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The world population is expected to increase from 7.6 
billion in 2017 to 9.8 billion in 2050 and to reach 11 billion 
in 2100.

- United Nations, World population prospects, the 2017 revision 

The global demand for mineral resources & metals is 
increasing sharply. 

- Consumption  (e.g. Nakajima et al. 2018, Reck and Graedel 2012)
- Stocks (e.g. Wiedenhofer et al. 2019, Krausmann et al. 2017, Nakajima et al. 2017, Pauliuk 2013)

Global issues on 
Sustainable resource management
- UNEP International resource panel

Decoupling Natural Resource Use and Environmental Impacts from Economic Growth (2011)
Global Material Flows and Resource Productivity (2016) …etc.

Ensure sustainable consumption and production
patterns (Goal 12, SDGs)
- United Nations, Transforming our world: the 2030 Agenda for Sustainable Development (2015)

Population of the world



Global trends in natural resource extraction
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The global extraction of natural resources has rapidly increased as the global economy has 
grown. Decoupling material use and related environmental impacts from economic growth  
has not occurred over the past decades. 

UNEP  Global Material Flows and Resource Productivity(2016), Decoupling Natural Resource Use and Environmental Impacts from Economic Growth (2011)

Decupling



“Fostering a transition toward 

environmentally sustainable patterns 

of resource use requires a more 

complete understanding of stock-flow 

relations. ……from 1900 to 2010. Over 

this period, global material stocks 

increased 23-fold, reaching 792 Pg

(±5%) in 2010. Despite efforts to 

improve recycling rates, continuous 

stock growth precludes closing 

material loops; recycling still only 

contributes 12% of inflows to stocks. ”

Global material stocks rise 23-fold over the 20th Century
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Worldwide material stocks; Iron, Copper, and Nickel
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The material stocks in Asia increased almost threefold.

Drastic increase (almost doubled) from 1995 to 2010, which coincided with an increase in demand for materials in Asia. 



Global distribution of material stocks; Iron, Copper, and Nickel
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The material stock of iron, copper, and 

nickel in Asia accounted for 30%, 26%, and 

20% of the world total in 1995, respectively, 

but these percentages increased to 42%, 

37%, and 32% in 2010, respectively.

Iron  

12 Pg in 1995 24 Pg in 2010 

Copper 

0.20 Pg in 1995 0.37 Pg in 2010 

Nickel 

13 Tg in 1995 29 Tg in 2010 

Fig. Distribution of the 25 
countries and regions with the 
largest material stocks in 1995, 
2000, 2005, and 2010.; iron, 
copper, and nickel



Worldwide material consumption; Iron, Copper, and Nickel
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The levels of apparent consumption of iron, copper, and nickel were 1.7 Pg, 20 Tg, and 2.1 Tg, 

respectively, in 2010, which represented increases by a factor of 2.1, 1.6, and 1.7, respectively, from 1995. 

Drastic increase from 1995 to 2010, which corresponded with the increase in demand for materials in China. 

0.8 Pg  1.7 Pg 12 Tg  20 Tg 1.3 Tg  2.1 Tg



Global distribution of material consumption; Iron, Copper, and Nickel
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Iron  

0.8 Pg in 1995

1.7 Pg in 2010 

Copper 

12 Tg in 1995 20 Tg in 2010 

Nickel 

1.3 Tg in 1995 2.1 Tg in 2010 

The percentage of global consumption of iron, copper, and nickel in Asia accounted for 41%, 

32%, and 34% of the total in 1995, respectively, and reached 64%, 60%, and 54% in 2010. 

Fig. Distribution of the 25 countries and regions with the 
largest apparent consumption  of iron in 1995, 2000, 2005 
and 2010; iron, copper, and nickel.



The world population is projected to increase, with much of that growth concentrated in Asia and Africa.  This situation 
shows the potential for a greatly increased demand as a result of population and economic growth in Asia and Africa.

Per-capita consumption & Per-capita stock 
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Nakajima K., et al. (2017) Global distribution of material stocks: iron, copper, and nickel. Matériaux & Techniques, 105, 511
Nakajima K., et al. (2018) Global distribution of material consumption: Nickel, copper, and iron. Resources, Conservation and Recycling, 133, 369-374

Consumptions Stocks

Fe
Cu

Ni
• CONSUMPTION: The per-capita apparent consumption of iron in Asia has already 

reached that of North America and Western Europe, and the per-capita apparent 
consumption of copper and nickel is following a similar path.

• STOCK: but the per-capita material stock of each of these substances in Asia has not 
yet reached that of North America and Western Europe. 

Asia has already become the largest world user of iron, copper, and nickel, and economic growth in China accelerated the 
rapid rise of worldwide demand of these resources. 
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Global extraction hidden behind 
national economy:

Global changes caused by resource consumption
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In today’s globalized economy, each country has indirect flows supporting its economic activities, 

and international trade chains influence environmental burdens far removed from the place of consumption. 



Global change caused by natural resource consumption
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Toxic Landscape: Aerial view of the tar sands region, where mining 
operations and tailings ponds are so vast they can be seen from outer 
space; Alberta, Canada; © Garth Lenz

Giant Machine: The Bagger 288, largest nonstationary machine in the 
world, removing “Overburden” prior to coal mining in Tagebau
Hambach, Germany; © Achim Blum 

Photos: https://populationspeakout.org/the-book/view-book/

This situation emphasizes the importance to detect and manage environmental 

burdens as a global systemic phenomenon.



The Weight of Nations, material out flows from industrial economies
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“Total Material Requirement (TMR): This is the sum of the total 

material input and the hidden or indirect material flows, including 

deliberate landscape alterations. ……TMR gives the best overall 

estimate for the potential environmental impact associated with natural 

resource extraction and use.”



TMR: Used and unused extracted materials that we should manage
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Used extraction: materials that are extracted 

from the  environment and subsequently 

used in production processes.

Unused extraction (i.e., hidden flow): 

material flows that  occur in the  course of 

resource extraction but that do not directly 

enter the economic system  (e.g., waste rock 

and overburden from mining operations).



The material foot print of nations by expressing national resource consumption as RMEs
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The multiregional input-output (MRIO) model incorporating economy-wide MFA data provides 

a consumption perspective of resource use for that nation. The MRIO model bridged the gap 

between human activities and the related extraction amounts caused by mining activities.



Used and Unused Extracted Materials Induced by Consumption of Iron, Copper, and Nickel
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Methods: Annual amount of used and unused extraction caused by mining



Global Link Input-Output model (GLIO), Detection of flow induced by national economy
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Used and Unused Extracted Materials Induced by Consumption of Iron, Copper, and Nickel
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The estimated global amount of used and unused extraction caused by mineral extraction of iron, 

copper, and nickel more than doubled from 1990 to 2013 (iron, 2.8-6.7 Pg; copper, 2.7-5.5 Pg; nickel, 0.19-0.60 Pg).

Whereas the world extraction total caused by iron, copper, and nickel mining rapidly increased from 2005 

to 2011, the extraction amount induced by Japanese final demand for the same period either stayed 

about the same (iron) or decreased slightly (copper, 99% of the 2005 amount; nickel, 92%).



Used and unused extraction Induced by the “global economy”, 1990 and 2013
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The total extraction caused by iron, copper, and nickel mining were 

estimated to be 6.7, 5.5, and 0.6 Pg in 2013, which increased by factors 

of 2.4, 2.0, and 3.1 since 1990, respectively.

Oceania and Asia had the largest amount of 

extraction in 2013, followed by Latin America. Used 

and unused extraction caused by iron, copper, and 

nickel mining in these three regions have 

drastically increased since 1990.

Fig. Distribution of the 20 countries and 
regions with the largest used and unused 
extraction amounts caused by iron, copper, 
and nickel mining in 1990 and 2013.



JapanJapan

Japan
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The 50 largest 
global flows of 
iron through 
international 
trade in 2011;

a. Global 
economy, b. 
Induced by 
Japanese 
economy

Used and unused extraction, The 50 largest flows in 2011

The 50 largest global flows of copper 
through international trade in 2011.

The 50 largest global flows of nickel 
through international trade in 2011.

Global

Global Global



Used and unused extraction Induced by the “Japanese economy”, 2011
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The total extraction caused by iron, copper, and nickel mining induced 

by Japanese final demand were estimated to be 0.45 Pg, 0.52 Pg, and 

0.043 Pg for 2011, respectively. 

The extraction amounts induced by the Japanese 

economy was highly concentrated in the top few 

countries, especially the top three, as compared 

with the extraction amounts caused by the world 

economy.

Fig. Distribution of the 20 countries and 
regions with the largest used and unused 
extraction amounts caused by iron, copper, 
and nickel mining induced by the Japanese 
economy in 2011.

Although these materials are not mined domestically, Japan should still 

be involved in their sustainable resource management. 

The extracted materials induced by final demand 

in Japan accounts for 7.1% of the total global 

extraction caused by iron mining, 11% by copper 

mining, and 10% by nickel mining.



Used and unused extraction Induced by the “Japanese economy”, 2011
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Export, private fixed-capital investments(domestic), and 

household consumption(domestic) strongly influenced on 

the amounts of used and unused material extraction 

induced by Japanese final demand. 

A reduction of material intensity in each production 

sector induced by these final demands would reduce 

natural resource extraction outside of Japan. 

Minimization of material losses induced by the 

demand would also work toward closing the loop of 

material cycle.

Fig. Amount of Used and Unused Extraction Induced by Japanese Final 
Demand by Category in 2011. [unit: Tg]



Used and unused extracted materials Induced by Consumption of Iron, Copper, and Nickel
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The cumulative amounts of used and unused extraction caused by iron, copper, and nickel 

mining around the world from 1990 to 2013 were 95 Pg, 95 Pg, and 6.8 Pg, respectively. And 

the amounts reached 118 Pg, 118 Pg, and 8.6 Pg in 2017, respectively. 

Mining activities have impacts on the removal of native vegetation and its destruction by 

the deposition of mine waste (e.g. overburden, waste rock, tailings). Actions for sustainable resource 

management will be required to achieve sustainable development. 
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Closing the loop of material cycle：

Toward environmentally sustainable patterns of resource use 



Closing the loop of material cycle
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RRRDR (Remanufacturing, refurbishment, and repair and direct reuse) practices to expand product’s service-life would play key roles 

in any transition. In addition to the implementation of RRRDR practices, improved material recycling and 

closing material cycle loops would reduce the consumption of natural resources and contribute to the 

reduction of negative impacts on the environment and human health.

Circular Economy Strategy
- “Closing the loop - An EU action plan for the Circular Economy”    (European Commission 2015)

Sound Material-cycle Society
- “Fundamental Law for Establishing a Sound Material-Cycle Society”   (Japan, 2000)

Thinking in terms of a “Circular economy” and “Sound material cycle” would help to significantly reduce 

pressure on natural resources and lead a transition to a sustainable economic system that encompasses 

the concept of decoupling resource use and economic growth. 



Closing the loop: Key concept to ensure sustainable pattern of resource use
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“Conventional waste management is driven by 

minimizing the costs of collection and disposal -

landfill versus recycling or incineration. In a 

circular economy, the objective is to maximize 

value at each point in a product’s life. New jobs 

will be created and systems are needed at each 

step.”

Ref. Stahel W. R. Circular economy, Nature, 531(2016), 435-438

Possible options:

 RRRDR
(Remanufacturing, refurbishment, and repair and direct reuse) 

 Recycle



Development of 

Multi-value Circulation based on Remanufacturing
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Aim: Technological developments to promote reman

Remanufacturing is an industrial process 

that turns used products into new ones 

with the same quality, functionality, and 

warranty as new products; it is a critical 

element for realizing a resource-efficient 

manufacturing industry and a circular 

economy. 

It is generally superior to material recycling 

in terms of energy and material savings. In 

addition to the environmental benefits, 

remanufacturing is expected to create 

highly skilled jobs and economic growth.



Mitigated impacts on material losses and the effects of extending 
product service-life by reuse/reman,  The case of automobile engine  
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Fig. Transitions in the compositions of the stocks and losses of steel and Ni during the 
modeling period (50 years). The horizontal axis denotes the year after initial production; the 
vertical axis denotes the percentage of the distribution of materials in 6 product categories 
and 3 loss categories.

Reuse-oriented (RO)BAU
Although the impacts on the reduction of material losses remained 

nearly the same after replacing material recycling to parts reuse, 

greater possibilities could be achieved with respect to the service 

life extension of products when compared with recycling.

Zhang, Z. et al. (2018) An estimation of the amount of dissipated alloy elements in special steel from automobile recycling process. 12th International Conference on Society & Materials



Development of

Advanced metal recycling system for Closing the loop of material cycle
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Losses in metal recycling:
Element distribution in metallurgical process

Among the four major alloying elements for steel, Mo and Ni are 
very stable in molten iron, whereas most Mn and some Cr are 
easily oxidized and distributed into the slag phase. If the 
distribution ratio of a given element is much lower than unity, it 
will become a contaminant in metal. Open-loop recycling of 
steel could result in quality loss and material loss. The removal 
or control of impurities is essential in steel recycling.

Distribution chart of elements 
among gas, slag, and metal 
phases for the metal recovery 
under the simulated 
atmosphere of basic oxygen 
furnace (BOF) and electric arc 
furnace (EAF) for steel.
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Development of

Advanced metal recycling system for Closing the loop of material cycle
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Losses in metal recycling:
Element distribution in metallurgical process
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The disadvantage of steel making processing, 

remelting of aluminum, remelting of magnesium, etc. 

is that the processes cannot effectively recover 

impurities/contaminants as resources.

The removal or control of impurities is essential in 

this type of system. In order to effectively use these 

elements as important alloying elements rather than 

contaminations, it is important to develop a sorting 

system for scrap aimed at alloy to alloy recycling.
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In today’s globalized economy, each country has indirect flows supporting its economic activities, and 
international trade chains influence environmental burdens far removed from the place of 
consumption. 

Enrico Mazzanti, Le Avventure di Pinocchio

Thank you for your kind attention!




