that after price-adjustment to
demand, the no hard scarcity and failure of provision will occur. The molybdenum sub-model in
WORLD6 model suggests that by 2150, virtually all hidden resources will have been detected and in-
cluded in minable reserves. For molybdenum, we get a known reserve of about 14 million ton in 2015,
which peaks at 20 million ton in 2060. The model suggests that by 2250, all known molybdenum re-
serves will have been exhausted. Unfortunately, there are no consistent data for the observed ore
grade available for testing the performance of the model. The trend is declining from the beginning of
molybdenum mining. The general price level and long term trends are well reproduced, but the short-
term variations are not really captured. The price estimate is based on the dynamic price model shown
earlier. The short-term demand variations and the pressure from speculation is unknown and thus
very difficult to include in the model. The discrepancy in the 1980 to 1990 was probably due to the fi-
nals stages of the cold war arms race. The large discrepancy during 1996-2010 is most certainly due to
market speculations. The price curves can be used for strategic planning, but are useless for short term
trading and speculative trade. Figure 4.1.7.10b shows the remaining stock of molybdenum and the
known reserves as compared to the stock-in-use in society. After 2060, the stock-in-use will be larger
than the remaining resource. This will be the age of scrap molybdenum.
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Figure 4.1.7.10.  Molybdenum. Mining rates in terms of source and from what kind of ore grade extrac-
tion takes place in molybdenum mining is shown in diagram (a). Diagram (b) shows a
comparison of the demand, price-modified demand, total supply to market, total extrac-
tion rate and amount recycled. Diagram (c) shows extracted amounts from molybdenum
mines, and by-product separation from copper and nickel mining. Diagram (d) shows a
comparison of extracted, supplied and recycled. Diagram (e) shows the development of
the known and hidden resources in different qualities. Diagram (f) shows the simulated
ore grades. Diagram (g) shows the simulation of price as compared to data. Diagram (h)
shows a comparison of known reserves and the amounts in use in society.
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Model simulation results for rhenium

Figure 4.1.7.11a shows the observed extraction and where it comes from in terms of mining or extrac-
tion from a mother metal. The diagram on the upper left shows a comparison of total extraction, de-
mand, supply to the market and recycled for rhenium. Figure 4.1.7.11b shows the development of the
cumulative amounts of rhenium extracted from different metals. Figure 4.1.7.11c shows the amounts
in superalloys, chemcials and in the trading market for rhenium. Figure 4.1.7.11d shows the cumula-
tive amounts supplied, extracted and lost. Figure 4.1.7.11e shows the stock in use, the total amount of
resources left, and what is left in molybdenum deposits, copper deposits and nickel deposits. Figure
4.1.7.11f shows the estimated fraction of supply coming from recycled material. In the molybdenum-
rhenium sub-model, we lead all recycling rhenium over the market, but in reality, some of this is recy-
cled internally in the industry. Figure 4.1.7.11g shows the simulation of the price and compares this to
the observed price for rhenium. There is not much connection except for the approximate level. A pos-
sible reason for this is that there is no real functioning market for rhenium because of the limited
amount and the very limited number of actors.

Figure 4.1.7.11.  Model simulation results for rhenium
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Rhenium is a key strategic metal for high performance jetfighters, and the big powers have sufficient
reasons for controlling the market and controlling the market access. How large the industrial internal
recycling of rhenium really is difficult to estimate and there are no scientific reports available on it.
Rhenium catalysts for the chemical industry are almost completely recycled in a closed cycle, and this
rhenium does not really reach the open market. On the average, only 10-20% of the rhenium used to-
day is recycled according to the present setting of the model. Many other settings are possible, how-
ever, there is little information to assist in finding the right setting. This will remain as one area for fur-
ther investigations. What we have estimated was based on conversations with colleagues in the indus-
try, back-calculations and interpretation of data found in secondary sources and industrial internal
documents. Super-alloys have trend of increasing recycling, whereas this is weaker in rhenium chemi-
cals. After 2130, the stock in society will be larger than the remaining geological resource.
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4.1.7.8 Testing the model outputs on observed data

The performance of the model was tested on observed values for extraction, market price and ore
grade. Data on extraction for 1900-2012 is available from the United States Geological Survey website
(USGS 2015). The same site has metal prices for the period 1964-2015. This was used in the test. The
test is shown in Figure 4.1.7.12a shows a test of the ability of the model to recreate the observed mo-
lybdenum mining rate. The correlation between the simulated extraction and the observed data shows
a correlation coefficient of r2=0.97. The molybdenum price is modelled well with respect to the ap-
proximate level and some trends, but some extreme events are not captured (Figure 4.1.7.11g). The
reason for this is that the mechanisms that caused the large price fluctuations were not included in the
model. The speculation that occasionally took place in the market were not included in the model. Fig-
ure 4.1.7.12b shows the simulation of the rhenium extraction as compared to the observed data (cir-
cles). The correlation between the simulated rhenium extraction rate and the observations rate is
r2=0.81. It appears that the model recreates the mining rates with very good accuracy. No good data is
available on ore grade and stocks-in-use in society, preventing a model performance test on these as-
pects. The price is not captured well, probably because there has not been any real free market for rhe-
nium for strategic and military reasons.

Figure 4.1.7.12.  Test of the ability of the model to recreate molybdenum mining rate (r2=0.97), and rhe-
nium mining rate (r2=0.81).
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4.1.7.9 Discussions
Recycling and lack thereof

The recycling degree of the metals included in super-alloys is far too low for these alloys for a number
of reasons. Far too low from a sustainability point of view, where a finite resource is sought to be pre-
served. Exhaustion of the primary resource by 2200 and total lack of it after 2300 is by no definition of
sustainability acceptable. Many of the super-alloys have such good corrosion resistance, as well as tan-
talum and rhenium alone, that they can be considered as precious metals. Generally, they are also very
temperature resistant, creating additional challenges for recycling by chemical separation. Recently,
better chemical methods have been developed for recycling superalloys.

Another pathway is by sorting alloys by contents during recycling and reconstitute alloys by corrective
re-alloying and hot fusion. Niobium is lost by dilution into recycled iron and stainless steel scrap.
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Risks of scarcity

The diagrams suggest that for a period, molybdenum may serve as a substitute for niobium, but not
the other way around because niobium decrease before molybdenum and that the amount niobium
supplied is significantly less that molybdenum. Tantalum and rhenium decrease at the same time.
However, the tantalum production is 10 times larger than the rhenium production and may serve as a
substitute when possible. Rhenium and tantalum face hard scarcity because of reserve exhaustion. Mo-
lybdenum face soft scarcity because of lower ore grades and higher extraction prices.

Loosing rhenium availability implies a step back towards lower performance for superalloys. Busi-
ness-as-usual will lead to increased risk for scarcity. This study shows that failure to close the molyb-
denum and rhenium cycles substantially better than today may have serious effects on the long-term
supply ability for these materials. After 2150, they will be unavailable in the amounts they are today
under a business-as-usual scenario. The implications are very evident for modern civil and military
aviation and the production of high technology military equipment in particular.

Figure 4.1.7.13a shows the supply per capita for molybdenum and rhenium. Molybdenum peaks in
2045 and rhenium in 2052 and both decline after that. Figure 4.1.7.13b shows the stock-in-use for the
two metals. The stock-in-use per person is a proxy for the utility in society that these metals provide. It
shows that molybdenum utility peaks in 2075, and decline after that, passing 2015 level after 2350.
Rhenium stay on a plateau from 2125 to 2250, after which it declines.

Figure 4.1.7.13.  The diagram on the left shows the supply per capita for molybdenum and rhenium. The
diagram to the right shows the stock-in-use for the two metals.
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Factor X
Table 4.1.7.11 shows a summary of extracted, supplied, recycled and lost material to 2400 AD for mo-
lybdenum and rhenium, and the Factor X achieved under business as usual.

Factor X is the cumulative amount of metal supplied to the market, divided by the cumulative amount
extracted from the ground (Equation 4.1.7.12). The low value of Factor X suggests that the material
used efficiency is poor for both molybdenum and rhenium at present.

1. A factor X of 1.3 for molybdenum should be considered as poor performance from the perspec-
tive of material conservation and transition to a circular economy. A Factor X value of 2-2.5, on
par with the value seen for copper, should be a target for molybdenum (Recycling rate of 50-
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60%). That would preserve the global molybdenum for much longer, as well as stabilize the price
better than at present.

2. The Factor X value if 1.1 for rhenium, must be characterized as unacceptable for such an im-
portant metal. A more appropriate target for Factor X for rhenium would be a value at least bet-
ter than 2, and preferable having 3 or 4 as the long-term goal (Recycling of 65-75%). That would
be approaching the standard for gold, a metal with a price similar to rhenium.

3. Any rhenium use with less recycling than 50% should be taxed to a cost more than the cost of
recycling.

Much molybdenum is lost into scrap iron. More molybdenum may be recycled without complex metal
separation processing by more careful sorting of scrap according to alloy. Then the alloy can be re-al-

loyed and recycled. This should be possible for many alloys that today are diluted into unsorted scrap
iron. It is apparent that the recycling of these metals is far too low even if we include internal industry
recycling. It should be made policy to preserve these metals far better than today.

Table 4.1.7.11. Summary of cumulative extracted, supplied, recycled and lost material to 2400 AD for
molybdenum and rhenium, and the Factor X achieved under business-as-usual. Amounts
in ton

Metal Metric ton metal Factor X
Molybdenum 63,700,000 85,000,000 21,300,000 63,400,000 1.3
Rhenium 16,800 18,200 2,400 16,400 1.1

Both policy, social processes and market mechanisms are needed

Should a global metal scarcity occur, the reader should well take notice that it is realistic to assume
that “the market will not fix it”. This is a fact sometimes disliked by many economists as well as some
politicians, for them derived from an ideological conviction. There are sufficiently many empirical
cases available to prove beyond any reasonable doubt that scarcity issues are not efficiently solved by
the market mechanisms alone. That is a scientifically provable fact, and political opinion would be re-
dundant to that fact. Failure to take such experiences in, constitutes aspects of fundamentalism, and is
damaging in the political work of governance. We must conclude that the “market mechanisms alone”-
approach as a solution to avoid scarcity is a scientifically proven dead end (Fukuyama 2006, Acemoglu
and Robinson 2013, Heinberg 2001, Bardi 2013, Sverdrup et al., 2015a,b,c). Still insisting on such an
approach, is inviting failure and irreparable scarcity situations (Ostrom et al., 1994, Acemoglu and
Robinson 2013). It should be met with the resistance it scientifically deserves. There are no interna-
tionally unified policies for recycling. In the international arena there are several bodies of the UN
working on the issue (UNEP) and the International Resource Panel. Other important organizations are
either happily ignoring this message, or behave in a way that suggests straight denial (OECD, IEA,
OPEC). In the political arena, there seems to be little real interest in natural resource sustainability is-
sues. We suggest scientists have a responsibility of speaking about this with a load and clear voice as
we can see how the “soft” approach has resulted in nothing until now.

Reflections on the time span considered

Some may react to the long time span we have adopted, we sometimes hear exclamations like “you
cannot do that” or “it is impossible to run predictions that long”. There is actually a necessity to run
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the models this long, because of the long delays in the system. As we can see, the events occur between
2050 and 2250. Models that are confined by mass balance are much longer stable, for the simple rea-
son that mass balances are one of the fundamental first principles of the world. It is also important to
make a distinction between predictions that are normative, and scenarios, that explore what would be
possible outcomes from a set of assumptions about the future.

4.1.7.10 Conclusions

The study shows that molybdenum and rhenium will only last for another 150 years under the present
metal conservation paradigm (Figures 4.1.7.6, 4.1.7.11, 4.1.7.8). These metals are so important for high
performance alloys and advanced technologies, that much better metal conservation efforts need to be
made than those that presently are being applied. The present policy that “the market will fix it” has
very evidently failed to regulate the issue of molybdenum and rhenium conservation so far. It illus-
trates the need for governmental participation in creating a fair, stable and transparent market that is
sustainable (Sverdrup et al., 2015c). The model performs well in tests against observed data and is
thus a valid assessment tool. The model predicts a significant decline in molybdenum and rhenium
supply after 2100 with severe scarcity after 2150 under the present regime of recycling. In the molyb-
denum-rhenium system the losses are too large for the system to be sustainable for more than 150
years. Most chemical uses are not followed by recapture. In metallic uses, a large portion is lost to dilu-
tion into general stainless steel scrap. The model predicts a steady decline in molybdenum ore grade
with time. Under business-as-usual the molybdenum reserves will provide sufficient supply to about
2150, after which it declines quickly.
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4.1.8 SPECIALITY METALS sub-module — NIOBIUM and TANTALUM
4.1.8.1 Introduction

Molybdenum (Mo), rhenium (Re), niobium (Nb) and tantalum (Ta) are metals that are key for making
specialized stainless steel alloys that preserve strength and corrosion resistance at high temperatures,
important for advanced technologies used in civil and military applications. These metals are valuable
and sought after for manufacturing of super-alloys and as catalysts for chemical reactions. The de-
mand for these metals is normally higher the supply, and they are already scarce with a high market
price. Scarcity of natural resources in the future may cause trouble for continued technology develop-
ment and the further development of the economy in the long term (Acemoglu and Robinson
2013Bardi 2013, Busch et al., 2014, Heinberg 2001, Hirschnitz-Garber et al., 2015, Morrigan 2010,
Meadows et al., 1972, 1974, Nickless et al., 2014, Nassar et al.,, 2012, Ragnarsdottir et al., 2015, Robin-
son and Menzie 2012). This study intends to address some of these issues for niobium and tantalum.
They find use in turbine blades, jet engines, rocket engines, nuclear energy technologies and special-
ized chemical environments. A strategically important use of these metals is in high temperature sec-
tion of turbines and jet engines. Tantalum and niobium occur in the carbonatite type of polymetallic
ores, often associated with rare earths, thorium, uranium, yttrium and zirconium. Tantalum and nio-
bium also occur in pegmatites. The major niobium commodities are ferroniobium, niobium metal, ore,
and oxide. The major tantalum commodities are tantalum unwrought and wrought alloys, metal,
sponge, ore, and scrap. There is a trend that many metals are extracted from polymetallic deposits, ra-
ther than single metal ores.

4.1.8.2 Objectives and scope

Develop a model for the production and cycling of tantalum and niobium in society. We intend to esti-
mate the available resources and reserves for extraction, the present annual production and historical
production and to give an outline of what these metals are used for and where they are strategically
important. The objective is to use a systems dynamics model to explore the term sustainability of the
supply system and its limitations.

4.1.8.3 Earlier use of system dynamics

We have employed these tools and methods earlier for assessments made for natural resources in gen-
eral (Sverdrup etal., 2012b, 2013, 2015b), copper, silver, gold, aluminium, iron, lithium and the plati-
num group metals (Sverdrup et al,, 2014a,b, 2015a,b,c, 20164a,b), and further studies are being pre-
pared for (1) stainless steel, nickel, manganese, chromium, (2) copper, lead, zinc, and (3) technology
materials like indium, selenium, antimony, gallium and germanium, and (4) molybdenum and rhe-
nium. There are other simpler modelling methods available (Hubbert’s model, Mass Flow Analysis,
Flow-sheeting with spread-sheets, but we have avoided these as they lack all market dynamics and
most of the feedbacks known to be present in the real global mining, supply and metal trading systems
(Mohr 2012, Diago et al., 2010, Bardi and Lavacchi 2009, Sverdrup et al., 2015a, Sverdrup and Rag-
narsdottir 2014).

4.1.8.4 Background Tantalum

Tantalum was reported as a new metal in 1802 by the Swedish chemist Anders Gustav Ekeberg, who
was professor of chemistry at Uppsala University. It is a very rare metal, the estimated resource is of
the same size as that of platinum group metals and gold. It has a very high melting point (3,0100C) and
high specific density. It is very chemically resistant up to 1500C, at low temperatures it is a precious
metal. The potentially major primary tantalum mining source is Australia, although both there and in
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in North America, the main mines are shut down or in waiting for better prices. Other producing re-
gions include Brazil, Ethiopia, Central Africa, Nigeria, Mozambique, and China. The main traded com-
modity is tantalum metal. The typical ore grade is 0.05-0.03% TaZ205 in the bulk tin ore called cassiter-
ite (0.035-0.02% tantalum weight), old tin smelting slags and other poly-metallic ores. The single larg-
est operating primary tantalum mine is the Mibra operation of Companhia Industrial Fluminense in
Nazareno, Brazil.

In the 1980’s most tantalum originated as a by-product of tin smelting and from reworking of tin smel-
ter slags. Thailand and Malaysia accounted for nearly 40% of the world’s tin production of 236,000 ton
of tin in 1980. The tin ores of Malaysia and Thailand were rich in tantalum and slags resulting from the
tin smelting contained between 10-15% tantalum oxide (7-10% tantalum content). But by 1994, only
20% was derived from this source, and it has decreased further as other sources have been developed
and the slag stocks has declined.

In 2011, 51% of the extracted tantalum came from professional hard rock mining, 16% from artisanal
mining, 10% from tin slags and 23% from undefined sources in central Africa (Minor Metals Trading
Association 2015). The tantalum supply market is volatile, and in recent years, Africa has become a
much more prominent source of tantalum, much from unofficial mining on a small scale, normally out-
side any regulations or governance. Table 4.1.8.1 shows the approximate production in a number of
countries. As regards secondary supply, there are several sources of tantalum extraction:

1. Oldlow tantalum grade tin slags (About 0.02-0.04% tantalum content in the original ore, 5-10%
of the extraction flux and declining), primarily from South East Asia, mostly processed in China
and Europe

2. From niobium mining (About 10% of the extraction flux, tantalum content varies from 0.2% to
0.05%).

3. From tungsten (wolfram) mining (About 0.02% content, 1-2% of the extraction flux)

4. From the United States National stockpile (Sold off at irregular intervals, not a source to be relied
on for the future)

5. From extraction from industrial and consumer scrap. Increasing with separation technologies.
Comparable to a high grade ore as substrate.

Tantalum’s main use at present is in capacitors for consumer electronics, in competition from alumin-
ium, niobium, and multi-layer ceramics. 45-55% of the tantalum demand is from capacitor produc-
tion. Capacitors made of tantalum remain optimum for various applications.

Tantalum is used in sputtering targets, corrosion-resistant products, superconductors, carbides for
cutting tools, chemicals for high end optics and is used in super-alloys for turbine blades in jet engines
and industrial gas turbines. Tantalum has found some use for chemical tubing and reaction vessel
equipment expected to operate under corrosive conditions. Tantalum is totally resistant to all acids at
temperatures up to 1500C and at normal pressures, and tantalum alloys can be outstanding in this
role, competing with titanium, zirconium and platinum group metals. High price for these specialized
alloys has been seen as been a limiting factor, as the initial investment requires high capital input.

Overall tantalum demand has fluctuated recently between 1,400-2,000 ton of tantalum per year, but
following the industrial downturn of 2008-2009, demand plummeted, prices went down, and the pro-
duction fell to just over 600 ton/year. In 2014-2016 it was back to old levels of about 1,300 ton per
year. It is estimated that the total supply including recycling was about 1,650 ton per year, implying
that about 20% of the supply originate from recycling (Minor Metals Trade Association 2015).

271




SimRess report: The WORLD Model Development and The Integrated Assessment of the Global Natural Resources Supply

Figure 4.1.8.1a shows the world production of tantalum and Figure 4.1.8.1b the market price. The pro-
duction and the price show large variations, and a recent decline in tantalum production. The Tanta-
lum price is higher than the niobium price, they normally stand at a ratio of Ni:Ta = 10:, their ratio of
production was 46:1, suggesting that tantalum is not expensive. Tantalum is a specialty metal which
earlier had a very narrow application, this has changed. It is not certain that there is a proper market
price mechanism operational for tantalum. The tin ore called Cassiterite is a high gravity, polymetallic
ore, it is extracted from small placer deposits by informal and artisanal mining when outside China.
China and Indonesia are the largest producers at the moment (See Table 4.1.8.1 with an overview for
tantalum, niobium, tungsten and tin). In nature, tin and tungsten tend to follow each other for geo-
chemical reasons as well as because they have a high specific density and are also in nature enriched
by naturally occurring gravimetric processes (Placer ores). Tin is for similar reasons sometimes asso-
ciated with these metals in gravimetric deposits. Tin ore from certain deposits contain some tantalum,
and reprocessing tin slag has supplied a significant amount of the metal in the past.

Figure 4.1.8.1. The global extraction of tantalum (a) and the inflation-adjusted market price in S per ton
(b). Data compiled from USGS (2015).
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Table 4.1.8.1. Tantalum (ta), niobium (Nb), tungsten (W) and tin (Sn) annual metal production distrib-
uted among the major producing countries in the time 2012-2014. The largest niobium
and tantalum resources are probably located in Brazil and Australia. The amounts are
metric ton metal. Tin and tungsten are often associated in the same deposits. Some tin
ores have significant contents of tantalum, that gets enriched in the smelter slag after
removal of the tin. Niobium generally has a significant content of tantalum and vice

versa.
Geographical location Deposit type Ta Nb w
Tantalum Niobium Wolfram

Rwanda Ta+Nb 250 65

Sn+W 700 2,000
Congo Ta+Nb 180 25

Sn+W 800 3,000
Mozambique Ta+Nb 85 34 - -
China w 30 68,000

Sn 30 125,000
Nigeria Ta+Nb 60 40 ?
Ethiopia Ta 40 7 ? ?
Burundi Ta 14 ? ?
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Brazil Nb+Ta 110 58,000

Sn+Ta 30 12,000
Australia Nb 0 200

W+Sn 600 6,100
USA Ta 40 ? ? ?
Canada Nb+Ta 50 4,400

w 2,200 ?