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Abstract
The integrated systems dynamics model WORLD6 was used to assess long-term supply of stainless steel to society with 
consideration of the available extractable amount of raw materials. This was done handling four metals simultaneously (iron, 
chromium, manganese, nickel). We assessed amounts of stainless steel that can be produced in response to demand and for 
how long, considering the supply of the alloying metals manganese, chromium and nickel. The extractable amounts of nickel 
are modest, and this puts a limit on how much stainless steel of different qualities can be produced. The simulations indicate 
that nickel is the key element for stainless steel production, and the issue of scarcity or not depends on how well the nickel 
supply and recycling systems are managed. The study shows that there is a significant risk that the stainless steel production 
will reach its maximum capacity around 2055 and slowly decline after that. The model indicates that stainless steel of the 
type containing Mn–Cr–Ni will have a production peak in about 2040, and the production will decline after 2045 because 
of nickel supply limitations. Production rates of metals like cobalt, molybdenum, tantalum or vanadium are too small to be 
viable substitutes for the missing nickel. These metals are limiting on their own as important ingredients for super-alloys 
and specialty steels and other technological applications. With increased stainless steel 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 several centuries.
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Introduction

The world’s most important synthetic metal is stainless steel, 
an alloy of nickel, chromium, manganese and other met-
als that has iron as its main component. We will show that 
the long-term production and supply of stainless steel and 
the metals it is based on can be assessed by using an inte-
grated systems dynamics model. We have earlier modelled 
the extraction, demand and supply dynamics of iron, man-
ganese, chromium and nickel in a separate study (Sverdrup 
and Olafsdottir 2019a, b). A separate study was done on 
available extractable resources, and this is published sepa-
rately (Ragnarsdottir et al. 2017). This study rests upon these 
earlier studies for information and input data.

Scope and Objectives

The scope of this paper is to use an integrated simulation 
tool for stainless steel. The study is based on and earlier 
assessment of the supply of the metals iron, manganese, 
chromium and nickel. The stainless steel module model 
is incorporated in the WORLD6 model. There are earlier 
descriptions of the different WORLD6 modules published 
(Sverdrup and Olafsdottir 2018, 2019a, b; Sverdrup and 
Ragnarsdottir 2014, 2016a, b, d, 2017; Sverdrup et al. 2013a, 
b, c, 2014a, b, 2015, 2017a, b, c, 2018a, b, c, 2019), a part 
of a new global resource, demography and economic model.

Methods

Several methods were used for this study. Systems think-
ing for modelling, traditional assessment methods for 
appraisal of resources and reserves for mass inputs. The 
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methodology used here uses systems analysis as the stand-
ard tool for conceptualization (Roberts et al. 1982; Haralds-
son and Sverdrup 2004; Haraldsson et al. 2006; Forrester 
1971; Meadows et al. 1972, 1992, 2005; Senge 1990). The 
learning loop is the adaptive learning procedure followed in 
our studies (Senge 1990; Senge et al. 2008). We use causal 
loop diagrams (CLD) for mapping out where the causali-
ties are, to find intervention points in the system, and to 
propose policy interventions. The mass balance expressed 
differential equations resulting from the flow charts, and the 
causal loop diagrams have been numerically solved using the 
 STELLA® modelling environment (Meadows et al. 1974; 
Sterman 2000; Senge 1990; Senge et al. 2008; Haraldsson 
and Sverdrup 2004). When the basic assumption of bound-
ary conditions, commonly used by others to be constant, 
become variables in time, then fully integrated, process- and 
mechanism-oriented dynamic models are required (Sterman 
2000; McGarvey and Hannon 2004; Sverdrup and Sven-
sson 2002, 2004). Causal loop diagrams (CLD) and flow 
charts were used to develop the conceptual understanding 
and for determining policy intervention points in the sys-
tem (Haraldsson and Sverdrup 2004, Mason et al. 2011; 
Sverdrup et al. 2015). We apply the following fundamental 
assumptions for the modelling: The principles of mass and 
energy balance apply everywhere with no exception.

A part of the methodology was to conduct a thorough 
literature survey. The literature was consulted to get a good 
understanding of the stainless steel market, and the views 
on future demand (Brewster 2009; Cobb 2010; Cullen et al. 
2012; Daigo et al. 2010; Eliott 2013, 2014; EuroInox 2014; 
Guirco et al. 2014; Hatayama et al. 2010; Hsu et al. 2011; 
Hu et al. 2010; International Trade Administration 2016; 
Moynihan and Allwood 2012; Müller et al. 2006; Norgate 
and Rankin 2002; Outokompu 2013; Pauliuk et al. 2012, 

2015; Plunkert and Jones 1998; Stockwell 1999; Wang 
et al. 2007; World Steel Association 1999, 2012, 2013a, b; 
Yellishetty and Mudd 2014; Yellishetty et al. 2010, 2011; 
Wübbeke and Heroth 2014; Wübbeke 2012; Zapffe 1949, 
Wikipedia “Stainless steel” 2018).

Reck and Graedel (2012), Smith (2009) and Rosenqvist 
(1983) were consulted for recycling and iron and steel smelt-
ing production methods. We checked literature on scarcity 
evaluations and resource sustainability (Alonso et al. 2007, 
Bardi 2013; Chen and Graedel 2012; Graedel and Erdmann 
2012; Graedel et al. 2011, 2015a, b; Giurco et al. 2012, 2014; 
Hall et al. 2001; Heinberg 2011; Modaresi et al. 2014; Mor-
feldt et al. 2015; Mudd et al. 2013; Nuss et al. 2014; Nuss 
and Eckelmann 2014; Papp 1994; Prior et al. 2012, 2013; 
Ragnarsdottir et al. 2011, 2017; Sverdrup and Ragnarsdottir 
2014; Seppelt et al. 2014; UNEP 2011a, b, 2013a, b, c).

Gutowski et al. (2016) and de Beer et al. (1998), Bellevrat 
and Menanteau (2008), Hasanbeigi et al. (2012, 2013), Wor-
rell et al. (1999), and Milford et al. (2013), were consulted on 
energy use and costs of steel production, from metal ore to 
stainless steel metal. On alloys and compositions, we consulted 
sources like International Stainless Steel Forum (2014, 2016), 
Thum (1935), Turner (1908), and Kalenga et al. 2013), and on 
sources for metals for alloying Mudd and Jowitt (2014).

A Short Overview of Stainless Steel and Its 
Production

Figure 1 shows the approximate global stainless steel pro-
duction 1900–2014 in million ton of metal per year as 
well as the market price, observed and reconstructed for 
1900–2018. If stainless steel is counted as a separate metal 

Fig. 1  Approximate stainless steel production 1900–2014 in million 
ton of metal per year and the average stainless steel market price, is 
shown. Very little information is available on past stainless steel pric-

ing, but the average price from 1900 to 2010 was reconstructed by 
the authors using the price of nickel, manganese and chromium plus a 
manufacturing cost and a profit margin
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for society, then it is the fourth largest metal in supplied 
weight, after simple carbon steel, cast iron and aluminium.

In the 1890’s, the German scientist Hans Goldschmidt 
(Fig. 2) invented the alumina-thermic process for producing 
stainless steel on an industrial scale. Several researchers, in 
particular the Frenchman Leon Guillet developed a num-
ber of alloys from 1904 to 1911, laying the foundation for 
modern stainless steel. Several British scientists (One was 
Harry Brearly developing large gun barrels, ending up with 
a patent for stainless steel cutlery) did similar developments 
at the same time. The German industrialist Alfred Krupp 
(1812–1887) (Fig. 2) 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 
translates as “never-rust”. His large factories became key 
players in two World Wars and made the best material for 
modern warfare hardware, such as modern artillery, battle-
ships, tanks, steel armour, submarines and other armaments 
beside many peace-time uses (Cutler and Coates 2012; Ken-
nedy 1987; Rosenqvist 1983).

Carbon steel is the most common form of steel, it typi-
cally has from 0.3 to 2% carbon, sometimes small amounts 
of silicon. Carbon steel is not very resistant to corrosion. 
Iron has impurities of phosphorus, sulphur and nitrogen, and 
manganese is added to iron remove these impurities in the 
manufacturing process. For stainless steel, it is alloyed with 
a range of other metals into iron increase the resistance to 
corrosion and increase ductility and toughness. For making 
stainless steel, four metals are essential and regularly used 
for making high quality steel, assisted by specialty metals 
for special properties:

• Iron for bulk of the stainless steel 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, corrosion resistance and temperature resist-
ance. Small amounts of nitrogen, phosphorus, silicon or 
aluminium is sometimes added to these alloys to fine-
tune the properties of the material.

For stainless steels, metals like vanadium (occurs as a con-
taminant in almost all iron ore) are used for toughness and 
strength, tungsten, tantalum and niobium for extra hardness 
and high temperature resistance, cobalt for corrosion preven-
tion. World production of stainless steel typically consists 
of 5–12% manganese, 10–18% chromium, 3–5% nickel and 
0.1% molybdenum on the average as seen from the input to 
the industry (Tables 6, 7). There are different stainless steels 
of different composition in the market today:

1. Austenitic steel is based on more than 16% (12–20%) 
chromium, 12% (9–15%) manganese and about 8% 
(5–11%) 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 2.4 million ton 
of nickel per year), 3.5 million ton of manganese per 
year (total production is 16 million ton of manganese per 
year) and 5 million ton chromium per year (total produc-
tion is 8 million ton of chromium per year). Only hard-
ens with cold working methods. The stainless steel type 
most frequently used is the 300 series; 304 is the most 
common. Corrosion resistant, and maintains strength at 
higher temperatures. The 200 series has less corrosion 
resistance and is harder to form, but is less expensive 
because of its lower nickel content. Soft, but tough.

2. Ferritic steel has the composition 11–27% chromium, 
on the average 18%, about 1–4% molybdenum, on the 
average 2%, and 0–2% nickel, on the average the content 
is 0.5% nickel.

3. Marstenitic steel has 12–14% chromium, 0.3% molyb-
denum and about 0.5% nickel and can be hardened by 
heat treatments. It is a hard steel variant.

4. Duplex steel has a mixture of ferritic and austenitic com-
ponents. It is corrosion resistant, but has other mechani-

Hans Goldschmidt, 
1890-1914,  Germany

Alfred Krupp, 
1880-1918, Germany

Leon B. Guillet, 
1904-1911, France

Harry Brearly, 
1912-1913, Great Britain

Fig. 2  The inventors behind stainless steel, the Germans Hans Gold-
schmidt and Alfred Krupp, developed large scale stainless steel 
production methods, going from an invention in research to a com-

mercial product. Others invented the alloys and understood how to 
make stainless metal in industrial amounts (Leon Guillet and Harry 
Brearly). These two invented how to produce it in industrial amounts



 BioPhysical Economics and Resource Quality (2019) 4:8

1 3

8 Page 4 of 29

cal qualities. A typical composition example would be; 
22% chromium, 5.5% nickel and 2% molybdenum. It is 
high molybdenum, low nickel steel, with greater hard-
ness and strength than the austenitic and martensitic 
steels.

Nickel has always been an expensive metal, and as the 
price has increased during the last years, there has been a 
movement towards lower contents of nickel in some stain-
less steels. The most important alloying metals for stainless 
steels and their ores are:

1. Chromium is the most important component for mak-
ing stainless steel alloys. It is also used in substantial 
amounts for chromium plating of metal objects to give 
them a bright, shiny surface. A minimum of 10.5% is 
needed to obtain stainless properties.

2. Manganese is mostly used for steel alloys, but approxi-
mately 3% of all manganese is used in aluminium alloys 
at a content of 0.5–1%. Manganese is added to cast iron 
in about 0.2–1% (0.6 million ton per year). Manganese 
also protects against corrosion. There is no substitute 
for manganese in steel. Manganese makes steel harder 
(0–4% manganese in carbon steel or 8–12% manga-
nese in stainless steel). Manganese is important for the 
smooth operation of the smelting process, and stabilizes 
the chemical conditions in the melt.

3. Nickel is an important component in high-quality stain-
less steel (46% of supply), it is used in nonferrous alloys 
and super-alloys (34%), electroplating (14%), and 6% is 
used for other uses. There is no replacement for Nickle 
that exist, although chromium may be used for some of 
the functions of nickel in an alloy, and cobalt, molyb-
denum and niobium may do other alloying functions 
(Alonso et al. 2007; Sverdrup and Olafsdottir 2018). 
Nickel is in high demand and always soft scarce as 
shown by the high and volatile price (see Fig. 18).

Table 1 shows an overview of important alloying metals for 
stainless, heat resistant or high hardness steels. Specialty 
alloys are made using metals like molybdenum, vanadium, 
niobium, cobalt and tungsten. In this study, we have consid-
ered iron, manganese, chromium and nickel. Table 2 shows 
an overview of important alloying metals for stainless, heat 
resistant or high hardness steels and the total amounts that 
are supplied of these. Stocks-in-use for different metals for 
2012–2015 are shown in Table 3. Some reports suggest that 
there is a saturation level for stainless steel. To our knowl-
edge it has not been shown if this is a true saturation level 
or just a steady state that appears as if it was a saturation 
limit. Table 4 shows stainless steel types composition for 
stainless series 200, 300 and 400, using assumed average 
compositions based on generic industrial compositions 

(Adapted, based on information from Yang and Ren (2010), 
Outokompu (2013) and ISSF (2016). Table 5 shows stain-
less steel types metal composition, specifying the stainless 
steel types assumed in the model simulations. When stain-
less steel of the 300 series cannot be made because of nickel 
shortage, stainless steel of a type like the 200 and 400 series 
will be produced. The 400 series has about 11%–points more 
chromium, and 1–3%-points more manganese more than the 
200 series. The 300 series has 2.5% points more nickel and 
half to one-fifth the amount of molybdenum and niobium 
than the 400 series. Molybdenum and niobium, and some-
times vanadium and cobalt are used to substitute for nickel 
in low-nickel alloys. They may almost fully substitute for 
nickel, but have a higher price and are produced in smaller 
volumes. The 400 series is sensitive to corrosion under cer-
tain types of chemically corrosive environments. Table 6 
shows stainless steel types production in 2014 using market 
share, and estimating material use for that production, the 
data was extracted from ISSF (2016), Outokompu (2013) 
and information from Yang and Ren (2010).

The total global carbon steel production was about 1550 
million ton per year in 2014, and a unit value of about 
300–400 $ per ton, cast iron is about 100 million ton per 
year, and a unit value of about 400–500 $ per ton. Stainless 
steel is about 50 million ton per year, and a unit value of 
about 2500–3400 $ per ton (Fig. 1). The superalloys produc-
tion is about 25,000 ton per year in 2017, and a unit value of 
about 20,000–40,000 $ per ton.

Table  7 shows the estimated ultimately recoverable 
resources (URR), starting from 1900, stratified according to 
ore grade and mining depth. The data were derived in a sepa-
rate study, assessing deposits and ore bodies. The resources 
in brackets are estimated to be present, but have not been 
built into the model. The metal price stays too low for them 
to be considered for extraction during the simulation time.

Theory

Modelling

The stainless steel produced in the model simulation is sold 
as the physical metal in the market, and we ignore the deriv-
atives trade in our economics model. For all the metals, mass 
balance applies for society:

“Mined” is what we take from the geological reserves, 
and there is no other net production of new metal into the 

(1)

Mined + Recycled = Change in stock-in-use

+ Recycled + Lost irreversibly
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system. “Change in stock-in-use” is metal kept and being in 
active use in society and not lost, and “Lost irreversibly” is 
what is lost in such a way that we cannot retrieve it again, it 
leaves the system. “Recycled” refers to metals that are cir-
culated in the system. Recycled is present on both sides of 
the equation, increasing 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. The term “known” is used for known reserves 
and “hidden” for resources that are there, but not found yet 
and “extractable” contains both “Known” and “hidden” 
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.

We assume that the present type of society with interna-
tional trade and general rule of law and order as it is today 
will persist over the time considered (1850–2350). We 
assume that a free dynamic market operates for steel, the key 
alloying metals manganese, chromium, nickel, molybdenum, 
niobium and for stainless steel throughout the period. This 
implies that we have a world with global trade and no sig-
nificant trade barriers. We assume the population and GDP 
estimated by the WORLD6 model to be adequate to drive 
demand in the model. The demand is a generic demand from 
affluency (GDP) and population plus-specific demands from 
other modules in the WORLD6 model (Fig. 7).

The Model Description

The WORLD6 model attempts to model the world resource 
supply systems in a way similar to what the World3 model 
once did (Meadows et al. 1972, 1992, 2005). WORLD6 
includes a more complete description of each individual 
and significant resource (Olafsdottir et al. 2019; Sverdrup 
and Olafsdottir 2018, 2019a, b; Sverdrup and Ragnarsdot-
tir 2014, 2016a, b; Sverdrup et al. 2013a, b, c, 2014a, b, 
2015, 2017a, b, c, d, 2018a, b, c). However, WORLD6 is 
not World3, nor has any of the original code of World3 
inside. On the principal level, the models differ as follows. 
In World3, all resources were aggregated to one natural 
resources indicator R. In WORLD6, this is done very differ-
ently. Metals, materials and fossil fuels are done separately 
and communicate through feedback loops and market mech-
anisms. WORLD6 has a detailed energy model, whereas in 
World3, energy was lumped with materials inside the natural 
resources indicator R. WORLD6 has a biophysical feedback 
economics model, with cash, investments, depreciation, and 
financing with debts. World3 did not really have any eco-
nomic model at all, only a money box. When that ran empty 
in World3, the model predicted a world collapse. WORLD6 
has an adaptive biophysical economic model inside, and dur-
ing times of deficits, financing can be done using loans and 
price adjustments. In WORLD6 the world does not crash 

from a cash deficit. Then loans are made and the crisis 
bridged. During a crisis, growth can become contraction and 
economic recession. But it takes extreme events to crash the 
world in WORLD6. The industrial extraction is depending 
on the capital allocated to resource extraction. Manufactur-
ing of consumer goods are dependent on capital invested in 
manufacturing sector to keep going. The WORLD6 model 
has these capital stocks: cash money, extractive Industrial 
capital, manufacturing Industrial capital, financial capital, 
society capital, military capital and black capital. It has sepa-
rate debt stocks, pension obligations, and bank debts. If the 
Extractive Industrial Capital falls below a certain intensity 
per produced unit, the production will be reduced. The capi-
tal is worn down over time in the model and maintained by 
investments.

Full technical description of the model is found in Koca 
et al. (2017), Sverdrup and Koca (2017, 2018), Lorenz et al. 
2017 and Hirschnitz-Garbers et al. (2018a, b). Nickel and 
stainless steel are often recycled because of their value, 
while chromium and manganese are not. Many specialty 
purpose metals and materials may face issues of scarcity, 
but these are minor in importance to the three mentioned 
above. If society fails on any of those, other shortages are 
redundant. The WORLD6 model does contain several other 
modules as well (Sverdrup et al. 2009), but these are outside 
the scope of this study and will not be further described here. 
The flow pathways, the causal chains and feedbacks loops in 
the global iron system were mapped using system analysis, 
and the resulting coupled differential equations were trans-
ferred to computer codes for numerical solutions. The model 
is based on mass balance expressed differential equations, 
and solved numerically with a 4-step Runge–Kutta method, 
using a 1/512-year time-step in the integration. The model 
was used for quantification of flows, scenarios and future 
predictions. 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 modules used to define the coupled nonlinear dif-
ferential equations defined by mass balance:

1. Source modules in WORLD6

a. Metals for alloying and their prices in the model:

i. Iron (Koca et al. 2017; Sverdrup and Koca 2017; 
Sverdrup and Olafsdottir 2019a)

 ii. Manganese (Sverdrup and Olafsdottir 2019a)
 iii. Chromium (Sverdrup and Olafsdottir 2019a)
 iv. Nickel (Sverdrup and Olafsdottir 2019a)
 v. Molybdenum and Rhenium (Sverdrup and Olaf-

sdottir 2018)
 vi. Niobium (Sverdrup and Olafsdottir 2018)
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b. Energy; coal and electricity (Koca et al. 2017, Sver-
drup and Koca 2017)

c. Population (Koca et al. 2017, Sverdrup and Koca 
2017)

d. GDP: From the Biophysical economic model (Sver-
drup et al. 2018a, b, c; Sverdrup 2019)

2. Stainless steel

a. Trade market stocks

1. MnCrNi
2. MnCr
3. Dependent variable: Total stainless steel market 

(MnCrNi + MnCr)

b. Stock-in-use

 i. Material; Slow turnover stocks-in-use

1. MnCrNi
2. MnCr

 ii. Material: fast turnover stocks-in-use

1. MnCrNi
2. MnCr

c. Scrap stock
i. Material in scrap

1. MnCrNi
2. MnCr

MnCrNi is the abbreviation for high-quality stainless steel in 
the model; MnCr is the abbreviation for lower-quality steel 
with reduced nickel content. All the reserves and resources 
for the raw materials have been graded into five different ore 
grades (rich, high, low, ultralow, trace). In addition 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 was mined from the grade with 
the lowest extraction cost with some overlap between the ore 
grade classes. Dependent stocks contain cumulative amounts 
of: mined materials, rock waste, losses, smelter slag and ore 
found by prospecting.

Figure 3 shows the flow chart for the model, showing 
the model for making alloyed steel using iron, manganese, 
chromium and nickel. The metals flow from reserves, and 
when they decline, this may limit stainless steel production. 
In response to stainless steel production demand, supply is 
made from the manganese, chromium and nickel markets.

The general price model applied to manganese, chro-
mium and nickel, is conceptually the same as that used for 

aluminium, copper, silver or cobalt. (Sverdrup and Ragnars-
dottir 2014, 2016a, b). Less metal in the market causes the 
price to be higher, decreasing demand, but increasing price 
causes increasing supply with a delay, when extraction by 
mining has room to increase. When the market price falls 
below the mining cost, then the mining extraction is turned 
off and does not go back on until the price has come up 
enough to make the mine profitable. For this to happen, the 
price must be above the mining cost. The price is influenced 
by the mining cost. The lower the ore grade, the more expen-
sive it gets (Sverdrup and Olafsdottir 2019a; Gutowski et al. 
2016). Supply to stainless steel production is controlled by 
the metal price and profit in 4 different markets: iron, man-
ganese, chromium and nickel. We have kept the alloy for-
mula for the two types of stainless steel constant and when 
one formula cannot be done, then it is not modified, but 
we change to another type of stainless steel (Fig. 4). In the 
simulation, we will use two types of stainless steel:

1. MnCrNi type Stainless steel with the average composi-
tion as given in Table 7 is used in the model; Fe 61%, Ni 
6.4%, Cr 17.8%, Mn 14%, Mo 0.35% and Nb 0.15%

2. MnCr type Stainless steel composed without nickel as 
given in Table 6 is used in the model; Fe 56%, Cr 22%, 
Mn 20%, Mo 0.75% and Nb 0.5%

Stainless steel has small amounts of carbon, silicon and 
nitrogen in the alloy. Stainless steel under model type 
MnCrNi is made first to fulfil the stainless steel demand. 
When supply cannot keep up with demand after price modi-
fication because of shortage of nickel (most of the time), 
chromium (some limited periods) or manganese (always 
enough), a model type MnCr is made. The scheme for how 
this is done is illustrated in Fig. 4. Figure 5 shows the causal 
loop diagram for the model, for the additions to the causal 
loop diagram for iron (Sverdrup and Olafsdottir 2019a). 
Using the WORLD6 model market simulations implies that 
there is never an equilibrium in the simulated market. That 
it is the result of the market dynamics between demand and 
supply (mining and recycling), where price equilibrium may 
never be reached. A lower ore grade implies that more rock 
must be moved to mine the iron. The price is set relative to 
how much iron or steel there is available in the market. The 
higher the ore grade is, the mining cost will be less and less 
mining cost leads to more mining profit resulting in more 
mining putting more mined material to the market. The more 
material is available for sale on the market, the lower the 
price gets.These market mechanisms and their parameteri-
zation are explained in detail in the paper: Conceptualiza-
tion and parameterization of the market price mechanism 
in the WORLD6 model for metals, materials and fossil fuels 
(Sverdrup and Olafsdottir 2019a). The whole metal cycle has 
several cores with reinforcing loops as can be seen from the 
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bigger CLD in Fig. 6: an extraction loop driven by resource 
price and profits, a recycling loop driven by price and profits, 
a production and resource use loop driven by profits, a con-
sumption loop run by society finances and profits converting 
to disposable income and consumption that drives demand, 
and environmental pollution loop that cause more consump-
tion, and a small sustainability loop driven by self-renewal. 
In the WORLD6 model, gross domestic product (GDP) is 
the value of all finished goods and services produced per 

year. In the causal loop diagram, consumption and profits are 
contributing to the GDP, but not all of it. Note that profits 
affect the recycling, extraction and production, by the drive 
for profit and by using the profits for investment and main-
tenance of the infrastructure.

The extraction of fossil resources is a balancing loop, even-
tually stopping mining when the resource runs out. The min-
ing activity is mainly profit driven as the main causal factor, 
but also affected by the demand. The amount in the market 

Fig. 3  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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Fig. 4  The scheme applied for producing MnCrNi type of stainless steel, and if the resources are not efficient, substitute with MnCr stainless 
steel, where molybdenum and niobium are used to substitute for nickel
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Fig. 5  The causal loop diagram for the stainless steel module in the 
WORLD6 model covering the making of stainless steel, involving 
manganese, chromium, nickel and iron. This causal loop diagram 

must be added to that of iron. The model distinguishes two types 
of stainless steel; Mn–Cr–Ni, and Mn–Cr when there is not enough 
nickel



 BioPhysical Economics and Resource Quality (2019) 4:8

1 3

8 Page 10 of 29

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 ore and smelting it to metal. Fig-
ure 7 shows the causal loop diagram for the resource extraction 
dynamics. In the present version of the model, a fraction of 
the GDP is used as a proxy for disposable income, remem-
ber that when reading Figs. 6 and 7. The causal loop diagram 
in Fig. 7 develops how investments are needed to keep the 
production running. The function showing how higher price 
promotes more recycling is shown in Fig. 8. The technological 
advances are reflected in a curve shown in Fig. 8. The curve 
was developed from similar curves developed earlier for cop-
per and silver (Sverdrup et al. 2014a, b, 2018a, b, c).

In the bigger picture, profits contribute to society finances 
and disposable income and drive demand through consump-
tion. GDP is currently used as a proxy for disposable income 
in WORLD6, as a fraction. As the model is developed fur-
ther, GDP will be replaced with disposable income. Demand 
is driven by GDP, i.e. it is the need per capita scaled up with 

GDP. Demand is based on needs before any feedbacks from 
price or scarcity. Consumption demand per capita is a function 
of GDP as shown in Fig. 6 (Sverdrup and Olafsdottir 2019a). 
From that we get Eq. (2) for finding the demand:

The demand is then modified with market price, adjusting 
for the fact that higher price will reduce the real demand 
(Sverdrup and Olafsdottir 2018):

The function f(market price) reduces the demand and higher 
price (Sverdrup and Olafsdottir 2019a) and is shown in 
Fig. 8. The mining of manganese, chromium and nickel is 
all individually driven by operations profits. The manufac-
ture of stainless steel is also driven by operations profits. The 
income from operations is estimated from supplied amount 
times the market price. The costs are estimated from produc-
tion. The costs consist of fixed costs including capital costs 

(2)
Demand = Consumption demand per capita

∗ Population of consumers

(3)Price modified demand = Demand ∗ f(Market price)

Fig. 6  The general context of industry as a supplier to society and the public as a consumer creating demand in the model system and an aggre-
gated CLD of the basic market model in WORLD6
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Fig. 7  Causal loop diagram for the resource extraction dynamics. In the present version of the model, a fraction of the GDP is used as a proxy 
for disposable income
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and the variable cost depending on production volume, raw 
material costs such as iron, manganese, chromium, nickel 
and additional cost for molybdenum, niobium, flux materials 
and energy in terms of coke, coal and electricity. The energy 
prices are derived internally in the WORLD6 model. They 
increase modestly during the simulation period (Fig. 8). In 
the WORLD6 model, the following procedure is followed 
in the production of stainless steel. First, MnCrNi steel is 
produced to satisfy the demand. For this, we check that we 
have enough manganese, chromium and nickel.

where demand is the initial demand for MnCrNi stainless 
steel after modification by price.  XMn,  XCr, and  XNi are con-
tent of manganese, chromium and nickel in the stainless type 
produced. We have defined the composition of the MnCrNi 
type of stainless steel to be as defined in Table 7. Then we 
check if the demand has been met, or if there is a deficit. In 

(4)
Produced amount MnCrNi

= min
(

demand∕XMn, demand∕XCr, demand∕XNi

)

Fig. 8  Different modification functions used in the model
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our simulations, it is always nickel that becomes limiting. 
The demand for alternative stainless steel as a substitute is 
estimated as (Fig. 10):

It is noted that we have adaptive market mechanisms at 
work, since we have a supply chain with many actors in 
every step. Then, the market price is set in the system (a sys-
tem that consists of many suppliers and many buyers) in an 
arbitration process. The price equation used in this study is 
the following (Olafsdottir et al. 2019; Sverdrup et al. 2013a, 
b, 2014a, b, c, 2015, 2017a, b, c, 2018a, b, c; Sverdrup and 
Ragnarsdottir 2014; Sverdrup 2017; Sverdrup and Olafsdot-
tir 2018, 2019a):

(5)
Demand MnCr = demand − produced amount MnCrNi

(6)Market Price = k*(market stock)n

In the equation, k is a constant, n is an exponent, showing 
the degree of scaling in the market, and the market stock 
is the total amount of a tradable good in the market being 
immediately being traded and available for shipment at an 
agreed time (LBMA 2018a,b). Values for k and n have been 
listed for a number of metals in Sverdrup and Olafsdottir 
(2019a).

Energy data were gathered by the authors from literature 
and using semi-published corporate information (EuroInox 
2014; ICMM 2012; International Steel Forum 2014; Pauliuk 
et al. 2013a, b; US EPA 2007; Wang et al. 2007, World Steel 
Association 2012, 2013a, b, 2014a, b, c, d). This was built 
into the stainless steel module of WORLD6 model, and when 
there are global energy shortages, these will be able to limit 
steel production, potentially also the stainless steel produc-
tion. Population is generated internally in the WORLD6 model 
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(Sverdrup et al. 2014a, b; Sverdrup and Ragnarsdottir 2014) 
and is used as an input to the model together with the simu-
lated global GDP to estimate the demand, examples of outputs 
are shown in Fig. 9.

Results from Simulations

The Base Case Simulation

The model makes stainless steel from iron, manganese, 
chromium and nickel. Nickel is predicted to become a lim-
iting metal for the production of stainless steel, shifting a 
part of the stainless steel production towards a chromium-
based stainless steel. Figure 11a shows the production rate 
for stainless steel, specifying demand, modified demand 

and supply of the different qualities. Figure 11b shows the 
simulated production as compared to the data (r2 = 0.98). 
Figure 12a shows the simulated production and observed 
data. Figure 12b shows the global stock-in-society, the stock 
for MnCrNi type stainless steel of slow turn-over stock in 
society (50 years), for MnCrNi type stainless steel the fast 
turnover stock in society (3 years) and for MnCrNi type 
stainless steel the scrap stock.

The figure shows that the MnCr type stainless steel the 
fast turnover stock in society (3 years) and MnCr type stain-
less steel the scrap stock. For MnCr type of stainless steel, 
we have assumed that it only goes into a fast stock. Fig-
ure 12 shows the simulated price and the comparison to the 
observed data. We have used reconstructed data from the 
nickel, chromium, manganese and iron price. The price was 
composed from the price of iron (71%), price of manganese 
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(12%), price of chromium (11%) and price of nickel (8%), 
and we multiplied the result with a factor of 1.7 for other 
costs.

According to the literature (UNEP reports), the stainless 
steel recycling rate was estimated at approximately 25% in 
2015, which is matched by the model simulation. We have 
shown two types of price, one is the simulated price for 
MnCrNi stainless steel, and the other is a price simulated for 
all stainless steel in the market. The market price level and 
long-term trends are reasonably well captured by the model, 
but many of the short-term variations are not (Fig. 13). The 
main reason for this is that many aspects of short-term trad-
ing (hedging, derivatives, forwards) are not included in the 
model. The details of such transactions have poor transpar-
ency, and it is a major challenge to model and parameterize 
them based on mass balance and market mechanism obser-
vations. Figure 14a shows the stainless steel supply per 

person per year is the provision for maintenance, losses and 
growth in stainless steel. The stock-in-use per person is an 
indicator of the level of service provision by stainless steel. 
The implication is that growth in the stainless steel industry 
is over in terms of volume by 2050. The monetary value will 
continue to increase, as the price will go up at the same time. 
Figure 14b shows the stainless steel recycling as a fraction 
of the total stainless steel supply and Factor X for stainless 
steel. Factor X is the cumulative total supply over the cumu-
lative amount produced of stainless steel. It expresses how 
many times a ton of stainless steel is used before it is lost. 
Figure 15 shows the cumulative amount of stainless steel 
produced as compared to the observed cumulative amount 
for stainless steel and the simulated stainless steel produc-
tion rate as compared to the available data to 2017. The 
graphs test the long-term consistency of the model, which 
appears to be very good (see also in Fig. 16).
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(a) Cumulative test against data (b) Test against production rate data
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Fig. 16  Testing the model 
simulations. Plots for a the 
stainless steel production rate 
(r2 = 0.97) and b the cumulative 
amounts stainless steel supplied, 
tested against the observed data 
(r2 = 0.998)
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Testing the Predictions

The model outputs were checked against the observed data. 
In Fig. 15a, plot for the stainless steel production rate is 
presented, the simulation fits well to the data with r2 = 0.97. 
Figure 15b shows the simulation output for the cumulative 
amounts supplied, using the data from Fig. 11a, for the time 
period 1850–2017, tested against the observed data. The 
simulation production rate output fits well with the observed 
data, with a correlation coefficient of r2 = 0.998.

Sensitivity Analysis

Variations in Stainless Steel Demand and Nickel 
Resource Size

A sensitivity analysis was performed based on many runs 
with the model and many different scenarios tested. We 
show the effect of varying nickel extractable resource sizes 
(URR) and different levels of stainless steel demand after 
2020. All runs have the same demand as in the business-as-
usual scenario. For stainless steel, it appears that the limiting 
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factor is nickel availability, and any potential manganese, 
chromium and iron shortages are redundant to that. The vari-
ations used were:

• The stainless steel demand was set at three different 
levels, starting in 2020, but multiplying with a factor to 

scale it up or down. The demand curves resulting from 
this are shown in Fig. 17b. The stainless steel demand 
translates internally in the WORLD6 model to partial 
demands for manganese, chromium, nickel and iron, as 
well as the specialty metals niobium and molybdenum. 
These demand all translate to energy demands in the 
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Table 1  Important stainless 
steel-associated metals and what 
they are used for

Cobalt’s use is diversifying into new types of rechargeable batteries

Metal Use in steelmak-
ing, % of total 
flow

Nonferrous alloys, 
super-alloys, % of 
total

Plating, % 
of total flow

Chemicals and 
catalysts, % of 
total

Other uses, 
% of total 
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

Table 2  Overview of important 
alloying metals for stainless 
steels

In this study, we have considered iron, manganese, chromium and nickel

Metal Million ton of metal

Extraction 
per year 
2015

Extractable 
amount metal

Extracted 
before 2012

URR Resources of 
unknown extract-
ability

Resource 
in seafloor 
nodules

Iron 1420 350,000 40,000 390,000 560,000 500,000
Manganese 18 5205 684 5889 16,000 500,000
Chromium 8 3040 455 3495 3000 10,000
Nickel 2.5 680 25 705 100 250
Molybdenum 0.25 100 7 107 40 45
Cobalt 0.06 54 6 60 30 20
Vanadium 0.09 60 5 65 250 20
Niobium 0.09 65 5 70 10 10
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WORLD6 model that eventually increases the produc-
tion costs.

• The nickel resource was set at three different levels, 800 
million ton, 700 million ton and 600 million ton. The 
result of this is shown in Fig. 17a.

To untangle the effect of nickel resource, look at the outputs 
before 2030, most of that variation is due to difference in 
resource size. After 2050, the effect of demand variation 
is more pronounced. The upper line is the line for the larg-
est nickel resource, and then, it can be seen how that fans 
out as different demands kick in. The middle line before 

2020 is the middle resource; this also fans out caused by 
different demands after 2030. The lowest line is the low-
est resource; this fans out because of the different demands 
coming in after 2020. For the demand after price modifica-
tion (Fig. 18a), both resource variation and demand based 
on need variation have an effect on the demand after price 
feedback. But in terms of stainless steel actually produced, 
there is less freedom for variation which is seen in Fig. 18b. 
That small variation, plus the caused variation in recycling 
(Fig. 18d), which is driven by price increases (Fig. 18e), 
results in variations in actual supply to the market. Most 
of that variation is driven by the variation in the demand 

Table 3  Stock-in-use for 
different metals

The data was modified after UNEP (2010) and mass balance runs using the WORLD6 model

Metal Global stock
kg per capita

Industrial 
country 
kg stock per 
capita
average

Developing 
country
kg stock per capita 
average

Apparent global saturation
stock-in-use, kg per capita

High Mean Low

Iron 2200 11,000 2000 11,000 7500 4400
Steel 1420 7085 500 7000 5000 3000
Stainless 15 130 15 150 90 30
Nickel 3.5 15 1.1 20 15 10

Table 4  Examples of 
different stainless style type 
compositions

Adopted from different producer or supplier specifications found on the web. The missing amount up to 
100% is iron

Type Cr Ni C Mn Si P S N Other

Austenite 200 series, composition in % weight
 201 16–18 3.5–5.5 5.5–7.5
 204 15–17 1.5–3.5 6–9 Cu 2–4
 630 15–17 3–5 0.07 1 1 0.04 0.03 – Cu 3–5, Ta 0.15–0.45

Austenite 300 series, composition in % weight
 304 18–20 8–10.5 0.08 2 0.75 0.045 0.03 0.1 –
 309 22–24 12–15 0.20 2 1 0.045 0.03 – –
 310 24–26 19–22 0.25 2 1.5 0.045 0.03 – –
 316 16–18 10–14 0.08 2 0.75 0.045 0.03 0.1 2.0–3.0 Mo
 347 17–19 9–13 0.08 2 0.75 0.045 0.03 – Nb + Ta, 0.10

Martensite 400 series, composition in % weight
 430 16–18 0.75 0.12 1 1 0.04 0.03 – –
 440 16–18 1.0 – 1 – – – – 0.75 Mo

Table 5  Stainless steel types 
metal composition, simplified 
view, assumed in the model 
simulations

Adapted, based on information from Yang and Ren (2010), Outokompu (2013) and ISSF (2015)

Steel type % weight content

Fe Ni Cr Mn Mo Nb

200 series, austenitic 69.6 4 12 14 0.3 0.10
300 series, austenitic 61.9 8 18 12 0.1 0.05
400 series, martensitic very 

low nickel
56.0 0.5 22 20 1.0 0.50
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(Fig. 18c). To understand the diagrams, we need to have 
the causal loop diagrams for the subsystem in our minds 
(Fig. 19).

Other variations were tried, but most of these gave 
little change in the general trends, and are not worth 
showing. The reasons for this are twofold. Some of the 
variations are overruled by other variations (Nickel limi-
tations occur before chromium limitations, thus varying 
chromium demand or resource did not give and differ-
ence. And some parameters varied were simply not very 
important. Because of all the feedbacks in the system, 
especially through the economic modules, the system is 
compensating for some of the variations made. Thus, a 
sensitivity analysis using only parameter variations will 
only test a part of the sensitivity. It was considered to be 
beyond the scope of these study to investigate the sensitiv-
ity of the results with respect to the feedback structure of 
the integrated WORLD6 model system. Figure 20 shows 
the model outputs using nickel resource variations and 
stainless steel demand variations used in the sensitivity 
analysis corresponding to sensitivity simulation. We show 
the following: the demand after modification by price, the 
amount MnCrNi stainless steel produced, the market sup-
ply of stainless steel, the amount stainless steel recycled 
to stainless steel, the degree of recycling as a fraction of 
supply, the market price in $ per ton stainless steel. The 
diagrams in Fig. 18 show the model sensitivity run output 
for the amount stainless steel in use in society as kg per 
person (Fig. 20a) and stocks in use per person (Fig. 20b). 
The stainless steel supply to society in kg stainless steel 
per person per year is showing the provision of service 
from stainless steel per person. This is an indicator for util-
ity in society. Increasing the stainless steel demand makes 
the stainless steel production rate at the peak higher, 
and the time of the stainless steel production maximum 

comes earlier. The stainless steel stocks in use will reach a 
higher level with increased demand. Increasing the nickel 
resource make the stainless steel production rate decline 
come later, and the decline in stainless steel stocks in use 
come later. Increasing the extractable resource extends the 
supply curve in time.

Looking at Different Time Horizons

We have allowed ourselves to ask a “what if” question. One 
such question would be to ask “Could even metals like iron, 
or manganese or chromium run out if we looked far enough 
into the future?” Using the WORLD6 model like that, does 
not in any way propose that this will actually happen. But 
it explores what would be possible, suggesting that it could 
happen if all our assumptions are valid for the whole period. 
For this purpose, we ran the WORLD6 model for 1800 years 
into the future, to 3800 AD, just to see what would happen 
in the very long run, assuming business-as-usual would just 
go on, with the feedback we have today. This is shown in 
Fig. 21. It turns out that a critical time occurs around 2500 
AD. Then most metals resources will have been depleted. 
Iron will be in abundant supply per person until about 2450, 
but then a sharp decline sets in. The same happens to manga-
nese and chromium, then are sufficient until about 2500, and 
then the final decline comes, whereas the supply of nickel 
will be a trickle after 2300. If a transition to photovoltaic 
energy, wind energy and thorium-based nuclear power can 
be successfully made, the energy availability will be suf-
ficient to 3600 AD and beyond. The stocks in society will 
pass below those we have at present between 2500 and 2700 
AD. That would be about 700 years from now, or less than 
20 generations, well within many existing family trees if 
were to go backward in time. Figure 20a shows the amount 
stainless steel in use in society as kg per person indicating 
a rapid decline from 2260, and Fig. 20b shows the stainless 

Table 6  Stainless steel types production in 2014 using market share from ISSF (2015) and internet sources from companies on market shares

Adapted by the authors based on information from Yang and Ren (2010), Outokompu (2013) and ISSF(2015)

Steel type % Million ton per year

Market share Stainless steel Fe Ni Cr Mn Mo Nb

200 series, austenitic 21 10.2 7.335 0.408 1.224 1.224 0.031 0.020
300 series, austenitic 54 25.8 15.441 2.580 4.644 3.096 0.026 0.013
400 series, martensitic 25 11.9 6.663 0.060 2.618 2.380 0.119 0.060
Sums 100 47.7 29.439 3.048 8.486 6.700 0.176 0.093
Mined 2014 – – 1550.000 2.500 8.200 17.000 0.264 0.065
Supplied 2014 – – 2250.000 4.000 8.600 19.000 0.360 0.080
Fraction of total supply used 1.3% 76% 99% 35% 49% 100%

Average composition of production, %

Average composition 100% 61.2 6.4 17.8 14.0 0.37 0.19
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steel supply in kg per person and per year. For stainless steel, 
the trend is declining from 2100 even though we see four 
minor spikes in the downward slope. Figure 20c shows the 
amount in use in society as kg per person for nickel, manga-
nese and chromium, indicating that amounts of nickel and 
manganese per person will peak around 2100 peak and then 

decline rapidly. For nickel, the amount runs close to zero 
around 2350. Figure 20d shows the supply in kg per person 
and per year for nickel, manganese and chromium. It can be 
seen that nickel is the element where the supply declines to 
near zero first (around 2300) (Fig. 22).

Table 7  Estimated ultimately recoverable resources (URR), starting from 1900, stratified according to ore grade and mining depth

Iron Ore grade classes, recoverable metal in million ton of iron

Rich High Low Ultralow Trace URR 

Known 12,000 12,000 8000 2000 1000 35,000
Hidden 70,000 100,000 120,000 176,000 300,000 766,000
Sum 82,000 112,000 128,000 178,000 301,000 801,000
Yield 87 68 53 33 25 40
Extractable 71,000 76,000 68,000 59,000 75,000 349,000
Cumulative sum 71,000 147,000 215,000 274,000 349,000 –
% 20 22 19 17 22 100

Nickel Ore grade classes, recoverable metal in million ton of nickel

Rich High Low Ultralow Trace URR 

Known 2 8 12 16 20 58
Hidden 0–1 km – 40 60 90 120 310
Hidden 1–2 km – 30 50 50 50 180
Hidden 2–3 km – 20 40 25 20 105
Hidden 3–4 km – 10 20 15 10 55
Sum Hidden 0–4 km 12 100 170 180 220 682
Sum all 14 108 182 196 240 740
Yield (%) 95 93 90 85 80 86
Extractable 13 100 164 167 192 636
Cumulative sum 13 113 277 444 636 –
% 2 16 26 26 30 100

Manganese Ore grade classes, recoverable metal in million ton of manganese

Rich High Low Ultralow Trace URR 

Known 500 100 50 10 (500) 650
Hidden 750 2,000 3250 7500 (10,000) 10,500
Sum 1250 2100 3300 7510 (10,000) 11,150
Yield (%) 87 68 53 33 20 52
Extractable 1088 1428 1749 2479 (2000) 6744
Cumulative 1088 2516 4265 6744 –
% 16 21 26 37 –

Chromium Ore grade classes, recoverable metal in million ton of chromium

Rich High Low Ultralow Trace URR 

Known 20 10 5 0 (200) 35
Hidden 800 1100 1500 (3000) (6000) 3400
Sum 820 1110 1505 (3000) (6000) 3435
Extraction yield (%) 88 73 60 33 20 71
Extractable 722 810 903 (1000) (1200) 2435
Cumulative 722 1532 2435 (3435) –
% 30 33 37 – – 100
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Discussion

The Importance of the Nickel Resources Available

It appears that nickel is the key limiting composition ele-
ment for the stainless steel production. Supply of nickel 

reaches a maximum in 2050, an indication that that is also 
the maximum supply year for stainless steel (Fig. 21). The 
next metal that could become limiting for stainless steel 
would be chromium, but that never occurs in any of the 
runs, nickel limits the production first. Manganese seems to 
always be sufficient for all alternatives. When the ore grade 
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declines, the extraction costs rise significantly and the price 
goes up (see Fig. 23d). That in combination with demand 
that exceeds the supply, driving the stainless steel price up 
by both pushing and pulling. The expression of resource 
exhaustion has two aspects that must be considered. The 
first is the amount of extractable resource, not yet extracted, 
that will go down over time. It is beyond any doubt that 
these fossil resources, those that are not yet extracted, are 
declining. At the same time, the quality of the resource is 
also declining, as common practice is to extract the best 
quality first (this is seen from Fig. 23). That goes a long 
way to explain the gradual increase in price. The price 
mechanism acts in such a way that supply and demand 
drive the price down or up, but if the price falls below 
the extraction cost, supply simply stops until the price has 
come back up above the break-even point. The evolution 
of the metal prices during 1950–2250 has been shown in 
Fig. 23d. In the simulations, chromium was the next metal 
to become limiting, later molybdenum and niobium became 
limiting for the MnCr type of stainless steel. A residual of 
manganese was left. Small amounts of molybdenum and 
niobium are added to both types of stainless steel. MnCr 
steel requires more molybdenum and niobium to compen-
sate for the lack of nickel. It resembles a Martensitic type 
of stainless steel with no nickel. The activity in the model 
is driven by the condition that the operations must run with 
a profit. Figure 23a shows and overview of the approximate 
profitability of the steel sector according to the simulations 
and the approximate profit calculated for each metal and 
for stainless steel. The costs of extraction have been plot-
ted in and for comparison; the global GDP was put in the 
same curve. These show the aspect that extraction costs rise 
sharply when the ore grade declines. But it is also impor-
tant to realize that the dynamics of the steel production 
sector is only partly explained by the individual variables, 
and to a larger degree by the actual dynamics defined by the 
system structure itself through causal links and feedback 
structures. During the simulation period, the energy price 
increases some. But the amount used increases more as 
the ore grades decline, and the increase in total energy use 
per unit, combined with larger amounts, makes the energy 
volumes used for steel and stainless steel very significant.

Substitution

Assuming the GDP growth profiles and mining costs in 
the model are accurate for the future, the results imply that 
nickel production will start to decline in 2050, after peak-
ing at about 68 million to per year (Sverdrup et al. 2018a, 
b, c). The missing amount of MnCrNi type of stainless 
steel can be replaced by a simpler chromium–manganese 
stainless steel alloy, enhanced with more molybdenum and 

niobium. The total supply of molybdenum is 310,000 ton 
per year (2018), vanadium is 89,000 ton per year (2018) 
niobium is 85,000 ton per year (2018) or cobalt is 90,000 
ton per year (2018); they are all far too small to act as 
proper volume substitutes for nickel (2,300,000 ton per 
year in 2018), even if less content is used in new types 
of stainless steels (Table 2). The sum of the production 
rates for molybdenum, vanadium, niobium and cobalt is 
about 465,000 ton per year. Substitution of stainless steel 
for alloys based on these metals is only possible on a 
small scale. The stock-in-use of stainless steel in society 
will reach a maximum in 2085 and then slowly decline. 
In Fig. 16, we have explained the difference between soft 
scarcity and hard scarcity that can be seen to be predicted 
for stainless steel. Soft scarcity from 2150, and hard scar-
city from 2180. Substitution of high-grade stainless steel 
with low grade takes stainless steel place from 2140. The 
development of the ore grades over time for manganese, 
chromium, iron and nickel is shown in Fig. 18. The market 
price for manganese, chromium, iron and nickel all rise 
during the period. The increase in nickel price and energy 
price is the main reason why the price goes up for stain-
less steel. The prices for manganese and chromium will be 
increasing, but they are not at high prices to begin with and 
contribute less to the price of stainless steel.

Conclusions

The WORLD6 model was used, and it shows that finite 
resources peak and decline even with recycling and the full 
compensating effect of a dynamic economy included. The 
conclusion would seem to be that, given the set of assump-
tions about recycling rates, costs and the data used, that if 
stainless steel production growth continues, planners and 
policy-makers could expect to see a crunch in supply that 
could arrest growth within the next 30 years for conven-
tional stainless steels. This is not new in qualitative terms 
(Bardi 2013; Sverdrup and Ragnarsdottir 2014), but this 
time the care was taken to include all the dynamics, and 
the qualitative conclusion is now quantitatively shown. 
For stainless steel production, we may make the following 
conclusions:

1. Nickel seems to be the critical metal for stainless 
steel production. After 2050, nickel supply will 
decline, and by 2090, the production of Mn–Cr-based 
stainless steel will be more than the produced amount 
of Mn–Cr–Ni stainless steel. This is a physical limi-
tation on the source of primary extracted nickel and 
can only be mitigated by more recycling. There will 
be challenges with declining ore grades and rising 
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extraction costs in the next 50 years, driving nickel 
prices up.

2. The first sign of stainless steel scarcity is not through 
physical limitation, but rather through increases in stain-
less steel prices, which in turn affect both supply and the 
demand of stainless steel (Fig. 21).

3. Chromium and manganese seem to be sufficiently abun-
dant and will not run into any significant scarcity before 
2300. There may be challenges with declining ore grades 
and rising extraction costs in the next 50 years, driving 
chromium prices up.

4. Niobium, molybdenum, vanadium and cobalt cannot 
substitute significantly for nickel in stainless steel in 
large amounts (Sverdrup and Olafsdottir 2018; Sverdrup 
et al. 2018a). Nickel has an annual primary production 
of more than 2.5 million ton per year, whereas niobium, 
molybdenum, vanadium and cobalt are produced in 
smaller amounts.

For global sustainability, we have the following conclu-
sions from this study: running out of iron, steel and stain-
less steel on large global scale will make many other big 
issues we are facing globally appear as small problems. 
The turn-over of steel and stainless steel and the com-
modity production based on these materials is a signifi-
cant part of the whole global economy. A decline in steel 
and stainless steel supply will create a decline the global 
economy.

Mn–Cr stainless steel alloys will have to take some of 
the place of Mn–Cr–Ni stainless steel alloys in the future, 
but the reserves and production rates of metals like cobalt, 
molybdenum, tantalum or vanadium are far small to be 
viable substitutes for nickel in the alloys. These metals are 
limiting on their own as important ingredients for super-
alloys and specialty steels. With increased price because of 
scarcity, we may expect recycling to go up and soften the 
decline somewhat. At recycling degrees above 80%, the sup-
ply of nickel, chromium and manganese will be sufficient for 
several centuries.

Discussion

Unless global population growth can be managed and 
brought to a net population decrease by 2100, iron, steel and 
stainless steel scarcity will be a reality. An alternative is that 
the total metal use is reduced and the circularity of metal 
handling changes in some fundamental way. Even though 
this paper did not cover the social implications that such 
scarcity might lead to, it is likely to be huge. Other aspects 
also not covered in this paper but worthy of thought in this 
relation are the energy limitations that are likely to become 
a large issue with iron and steel production by 2100. The 

tests show that the model can simulate the observed produc-
tion rates for stainless steel. The metal prices are generated 
endogenously based on price dynamic feedbacks that have 
been captured in the WORLD6 model. The model seems to 
perform well when tested against field data for production 
rates over time.
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