
Vol.:(0123456789)1 3

Biophys Econ Resour Qual (2017) 2:11 
DOI 10.1007/s41247-017-0028-x

ORIGINAL PAPER

Modelling Global Wolfram Mining, Secondary Extraction, 
Supply, Stocks-in-Society, Recycling, Market Price and Resources, 
Using the WORLD6 System Dynamics Model

Harald Ulrik Sverdrup1  · Anna Hulda Olafsdottir1 · Kristin Vala Ragnarsdottir2 

Received: 10 April 2017 / Accepted: 11 July 2017 / Published online: 7 August 2017 
© Springer International Publishing AG 2017

Introduction

The authors have built a global resource supply model 
referred to as WORLD6, assessing long-term sustainabil-
ity of all major metals, materials and energy sources, in a 
way where they are interactively linked. This study shows 
the global wolfram (W) supply and recycling. Wolfram is 
a useful metal with interesting technological properties, 
but is produced in relatively limited amounts. The wolfram 
market price is high, and it is not used in any large amounts 
for mass markets.

Objectives and Scope

The goal of this research was to develop a model for the 
production and cycling of wolfram in society and to include 
this as a module in the WORLD system dynamics model. 
The most significant uses for wolfram are for hard cutting 
tool bits and for specialty alloys. The objective of this study 
is to use the validated system dynamics model to explore 
how to make the global wolfram supply system more sus-
tainable. The consumer side of wolfram use is not yet 
developed in WORLD6, but it will follow in later studies.

The Element Wolfram (W)

Wolfram is an exotic metal that is presently used in high-
technology and sophisticated metallurgy. Wolfram is 
known as tungsten in most English-speaking countries, but 
outside the English-speaking world the metal name is wolf-
ram, and that is the recognized official name for the element 
by the International Union of Pure and Applied Chemistry 
(IUPAC). Thus, we use wolfram instead of tungsten in this 
study. In 1759, the Swedish chemist Axel Fredrik Cronstedt 
(Fig. 1) discovered an unusual mineral he called “tungsten” 
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(“heavy stone” in Swedish) and was convinced it contained 
a new element. But he had trouble isolating it. The element 
was recognized in 1781 by the Swedish scientist Carl Wil-
helm Scheele in Uppsala (Scheele 1781, Fig.  2) and who 
isolated the metal in 1783. The same year, the Spanish 
brothers Fausto and Juan José Elhuyar de Suvisa rediscov-
ered the element and obtained the international recognition 
for it.

Wolfram is the metal with the highest melting point of 
all metals (3422 °C), and it can be used to produce very 
hard alloys and carbides. Its specific density is almost the 
same as that of gold. The dominating use is in hard cut-
ting tools (61%), special metallic alloys (20%), tube, wire 
and plate (11.4%) and some chemicals (7.3%). Wolfram is 

also important for military armament and heavy armour-
piercing ordinance. Figure  3 shows the world production 
of wolfram and the market price. China is the dominat-
ing wolfram producer at the present moment (83% of the 
global extraction), but their reserves and resources are 
modest. The market price shows very distinct pattern of 
volatile price changes. The main wolfram ores are scheelite 
 (CaWO4) with about 30% of the supply and wolframite 
 (FeWO4) with about 70% of the total supply. Secondary 
extraction is marginal for wolfram (5–6%) but increasing; 
secondary production from tin is about 4% of the total, with 
small contributions from copper, zinc, tantalum and nio-
bium mining. Recycling is significant (35–40%) and could 
increase.

In the US Geological Survey estimate for 2014, the 
wolfram reserves are reported to be about 9  million 
ton of wolfram, up from 3.3  million ton of wolfram a 
few years earlier. Reserves are the known and proven 
reserves, omitting that there may be more wolfram deeper 
in the deposits that are not yet found. We use the terms 
“known” in our classification (reserves) and “hidden” 
(resources that are there, but yet not found). “Known” 
and “hidden” make up the total extractable resources. 
Resources are defined as the total amount that can in due 
time be found and extracted, even if some or much of it 
would require a higher price and more exploiting effort. 
But technically the wolfram will sooner or later be avail-
able, provided that we will make effort to extract it. The 
types of deposits being mined at present and their sizes 
are shown in Table 1. In some large and thinly populated 
areas such as Greenland, Canada, Russia or Brazil, only a 
fraction of the area has been prospected, and the wolfram 
resources may be significantly larger. This is only partly 
reflected in our estimate of yet undiscovered wolfram in 
Table  1. Wolfram could be supplied from many coun-
tries that do not at present mine any wolfram resources 

Fig. 1  Axel Fredrik Cronstedt

Fig. 2  Carl Wilhelm Scheele

Fig. 3  The world production of wolfram (a) and the market price (b). The market price shows very distinct cyclic pattern of price changes
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of their own, but which may do that if the wolfram price 
increases somewhat from the present level. Many of these 
countries have smelter capacity and purchase their ore in 
the markets. 35% of all wolfram is recycled at present, 
and this can increase. In nature, tin and wolfram tend to 
coexist in deposits for geochemical reasons and because 

they both have a high specific density and are therefore 
enriched by gravimetric processes (placer ores).

Wolfram has important use as a component of super-
alloys, mainly for increasing the melting point and the 
alloy hardness. Typically, wolfram ores contain traces 
of As, Bi, Sn, Ti, Hf, Sc, REE, V, Pb, Zn, Zr, Ta, Nb, Th 
and U (Lehmann et  al. 2014). Wolfram is also present in 
polymetallic ores, which contain more wolfram (4 million 
ton) than primary wolfram ores (about 20  million ton). 
Before 2015, about 3–3.4 million ton of wolfram had been 
extracted. A simple flow chart for the extraction of wolfram 
is shown in Fig. 4. In the WORLD6 model, the flow chart 
structure shown in Fig. 6 was used.

Methods and Theory Used

Modelling

The core method used to develop the integrated model is 
systems analysis and systems dynamics (Sterman 2000; 
Senge 1990). The method was selected because it is able to 
grasp the market dynamics and the feedbacks known to be 
present in the real global mining and metal trading systems 
(Daigo et  al. 2010). It is important that the links are true 
causal links and not based on correlations or modelled on a 
chain of events. The causal loop diagram (see Fig. 5) maps 
all significant causal connections in the system. The system 
was analysed using flow charts (Figs. 4, 6) based on box-
arrow symbols, causal loop diagrams (Figs. 5, 7) defining 
the mass balance expressed as differential equations and 
numerically solved using the  STELLA® system dynamics 
software (Senge 1990; Sterman 2000; Haraldsson and Sver-
drup 2004; Sverdrup and Svensson 2002, 2004; Sverdrup 

Table 1  Wolfram production, reserves and resources in several coun-
tries

Numbers in italics are our own estimates from corporate information 
where published estimates are failing

Country Extraction Million ton of wolfram

Ton wolfram per year Reserves 
(known)

Resources 
(hidden)

Total

Rwanda 1000 0.650 0.300 0.950
Congo 800 0.500 0.800 1.300
China 71,000 1.900 5.000 6.900
Brazil – 0.055 0.800 0.855
Australia 600 0.200 0.400 0.600
Canada 3000 0.290 1.200 1.490
USA – 0.100 1.000 1.100
Kazakhstan – 0.300 3.500 3.800
Vietnam 5000 0.100 1.800 1.900
Bolivia 1300 0.053 0.120 0.173
Portugal 630 0.004 0.050 0.054
Spain 730 0.005 0.015 0.020
Austria 870 0.010 0.058 0.068
Britain 600 0.050 0.150 0.020
Russia 2800 0.250 3.800 4.150
Others 250 1.200 2.100 3.300
Undiscovered – 3.000 4.000 7.000
Sum 88,500 9.212 18.330 27.542

Fig. 4  A flow diagram for wolfram inside the WORLD6 model. The wolfram submodel combines the submodules for tantalum, niobium, wolf-
ram and copper–zinc–lead and tin
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et al. 2011, 2014a, b, 2015a, b, 2017). The causal loop dia-
grams are based on system analyses and they can be used to 
propose policy interventions. These diagrams are the map 
for the numerical model and they define the model. The 
model presented here was first used to reconstruct the past 
(1900–2015) to assess performance and robustness of the 

model. When the performance was satisfactory, then the 
model was used to simulate a possible future (2015–2400). 
These tools and methods have been employed earlier 
for assessments made for Rare Earths (Kifle et  al. 2012), 
natural resources in general (Sverdrup et al. 2012b, 2013, 
2015b; Sverdrup and Ragnarsdottir 2014a, b), copper 

Fig. 5  Generic causal loop diagram for the market module in the WORLD6 model
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(Sverdrup et  al. 2014a), silver (Sverdrup et  al. 2014b), 
aluminium (Sverdrup et  al. 2015a), gold (Sverdrup et  al. 
2012a), platinum group metals (Sverdrup and Ragnarsdot-
tir 2016a), lithium (Sverdrup and Ragnarsdottir 2016b), 
cobalt (Sverdrup et al. 2017) and further papers in prepara-
tion for iron, stainless steel, nickel, manganese, chromium, 
lead, zinc, indium, molybdenum, rhenium, niobium, tanta-
lum, titanium, zirconium and hafnium.

Resource Estimates

The reserves estimates are based on classical geological 
estimates and the allocation of extractable amounts accord-
ing to ore quality, stratified after extraction costs (Til-
ton 2009, 2012; Tilton and Lagos 2007; Neumeyer 2000; 
Rosenau-Tornow et al. 2009; Safirova 2013; USEPA 1994; 
USGS 2009, 2015; US Department of the Interior and 
Bureau of Mines and Geological Survey 1980). A number 
of literature sources were consulted, and the quantitative 
information was synthesized into a best possible estimate, 

here summarized in a number of tables. The target struc-
ture for the data is shown in Table  5. The different ways 
of estimating the ultimately recoverable amount of wolfram 
converge on 26–28 million ton of wolfram.

Key Feedbacks and Coefficient Parameterization

An important part of the modelling is to create causal 
structures. The causal structures often create feedback 
loops that are instrumental in creating the system dynam-
ics. For these causal structures, we attempt to find inde-
pendent parameterizations in such a way that the rela-
tionships should approach generic validity. This implies 
intensive work with literature synthesized, experimen-
tal data or empirical studies where the causal relation-
ship can be isolated sufficiently well to capture a robust 
parameterization. Here we partially explain these when 
space allows, or sometimes refer to reports or other publi-
cations where this has been explained in detail.

Fig. 6  Flow chart for the whole wolfram submodel, showing how wolfram production and tin production are cross-linked
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Defining Scarcity

Before we proceed further, we need to define what we 
imply with the term scarcity. We define scarcity as being 
of two types:

1. Soft scarcity

a. Initial demand is decreased because of higher 
prices when demand outmatches supply.

i. Reduced demand and reduced consumption are the 
result of price increases. Sometimes, a reduction in 
total consumption may be the result or substitution or 
simplification of provision.

2. Hard scarcity

a. Economic scarcity: The price goes high because of 
supply shortage and society runs out of money to 
buy.

i. Financial crisis may be the result, potentially inducing 
a recession.

b. Material scarcity: The material is physically una-
vailable regardless of price.

i. Failure of a provision is the result, at risk for disrup-
tions of economic stability. Stagnation or economic 
contraction may be the long-term result.

Normally, society can deal with soft scarcity without 
larger disturbances. It also implies that there is no shortage 
for those that are willing to pay what it costs. It often leads 
to innovations and/or substitution whenever that is possi-
ble. Hard scarcity is worse and may for certain materials 
or situations stimulate social unrest or stresses in society. 
Sometimes, a hard scarcity may lead to the loss of a certain 
technical capability. At the end of this paper, the supply sit-
uation is addressed with respect to these definitions.

Resource Estimates

New estimates of the extractable resource were made by 
the authors, independently of earlier attempts. Earlier 
data were also considered in the synthesis towards the 
final result. To put this together, a number of literature 
sources were consulted. We used extraction informa-
tion and reserves and resources estimates from Andrews 
(1955), Chicharro et al. (2014), Crowson (2011), Dalne-
dra Vostok (2016), Heinberg (2001), Hughes (1990), 
International Business Publications (2013), Kesler and 
Wilkinson (2013a, b), Nassar et  al. (2012), Ludington 

Fig. 7  Wolfram submodule in the WORLD6 model taken from the STELLA software. The module follows the logic of the causal loop diagram 
in Fig. 5 and the flow chart in Fig. 6
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and Plumlee (2009), Lifton (2006), Lehmann et  al. 
(2014), Kravchenko and Pokrovsky (1995), Leal-Ayala 
et al. (2015), Lele and Bhardwaj (2014), Mudd and Jow-
itt (2014), Mudd (2009), Nassar et  al. (2012), Nickless 
et al. (2014), Nuss and Eckelmann (2014), Polyak (2011), 
Sverdrup et al. (2013), Schubert and Lassner (2010), Sed-
don (2013), Shedd (2003), Shiyu (1991), Sverdrup and 
Ragnarsdottir (2013, 2014a, b), Tilton and Lagos (2007), 
UNEP (2011a, b, c, 2013a, b, c), Visser (2002), Vulcan 
(2013), Walser (2002), Woodcock and Hamilton (1993), 
USGS (2009, 2015). There are a number of sources avail-
able for reserves, most of which have been summarized 
by the United States Geological Survey in their year-
books (USGS 2015, it is freely available on the internet).

Tables 2, 3 and 4 show an overview of remaining wolf-
ram reserves and wolfram resources in 2012 estimates. 
New data on resources were also taken from industrial 
unpublished sources and from the British Geological Sur-
vey 2011. Table 5 shows input data to the model based in 
reserves and resources in 1900 and estimated reserves and 
resources in 2011 for wolfram and tin. The average ore 
grade for the high grade was set at 5%, for low grade at 1%, 
for ultralow grade at 0.2% and for trace grade at 0.02%. 

Tin is also included with the input resource data in Table 5 
needed to run the tin submodule to supply wolfram.

Model Description

The flow pathways, causal chains and feedbacks loops in 
the global tantalum–niobium–wolfram–tin system were 
mapped using system analysis, and the resulting coupled 
differential equations were transferred to computer codes 
for numerical solutions, using the  STELLA® environment. 

Table 2  Overview of remaining reserve in 2012 estimates

All amounts in metric ton. New data on resources from industrial unpublished sources and the British Geological Survey 2011

Metal Production 
2015 ton/year

Million ton metal contained % weight content

USGS reserve 
estimate

USGS resource 
estimate

URR range at pre-
sent, our estimate

Dug up 
before 2010

Typical workable 
ore grades

Grade Lower 
cut-off in 
ore

Wolfram 88,000 9 – 16–30 2.7 0.1–1.5 0.4 0.10
Niobium 63,000 4.3 5.4 16–25 1.5 0.1–4 0.4 0.01
Tantalum 1400 0.150 0.26 0.32–0.4 0.11 0.01–0.4 0.03 0.01
Tin 330,000 5 50 60.3 23.0 0.02–1 0.05 0.01

Table 3  Overview of recoverable resources, including all occurrences known or anticipated

All amounts in metric ton of metal

Metal Mother metal URR 
(million ton)

Wolfram in mother 
metal (fraction)

Wolfram flow (ton/
year)

Mother metal production in 
2012 (ton/year)

Secondary wolf-
ram URR (million 
ton)

Wolfram 22 – – 88,000 –
Niobium 55 0.00400 300 65,000 0.220
Tantalum 0.6 0.00300 – 1200 0.002
Tin 60 0.00800 1800 300,000 0.480
Copper 4015 0.00004 610 17,000,000 0.160
Zinc 2750 – 240 12,000,000 –
Lead 3050 – – 4,000,000 –
Polymetallic – – – – 1.154
Sum – – – – 2.016

Table 4  Overview of estimates of recoverable resources for wolfram 
and tin, including all occurrences known or anticipated

All amounts in metric ton of metal

Metal Wolfram (ton) Tin (ton)

Primary deposits 21,165,000 20,250,000
Secondary amount 2,000,000 40,100,000
Dug up 1900–2015 3,300,000 13,000,000
Total URR in 1900 26,165,000 74,350,000
Dug up before 1900 100,000 10,000,000
Total URR 26,565,000 87,350,000
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Figure  5 shows the causal loop diagram for the market 
module in the WORLD6 model. There it can be seen how 
the mining is profit driven, including both costs and income 
from metal sales. The model was developed to estimate 
supply, extractable amounts, price and stocks, and flow in 
society in the time interval 1900–2400. Figure 6 shows the 
basic flow chart used for the wolfram submodel. The wolf-
ram submodel has the following stocks used to define the 
coupled differential equations defined by mass balance:

1. Wolfram

a. Mineable stocks

 i. Known

1. high grade
2. low grade
3. ultralow grade

 ii. Hidden

1. high grade
2. low grade
3. ultralow grade

b. In society, we distinguish three wolfram stocks

 i. Trade market
 ii. Stock-in-use in society
 iii. Waste

c. Dependent five stocks of wolfram in other metals

 i. Stocks in copper
 ii. Stocks in zinc
 iii. Stocks in tantalum

 iv. Stocks in niobium

2. Tin

a. Mineable stocks

 i. Known

1. high grade
2. low grade
3. ultralow grade ore

 ii. Hidden

1. high grade
2. low grade
3. ultralow grade ore

b. In society, we distinguish three tin stocks

 i. Trade market
 ii. Stock-in-use use
 iii. Waste

c. Dependent five stocks of tin in other metals

i. Stocks in copper ore
ii. Stocks in zinc ore
iii. Stocks in lead ore
iv. Stocks in wolfram ore
v. Stocks in tantalum ore

The model has 9 dependent stocks for secondary extrac-
tion and 18 independent stocks, solved from the differential 
equations defined by mass balance. All stocks have defined 
inputs and outputs, conforming to the equation:

(1)Inputs + produced = accumulated + outputs.

Table 5  Input data to the model

Reserves and resources in 1900 and estimated reserves and resources in 2011 for wolfram and tin

Ore grade Wolfram 2011 (million ton) Wolfram 1900 (million ton)

Known Hidden Dug up Sum Known Hidden Sum

High 1.1 0.9 1 3.0 0.6 5.4 6
Low 3.0 5.0 1 9.0 1.0 8.0 9
Ultralow 2.0 9.0 0 11.0 0.0 12.0 12
Sum 6.1 14.9 2 23.0 1.6 25.4 27

Ore grade Tin 2100 (million ton) Tin 1900 (million ton)

Known Hidden Dug up Sum Known Hidden Sum

High 1 5 7 12 7 4 12
Low 15 15 3 33 3 30 33
Ultralow 10 20 0 30 0 30 30
Sum 26 45 10 75 10 64 75
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This can be rearranged to:

The inputs represent returns from recycling and are pro-
duced from primary and secondary extraction. Accumulated 
represents what is accumulated in society either as stocks-in-
use or as scrap. Outputs represent 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 demand. Dependent stocks are cumulative amounts 
of mined, amounts of rock waste, losses, smelter slag and ore 
found by prospecting. The mining activity is profit driven, 
and the profit is affected by the mining cost and the market 
price (see Fig. 7 for the exact model used). A lower ore grade 
implies that more rock must be moved to mine the metals. In 
the model, mining and recycling are profit driven as shown in 
Fig. 5. 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 extrac-
tion 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 the society: 
the high, low and ultralow ore grades and the stocks of metal 
in society that can be recycled. For wolfram, mining occurs 
from the three different ore grades mentioned above. The lower 
the ore grade, the higher the extraction cost will be. Wolfram 
is obtained by secondary extraction from tin ores, as well as 
recycling of a fast stock of chemicals and catalysts and a slow 
stock of metallic alloys (Fig. 4). The mining rate follows a rate 
equation depending on the mineable reserve, the profitability 
of the operation and the available mining technology:

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. The rate coefficient is modified with ore extrac-
tion cost and ore grade. In the model, a delay in mining rate 
change is considered using a forward rolling 2-year average 
of the market price. g(technology) is a technology factor 
accounting for the invention of technologies used in effi-
cient mining, refining and extraction. f(profit) is a feedback 
function of market price, increasing mining at higher price 
and lowering it at lower metal prices.

where the costs are defined as

(2)
dm

dt
= inputs + produced − outputs.

(3)rmining = k × mK × f (profit) × g(technology),

(4)Profit = Income from sales −mining costs

(5)
Total costs =Mining costs + refining costs

+ prospecting costs + capital costs.

In this equation, mining, refining and prospecting 
costs all include both variable operation costs and capi-
tal costs for infrastructures and equipment, as well as a 
10% profit margin. The income is defined as

The size of the extractable ore body is determined by 
the rate of extractions (rmining) and the rate of prospecting 
(rdiscovery):

The discovery is a function of how much prospecting 
is done and how much there is left to find. The amount 
of hidden reserve (mH) decreases with the rate of discov-
ery. The rate of discovery is dependent on the amount 
of metal hidden (mH) and the prospecting coefficient 
kprospecting. The prospecting coefficient depends on the 
amount of effort spent and the technical method used for 
prospecting. We use the following equation for calculat-
ing the rate of discovery:

The amount hidden in the resource is represented by 
mH. 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 metal 
there is available in the market. g(technology) is a func-
tion accounting for improved prospecting techniques 
coming with modern society and technological develop-
ment. The extraction rates of wolfram (RW) in the model 
are calculated as follows:

where Xj(i) is the fraction of metal j in mother metal i and rj 
is the mining rate of metal j, considering n different mother 
metals. The most important mother metal for secondary 
wolfram is tin, copper and polymetallic ores (Table  3). It 
can be seen from the causal loop diagram that the min-
ing operation is driven by operations profit as shown in 
Fig. 5. This profit is driven by metal price and the amount 
extracted, but balanced by the cost of operation. The min-
ing rate is related to the state of the technology, and it has 
two alternatives: (1) either the technology and the finan-
cial capacity determine the mining rate and the ore body 
is always sufficient to supply anything attempted to be 
extracted, or (2) the mining rate is unrelated to the techni-
cal and financial capacity and limited by the access to the 
ore body.

(6)
Income from sales = Amount sold ×market price − sales costs.

(7)
dmK

dt
= −rmining + rdiscovery.

(8)rdiscovery =
dmH

dt
= −kprospecting × mH × g(technology).

(9)RW = rW + rj ×

i=n
∑

i=1

Xi(j),
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There are many different definitions of recycling avail-
able (Graedel and Allenby 2003, UNEP 2011b, 2013a). For 
the purpose of clarity, the recycling fraction displayed in 
results is calculated as follows in this study:

The cost of the mining and extraction operation is 
mainly determined by two important factors besides cost 
of investments, i.e. 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 mar-
ket. A number of feedback response curves are employed 
in the model and are shown conceptually in Fig. 5, and with 
response functions in Fig. 8. The wolfram demand was esti-
mated using the demand from specialty steel, lighting tech-
nology, an empirical function and a general proportionality 
to population. The equation used to estimate the wolfram 
demand is (in million ton of wolfram per year)

where f(LT) is a technology development scaling func-
tion and wolfram’s use in glow filaments. The causal loop 

(10)Recycling fraction =
Flow of recycled metal

Extraction of recycled metal
.

(11)
Wdemand = 0.07 × Nbdemand + 0.01 × f (LT) +WOther + Global × 0.005,

diagram maps the causal relationships in the system as they 
are depicted in the model as shown in Fig. 5. This has been 
applied in the wolfram submodule. The Rs in the diagram 
represent the reinforcing loops. These are the loops that 
keep the system running.

Factor X is used to estimate the resource use efficiency 
of a material. Factor X varies over time and thus an alterna-
tive measure would be the instant Factor X:

This measures the Factor X for the moment and changes 
with time as the extraction rate and the recycling efficiency 
vary with time. Figure  7 shows the  STELLA® diagram 
for wolfram submodule inside the WORLD6 model. Fig-
ure 8 shows some diagrams with response functions from 
the model. In the upper row are shown from left to right 
the market amount-to-price relationship, the demand per 
capita, the intensity of wolfram use in lighting technology, 
and in the middle row the shift price from high-grade ore 
to low-grade ore. In the bottom row, the price modifica-
tion of demand and the profit drive on mining are shown. 
The WORLD6 model is based on mass balance expressed 
as differential equations and solved numerically with a 

(12)Factor X =
Market supply rate

Extraction rate
.

Fig. 8  Parameterization of the wolfram module. a The wolfram 
demand, b the technology scaling factor for wolfram use in lighting 
technologies, c the change price from high grade to low grade, d the 

change price from low grade to ultralow grade, e the price effect on 
demand and f the profit feedback function
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four-step Runge–Kutta method, using a 0.05-year time-
step. It is far beyond the scope of this model to explain the 
full WORLD6 model here. It can be seen from the causal 
loop diagram that the mining operation is driven by operat-
ing profit as shown in Fig. 5. This profit is driven by metal 
price and the amount extracted but balanced by the cost of 
operations. The relation to the state of the extraction tech-
nology has two alternatives: (1) either the technology or 
the financial capacity determines the mining rate and the 
ore body is always sufficient to supply anything attempted 
to be extracted, or (2) the mining rate is unrelated to the 
technical and financial capacity and limited by the access 
to the ore body. We have considered in the model both fac-
tors being active. There is a technology scaling function, 
and the extraction is limited by the progress through the 
different ore qualities. The cost of the mining and extrac-
tion operation is mainly determined by two important fac-
tors besides the 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. A number of feedback response curves are 
employed in the model. The price curves relate the tradable 
amount in the market to the market price. Figure 9 brings 
together such data for wolfram. These curves were first 
developed from data on copper, silver, gold and platinum 
trading by the first author’s personal notes and experiences 
from trading floors in London and New York.

Input Data and Parameters

The parameterization is consistent with what we have done 
earlier for metals. The market amount-to-price relationship 
turns out to be very similar among many metals. The same 
is the case for the price effect on demand and the profit push 
on mining. There are fundamental market settings (Sver-
drup et al. 2012b, 2013, 2015b, 2014a, b, 2017, Sverdrup 
2016). Before it is possible to use the model to simulate 
results, it needs to have its input parameters set properly, 
and the resource database set up. The available extractable 
resources are stratified as shown in Table  5. The extract-
able amounts were set at the beginning of the simulation in 
1900, stratified with respect to ore metal content. Figure 10 
shows the overview of the WORLD6 submodules.

Sensitivity

The model reproduces the observed mining rate and the his-
toric market price and reproduces the ore grade well, even 
if there are little data available. This indicates that the main 
causative elements have been incorporated in the model 
and suggests that further complication of the model may 
not necessarily make it better. The model is quite sensitive 
to the demand function used. The demand was estimated 

in the model as a curve depending on metal uses in other 
parts of the model and a component dependent on popula-
tion only, but modified with inputs on connected demands 
from elsewhere in the WORLD6 model. A proper sensitiv-
ity analysis is planned for the simulation of wolfram at a 
later date, and it is outside the scope of this paper.

Results

The WORLD6 model was run for the period of 1900–2400, 
in order to investigate all major changes. The results for 
wolfram are shown in Figs. 11, 12, 13, 14, 15 and 16. The 
runs represent a business-as-usual scenario. Further sce-
narios are deferred to later studies. Note that the resource 
estimates developed in Tables 1, 2, 3 and 4 are important 
results of this work, enabling the creation of the input data 
presented in Table 5, used to start the model. The market 
price curve is presented in Fig. 9. It shows the price curve 
determined from wolfram market data. The price expressed 
in 1998 inflation-adjusted dollars was plotted against mar-
ket amounts, including the US strategic stockpile, the Lon-
don Metal Exchange stocks and the tradeable stocks held at 
private corporations, traders and producers, to develop the 
price diagram in Fig. 9. The correlation between the market 
amounts and price is r2 = 0.72. The London Metal Market 
stocks are in the range of 20,000–50,000 ton.

Wolfram production, supply, recycling and market 
price were modelled for the time period of 1900–2400. 
Figure  11 shows the mining rate for wolfram and how 
the different ore grades contribute. It can also be seen 
how well the historical mining rate is reproduced. Fig-
ure 12a shows the total production, the secondary extrac-
tion and the mining of wolfram. Figure  12b shows the 

Fig. 9  The recorded market amounts related to the observed market 
price. The relationship was used in the model price simulation
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Fig. 10  Overview of the WORLD6, version 6.166, as of 1st July 2017
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development of the known, hidden and total resources 
over time. Figure  13a shows a comparison of the 
observed market price and the modelled market price. 
Figure 13b shows the origin of the secondary extraction 
from copper (Cu), zinc (Zn), niobium (Nb) and tanta-
lum (Ta). Figure 14a shows the demand for wolfram, the 
demand after modification by the price, which closely 
overlaps on the actual supply, as compared to the mining 
rate and the recycling rate. Figure 14b shows the stocks-
in-use as alloys, hard cutting tools, low-grade waste and 
metallic scrap. Wolfram does not seem to run into any 
serious scarcity based on the demand assumptions we are 
using. Figure  15a shows the simulated recycling degree 
and Factor X for wolfram (Fig. 15b). Wolfram recycling 
is at present 35–40% and is expected to rise to about 50%, 
implying a Factor X = 2. Factor X is the ratio of supplied 
to net extracted.

Discussion

In the future, wolfram can be expected to have an increas-
ing demand, as there are many advanced technologies 
where it gives a technical advantage. Two parameters are 
the most important for the assessment of scarcity: global 
average supply per capita per year and global average 
stock-in-use per capita. These two indicators are plot-
ted to assess the nature of the potential future scarcity 
(Fig. 16).

• Supply per person per year is necessary to assess 
whether we can have growth, if we will get global stag-
nation or global contraction (Fig. 16a).

• Stock-in-use per person is necessary to assess whether 
we can increase global utility provision, if it will 
develop into global stagnation or global contraction 
(Fig. 16b).
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In this assessment, Fig.  16a is the key diagram for 
the scarcity assessment. Here we can relate demand, 
demand modified by price and the amount supplied by 
the system. When these curves are not overlapping, then 
there is some type of scarcity, either soft or hard. When 
demand and demand modified by price separate, we have 
soft scarcity. When demand modified by price and sup-
ply separate, we have hard scarcity. Soft scarcity occurs 
around 2030, and hard scarcity occurs after 2200 because 
of resource exhaustion.

It can be observed from Fig.  16b that the wolfram 
stock-in-use per capita is an indicator for service provi-
sion per person as calculated by the model. The stock-
in-use declines after 2070, first slowly, then fast (after 
2220), and service provision is lost. There will be a sig-
nificant wolfram scarcity problem after 2200.

Conclusions

The model outputs suggest that there will be a soft scar-
city around 2030 and hard scarcity after 2200 for wolf-
ram. We conclude that we are able to model the observed 
pattern for mining, extraction, ore grades and market 
price, based on mass balance and market principles with 
good accuracy, and sufficient for policy development use. 
The complexity of the WORLD6 model allows for many 
cross-linking aspects to be considered which were not 
possible with earlier and cruder concepts.

The WORLD6 is based on a number of assumptions. 
These assumptions can be considered as a strong and a 
weak point. Many of the assumptions cannot be checked 
well until afterwards. But the model has proven to be able 
to reflect the past with good success, suggesting that the 
unverifiable assumptions cannot be too far off the mark. 
We assume, based on the success with reconstructing the 
past, that the runs for the future are a good estimate for 
what will come.
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