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Limits to Growth:
Is There a Substitute for Everything?

• Dewhurst “America’s Needs and Resources” 1947 (1955)

• Paley Commission ”Resources for Freedom” 1952 >>RFF

• Ayres & Scarlott “Energy Sources – Wealth of the World” 1952

• Fisher & Landsberg (RFF)“Resources in America’s Future” 1962

• Barnett & Morse (RFF) “Scarcity & Growth” 1963

• M.King Hubbert “Nuclear Energy & the Fossil Fuels” 1956 

• Skinner “Earth Resources” 1976

• Skinner “Supplies of Geochemically Scarce Resources” 1987

• Ayres & Talens Piero “Material Efficiency: Rare & Critical Metals” 
2013.
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Economists v. Geologists

• “McKelvey Rule”: quantity of an ore is inversely 
proportional to the grade of ore

• Barnett & Morse (RFF): Scarcity is determined by 
rising prices (1963)

• Solow et al. Scarcity depends on elasticity of 
substitution of capital (or labor) with respect to 
resources (1974)

• Goeller & Weinberg:  “Age of Substutability” (1976)
• Simon “The Ultimate Resource” (1981) 
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Attractor Metals are major industrial metals 
mined in large quantities: Iron, Aluminum, 
Copper, Nickel, Zinc, etc.

Hitch-hiker Metals are geologically rare 
metals that are chemically related to one of 
the attractors (see periodic table). They are 
found in the ores – and wastes – of the 

attractor metal. 
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Attractors and Hitch-hikers
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Several Theses

• Hitch-hikers are not mined for themselves.

• Price does not reflect scarcity/scarcity is not 
measured by price. (No clues from prices.)

• Increased output can only be based on increased 
process efficiency/ more recycling.

• Economic importance can be very great.

• Substitutes may not be available. If not, depletion 
of these metals can be limits to future economic 
growth.

• This issue should be a major research topic.
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Several Theses

• Hitch-hikers are not mined for themselves.

– Price does not reflect scarcity and scarcity is not 
measured by price. (No clues from prices.)

• Increased output can only be based on 
increased process efficiency/ more recycling.

• Economic importance can be very great.

• Substitutes for these metals may not be 
available.

– Depletion can limit future economic growth.

– Substitution research should be a major topic.
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Minor metal                 Major metal

Source: Hagelüken C. and Meskers C.E.M. “Complex Life Cycles of Precious and Special Metals”, Figure 10.5.

in Strüngmann Forum Report, Linkages of Sustainability, Thomas E. Graedel and Ester van der Voet (eds), MIT Press 2010.
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Product Life Cycle of 
Major and Minor metals
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Source: Hagelüken C and Meskers C.E.M. “Complex Life Cycles of Precious and Special Metals”, Figure 10.7.

in Strüngmann Forum Report, Linkages of Sustainability, Thomas E. Graedel and Ester van der Voet (eds), MIT Press 2010.
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Depletion of (Minor) Metal Losses Over the Life Cycle:
Current and Ideal



Examples of Applications 

• Thin-film PV: indium, selenium, tellurium

• Permanent magnets: neodymium or samarium 

• LED lighting: rare earth phosphors

• Catalysts: PGMs, rhenium, cobalt, molybdenum, 
etc.

• Semiconductor dopants: indium, gallium, 
germanium 

• Optical fibers: germanium

• Capacitors: tantalum 

• Alloys, additives, pigments, abrasives, etc.
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Functional Uses of the Rare and Critical Metals



Some Implications

• The current economic system based on extraction of 
scarce physical resources, embodiment in products 
destined for a brief use, followed by “disposal” is clearly 
unsustainable in the long run. 

• Increasing efficiency of recovery (from ore) and use can 
satisfy increasing needs only in the short term. Demand 
may outstrip new supply.

• Renovation and re-use of products is helpful. But 
recycling in the conventional sense, starting from 
consumer or industrial wastes is too inefficient and too 
costly. A radical new recycling paradigm is needed.
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Conclusion (and Closure)

In the future a “closed cycle” manufacturing system will 
be needed. “Name brand” companies that design and 
produce final goods – such as Apple, Nokia, Samsung –
need to re-design their supply chains. 

Some legal entity must retain ownership of the rare 
metals from cradle, beyond the grave, and back to the 
cradle. Users need to pay rent and replace losses.

Regulation and incentives (and time) will be needed to 
accomplish this, but we need to make a start. 
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Thank you.

Robert U. Ayres


