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LANDSCAPE • INTRODUCTION

A society grows great when old men plant trees whose shade they 

know they shall never sit in.  

  –Greek proverb   

  This maxim demonstrates that sustainable development is 

not a new concept, at least according to its most popular defi -

nition: “Sustainable development is development that meets 

the needs of the present without compromising the ability of 

future generations to meet their own needs” (from the so-called 

Brundtland Commission Report, published in 1987). * ,1   Why then 

has sustainable development come so much to the fore in the 

     Materials for sustainable development 
     Martin L.     Green     ,     Laura     Espinal     ,     Enrico     Traversa     ,   and     Eric J.     Amis     

        Many technologies in the materials, manufacturing, energy, and water sectors that currently 

provide important benefi ts to humanity cannot continue indefi nitely and must be directed 

toward a more sustainable path. In this article, we introduce the concept of sustainable 

development, discuss the critical roles that materials science plays in this fi eld, and 

summarize the contents of the articles in this special issue of  MRS Bulletin .   

  Martin L. Green,    National Institute of Standards and Technology, Gaithersburg, MD, USA ;  martin.green@nist.gov  
  Laura Espinal,    National Institute of Standards and Technology, Gaithersburg, MD, USA ;  laura.espinal@nist.gov  
  Enrico Traversa,    Xi’an Jiaotong University, Xi’an, China, and University of Rome Tor Vergata, Rome, Italy ;  traversa@mail.xjtu.edu.cn  and  traversa@uniroma2.it  
  Eric J. Amis,    United Technologies Research Center, East Hartford, CT, USA ;  AmisEJ@utrc.utc.com  
 DOI: 10.1557/mrs.2012.51 

    *     In speaking of “sustainable development,” the Brundtland report referred to 

sustainable  economic  development. In this issue, we take a much broader view of 

sustainable development, including a range of activities that refl ect the spirit of this 

famous pronouncement. Further, we understand the noun “sustainability” to be the 

asymptotically approachable, but ultimately unachievable, result of continual sustain-

able development. More on the Brundtland defi nition: It does not defi ne sustainable 

development scientifi cally and requires that we know, or at least accurately estimate, 

what the needs of future generations will be. Had our Paleolithic ancestors taken 

Brundtland to heart, they might have carefully monitored their use of obsidian and 

fl int and stockpiled such stones for future generations. Of course, the Stone Age did 

not end because humans ran out of stones, but because they found a better substitute, 

as our species always has.  

past few decades? Perhaps it is the new buzzword due to grow-

ing concerns about the scale of the human impact on the planet. 

Indeed, the dramatic increases in global population that have 

occurred ever since the Industrial Revolution are expected to 

continue, and through the burning of fossil fuels to support 

the energy needs of this growing population, humankind has 

liberated a quantity of carbon (as carbon dioxide) in the past two 

hundred and fi fty years that it took our planet about two hundred 

and fi fty  million  years to sequester. That factor of a million—the 

price humankind unwittingly paid for the massive industrial-

ization that enabled the advanced civilization many of us now 

enjoy—has shifted Earth’s biosphere to a new equilibrium. 

 Every human endeavor is affected by the ramifi cations 

of sustainable development, because none of our material 

resources are infi nite and only a few sources of energy (solar, 

wind, hydro, tidal, and geothermal) are sustainable. Sustain-

able development is a huge fi eld that captures the concepts 

of environmental stewardship, materials management, green 

manufacturing, renewable and clean energy technologies, and 

water and air management under one tent. It is the process by 

which policies for continual improvements of the economy, 

environment, and society (the “triple bottom line”  2  ) are guided 

by scientifi c analysis. The threefold nature of sustainable devel-

opment is illustrated in   Figure 1  . Because the three components 

of the triple bottom line overlap, it is the nature of sustainable 
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development issues to be highly interconnected. Often, a benefi t 

to one part of the bottom line is a defi cit to another; a typical 

example is the marketing of fresh out-of-season produce.  3   (See 

the sidebar for another perspective on the triple bottom line.) 

Sustainable development is thus ideally implemented through 

the development of scientifi c tools for full life-cycle assessment 

(measurements, standards, models, and data). Only quantitative 

analysis can determine whether the introduction of a change 

in a product or process represents a sustainable development.     

  It is important to view sustainable develop-

ment as a process, a global  kaizen  (Japanese con-

cept of the process of continuous improvement). 

Thus, although mentioning clean-coal technol-

ogy in the context of sustainable development 

might seem contradictory, the process of reduc-

ing the environmental effects of burning fossil 

fuels, on which society will depend for at least 

the near future, while developing alternative 

sustainable energy sources to gradually replace 

them is bona fi de sustainable development. 

 This special issue of  MRS Bulletin  explores the 

intersection of sustainable development and mate-

rials science. Materials have always been technol-

ogy enablers; there would be no information age 

without silicon, no mobile phones without func-

tional ceramics, no commercial aviation industry 

without high-strength aluminum alloys, and no 

skyscrapers without steel girders. Materials will 

continue to play the same role in sustainable devel-

opment. Would it be possible to take advantage of 

the direct conversion of solar power to electricity 

if photovoltaic materials did not exist and were not effi cient and 

manufacturable? In fact, sustainable development will not be pos-

sible without the full involvement of the materials community. This 

special issue of  MRS Bulletin  thus provides a materials-centric view 

of sustainable development, highlighting those areas in which mate-

rials science is expected to play a major role. Such areas include 

manufacturing of materials and products, transportation, infrastruc-

ture, energy and water resources, and education. 

  
 Figure 1.      Sustainable development’s “triple bottom line,” which includes social, economic, 

and environmental aspects. Sustainable development exists when all three overlap.    

   †      You can have lots of fun with the Kaya equation at   www . wired . com / wired / st_formula . html  .  

   The Kaya Identity 

 One interesting way to look at the triple bottom line of sus-

tainable development is through the Kaya identity.  12   ,   13   The 

Kaya analysis is a particularly apt framework for discussing 

sustainable development, as it is based on carbon dioxide 

emissions, a convenient fi gure of merit of human activity.  †   

The Kaya identity is expressed as 

 (1)

 

G E F
F P

P G E
=

  

 where  F  is global carbon dioxide emissions,  P  is global 

population,  G  is the sum of global gross domestic prod-

ucts, and  E  is global energy usage. Thus,  G / P  is the global 

gross domestic product per capita, which can be thought 

of as “economic development or standard of living” and 

exists in the socioeconomic region of  Figure 1 ;  E / G  is 

the energy intensity of the global gross domestic prod-

uct, which can be thought of as “energy and resource 

effi ciency” and exists in the enviroeconomic region of 

 Figure 1 ;  F / E  is the carbon intensity of the global energy, 

which can be thought of as “sophistication of energy pro-

duction” and exists in the socioenvironmental region of 

 Figure 1 . The Kaya analysis indicates that, to sustainably 

develop energy resources (i.e., lower carbon dioxide emis-

sions), one can minimize  P  (this is a political and social 

issue, outside the realm of science and technology) or 

reduce  G / P  (this means a reversal of economic growth, 

which is anathema to the concept of sustainability). There-

fore, the only paths forward are to reduce  E / G  through 

demand reduction or to reduce  F / E  through energy supply 

substitution.   
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 The links between sustainable development and materials are 

so obvious and basic that, paradoxically, they are often invisible 

to the users of advanced technologies. As technology enablers, 

materials are often in the background and are not perceived by 

end users as critical. When driving a modern automobile, for 

example, the owner enjoys its improved fuel economy but is 

often oblivious to the materials technologies (lightweight com-

posites and alloys, electronic controls, high-density batteries, 

and so on) that made that improvement possible.   Figure 2   shows 

some examples of such materials applications for sustainable 

development. This special issue is intended to bring the critical 

role of materials in sustainable development to the forefront, 

so that technologists, policy planners, and captains of industry 

can use this knowledge to defi ne and plan the future roles of 

advanced materials in the sustainable-development arena.     

 Materials researchers 

and engineers have myriad 

opportunities to incorporate 

sustainable development 

into their work, and many 

already have. The immedi-

ate and direct connections 

between sustainable development and materials science 

include effi cient use of materials (conservation, substitution, 

reuse, repurposing, recycling), materials life-cycle assess-

ment (LCA) (see   Figure 3  ), replacement materials (scarcity, 

resource availability, materials economics), energy (materials 

to support alternative energy technologies, to mitigate prob-

lems with fossil-fuel technologies, and to increase energy 

effi ciency), mitigation of undesirable environmental impacts 

from technology and economic growth (corrosion, pollution, 

toxic waste), and water purifi cation. Readers of this issue 

will no doubt fi nd more topics to add to this list. Future 

 MRS Bulletin  issues and articles are anticipated to continue 

to address the individual topics represented in this issue, 

such as recycling or LCA methodology. This special issue 

follows an earlier one that dealt entirely with energy and 

energy-related materials.  4       

 While putting this special issue together, we were struck 

by the fact that many of our contributors are not part of the 

materials community at large and do not typically attend the 

conferences that serve the materials community. Some are 

working at the periphery of the materials community as, for 

example, industrial ecologists and economists.  5   –   7   Only when 

such experts and their outstanding work are integrated into the 

materials community, through enhanced collaboration, will 

this community be able to fully realize its role in sustainable 

development. 

 The greatest challenge to sustainable development might 

well be that of changing human behavior. Technology alone 

will not be the answer; governments, policy makers, and tech-

nologists will have to develop national and global policies, as 

discussed by Apelian in the fi rst article in this issue. Further, he 

contrasts the closed loop of the natural ecosystem, where there 

is no “waste,” with the open-loop nature of human society. As 

global population grows, the most important question might 

be not how many people Earth can support, but how many 

people Earth can support sustainably with an adequate standard 

of living. 

  
 Figure 2.      Sustainable developments in materials: (a) Light-

weighting is an obvious strategy for all forms of transportation. 

(Image courtesy of the National Institute of Standards and 

Technology.) (b) Photovoltaic materials have the potential to be 

deployed on a large scale for the economical and sustainable 

generation of electrical power. (Image courtesy of New Energy 

Nexus.) (c) The recyclate stream from electronic waste, a 

component of “urban mining,” can be richer in strategic elements 

than an actual mine. (Image courtesy of Star Publications.)    

  It is important to view 

sustainable development as a 

process, a global  kaizen .  
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 Materials researchers now employ essentially the entire peri-

odic table to enable the benefi ts of modern technology. However, 

reports of shortages of metals, for example, rare earths, are rife 

and have even been featured in the general press. Thus, as Graedel 

and Erdmann point out, it is reasonable to wonder about elemental 

resources, because material supply-chain analysis is key to sustain-

able manufacturing. However, supply assessment is not trivial, as 

data are often sparse. Graedel and Erdmann stress that materials 

scientists and corporate and government leaders must understand 

the complex issue of resource supply and create policies to deal 

with shortages; government-supported materials research pro-

grams for identifying substitutes for key elements is one exam-

ple. Several other articles in this issue address specifi c materials 

resource issues, such as those by Konitzer et al. (turbine engine 

development), Hurd et al. (energy-critical elements), Englert et 

al. (nuclear materials), and Fthenakis (photovoltaic materials). 

  Whereas most grade-school students understand the value of 

recycling, applying a “one-size-fi ts-all” recycling strategy will not 

lead to optimal results, as discussed in the article by Gaines. If a 

material or product is reused, the direct environmental impact of 

its production might be reduced; however, the energy resources 

used to restore the item to a usable condition must also be taken 

into account. For example, recycling offi ce paper reduces the cut-

ting of timber but does not save fossil fuel, whereas combustion 

of this paper (a very clean fuel) can displace coal in power plants. 

Such determinations can be made using the LCA method, which 

is at the core of sustainable development and can assess the com-

prehensive carbon, material, and energy footprints of a product. 

However, LCAs of durable, 

multimaterial goods such as 

batteries become much more 

complicated very quickly. 

Although many LCA mod-

els and corresponding codes 

exist, most do not take into 

account such complexities as 

the mechanical properties of 

  
 Figure 3.      Life-cycle assessment methodology, as applied to aluminum products. In 

life-cycle assessment, all input and output energy and materials resources are taken into 

account for a given product or process, once its boundaries have been specifi ed. (Image 

courtesy of the International Aluminium Institute.)    

  Materials have always been 

technology enablers; there would 

be no information age without 

silicon, [and] no mobile phones 

without functional ceramics...  

materials in products to be recycled, as pointed 

out in the article by Reuter and van Schaik. Thus, 

such models will incorrectly predict the recycling 

costs. For example, the recyclate streams will be 

very different for a car (large pieces of com-

pressed metal) and a computer (fi ne particulates 

containing metals). Further, knowledge of the rel-

ative ease of “liberation” of the metals of interest 

in a given product can be used as feedback to 

design products that are more “recycle-friendly.” 

 Industry is increasingly aware that sustain-

able development is not only a business opportu-

nity but also a challenge; there is growing market 

demand for sustainable products, but regulatory 

standards can make these products diffi cult to 

develop economically. Poster et al. discuss how 

measurements, standards, and data can help indus-

try meet the challenges of developing and intro-

ducing sustainable materials such as bio-based polymers and 

lead-free solders. An excellent example of the need for a standard 

is in bio-based feedstocks for the manufacture of chemicals. The 

polymer industry requires reliable measures of the true bio-based 

content in feedstocks, which can also contain petroleum-derived 

constituents. Because the  14 C content in ancient petroleum is 

much lower than that in feedstocks derived from recently living 

organisms, standards based on  14 C content have been developed 

to validate claims about bio-based products. 

 In the process of selecting materials for a new product 

design, industry has traditionally focused on cost, performance, 

and more recently carbon footprint. However, Ogunseitan and 

Schoenung point out that chemical toxicity is another important 

factor affecting sustainable development. Thus, they argue for a 

stronger integration of toxicity metrics in materials informatics 

databases. Without such data, product evolution can solve 

some problems but create others. The replacement of cathode ray 

tubes (CRTs) by liquid-crystal displays (LCDs) or plasma fl at-

panel displays (PDs) is a case in point. LCDs and PDs contain 

less lead than CRTs and, therefore, decrease the human-health 

toxicity potential. However, the presence of mercury in LCDs 

and copper in PDs signifi cantly increases their ecological 

toxicity potentials at the end of the product lifetimes. 

 The transportation sector offers many opportunities for 

sustainable development, as the most energy-effi cient means 

of travel depends on many factors and varies for different 

situations. In the United States, automobiles are predominant, 

although vehicle ownership is expected to expand greatly in 

China, India, and other developing countries in the near future. 

To support sustainable development of the transportation sec-

tor, automobiles must become more sustainable through light-

weighting (see  Figure 2a ), enhanced fuel effi ciency, and longer 

service use, and as Keoleian and Sullivan report, such trends are 

already underway. Ultimately, they conclude that sustainable 

mobility for a growing population of 7 billion people requires 

dramatic innovations by the materials and automotive indus-

tries, international commitments and policies for addressing 
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greenhouse-gas emissions, and a more informed consumer base 

that understands basic sustainability concepts. 

  In all transportation sectors, lightweighting is an obvious path 

to reduce energy consumption in the use phase of the life cycle. 

However, as discussed by Dufl ou et al., the manufacturing and 

end-of-life phases of the product life cycle must also be taken 

into account when analyzing the total environmental impact. 

For example, a detailed LCA study of substituting carbon-fi ber-

reinforced polymer (CFRP) for steel and aluminum structures in 

cars and airplanes found that CFRP has greater environmental 

impacts during manufacturing and end of life than the metals. 

However, the lighter-weight CFRP has a lower impact during 

use that accrues with each mile traveled. Thus, the sustainable 

impact is dependent on the lifetime of the vehicle, and there 

exists a “breakeven mileage” point beyond which use of CFRP 

has a lower overall impact than use of steel or aluminum. 

 Jet engines are subject to much more demanding perfor-

mance standards than automotive engines. The list of mate-

rials available to aircraft engine designers 50 years ago was 

relatively limited compared to what it is today, and further, 

the jet engine market has continuously demanded increased 

effi ciency. Konitzer et al. explain that efforts to increase engine 

effi ciency through high-temperature operation have resulted 

in the use of elements that are, in general, scarcer than those 

for which they are being substituted (otherwise, they prob-

ably would have been used in the fi rst place). Their article 

discusses the methodologies used to maintain a sustainable 

supply of one such element, rhenium. They conclude that the 

four-pronged approach of “reduce, revert, recover, and recycle” 

can conserve this element for use in achieving further effi ciency 

improvements. 

 Materials demands for 

our infrastructure, that is, 

the buildings, roads, pipe-

lines, bridges, power lines, 

communications, canals, 

and waterways that people 

use on a daily basis without 

much thought, are substantial, as pointed out in the article by 

Heard et al. In addition to the large volume of material resources 

required (for example, each year the equivalent of 1 m 3  of 

concrete is poured for every person on Earth), infrastructure 

construction and operation require large energy inputs and gen-

erate large pollution and waste fl ows. Improving the sustain-

ability of infrastructure will require using materials, including 

recyclates and byproducts, more effi ciently and designing and 

building for longer life. 

 With more than half of the world’s growing population living 

in cities, a sustainable physical infrastructure is central to improv-

ing and maintaining a high quality of life. Concrete is the most 

important infrastructure material and, in fact, the most widely 

used manufactured material on the planet. Further, concrete is 

the most carbon-intensive material to process. Yet, even though 

forms of concrete were used in ancient Rome, questions are 

still being asked about the fundamental mechanisms of concrete 

formation and processing. The article by Van Vliet et al. provides 

an up-to-date perspective on the sustainability science of this 

miraculous “liquid stone.” Their multiscale approach speaks to 

the belief that a more fundamental understanding of concrete 

will facilitate its optimization at several different length scales. 

 Energy production enjoys a central position under the sustain-

ability tent. Thus, energy-related materials are essential to sus-

tainable development, and the subject is discussed in a variety of 

articles in this issue. Hurd et al. make the case for energy-critical 

elements and isotopes, that is, those required for emerging sus-

tainable energy sources that might encounter supply disruptions. 

Although rare-earth elements are often held up as the epitome of 

such critical materials, uranium and tellurium are also examples. 

An earlier article in this issue, that by Graedel and Erdmann, 

discusses possible supply limitations of a broader spectrum of 

elements for manufacturing technologies and explains that the 

existence of a natural resource does not guarantee that an element 

or material derived from it is readily obtainable. 

 Indeed, in their article on the complex relationship between 

materials and energy, Lubomirsky and Cahen point out that the 

availability of any material is determined not only by its crustal 

abundance but also by the amount of energy necessary for its 

recovery from ores. The vast majority of the energy produced 

on Earth is consumed in applications vital to ongoing societal 

needs, leaving perhaps only a few percent available in the short 

term for new materials technologies. Thus, production of new 

energy-critical materials cannot be increased rapidly, imposing 

severe restrictions on the rate of energy technology change. 

 The proper place for nuclear power in the energy mix has 

often been contentious and will likely continue to be so for 

the foreseeable future. Global opinions about the wisdom of 

expanding nuclear power generation vary widely; for example, 

Germany plans to phase out nuclear power, whereas neighbor-

ing France gets about 75% of its electricity from nuclear plants 

(in the United States, the number is about 20%, and in Japan, 

before the Fukushima nuclear accident in March 2011, it was 

about 30%). Issues of plant safety, weapons proliferation, and 

waste storage problems are important, but Englert et al. raise 

the more basic question of the sustainability of fi ssile nuclear 

energy by considering uranium and thorium resources in rela-

tion to different fuel cycles. They report that current identi-

fi ed resources can sustain only a two- to three-fold increase 

in nuclear capacity through the end of this century; further 

demands would necessarily involve the use of thorium and 

advanced fuel cycle technologies. Advanced (closed) fuel 

cycles generate large amounts of fi ssile materials and are thus 

problematic because of possible diversion for nuclear weapons 

(a nuclear device can be made with less than 10 kg of  239 Pu). 

 Photovoltaic solar energy is touted as an important part 

of a global fi x for increasing energy demand, although it still 

represents a very tiny fraction of the whole energy infrastruc-

ture, providing less than 1% of the electricity in the United 

States in 2010, for example.  8   An important aspect of the pho-

tovoltaic power industry, the need for sustainable growth at 

much higher energy production levels, is discussed in great 

  [S]ustainable mobility for a 

growing population of 7 billion 

people requires dramatic 

innovations...  
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detail in the article by Fthenakis, who reports that photovolta-

ics are following a path of cost reduction and market growth 

that should enable this technology to become a major player 

in global energy markets, providing terawatts of renewable 

energy. However, at the very highest levels of market penetra-

tion, the sustainability of the industry hinges on concerns about 

cost, resource availability, and potential environmental impacts. 

Interestingly, although photovoltaic electricity grid parity is cur-

rently attainable only with subsidies, Fthenakis points out that 

the nuclear, oil, and gas sectors were subsidized to much larger 

extents during their development. As an example of the tangled 

web that often emerges from sustainable-development analysis, 

Fthenakis suggests that, if the high external health costs associ-

ated with the use of coal are taken into account, photovoltaic 

technology is already economically competitive with fossil-fuel 

power generation. Such debates will continue—it is the nature 

of the interconnectivity of the sustainable development fi eld. 

  Coal is destined to 

remain a crucial power 

source for at least the next 

50 (or maybe 100?) years,  9   

until sustainable sources of 

energy become a larger part 

of the global energy portfo-

lio. About 45% of electricity in the United States is generated 

in coal-fi red power plants,  8   because of the local abundance of 

coal and extensive experience with the technology. In addition, 

the two most populous countries, India and China, have been 

building new coal-fi red power plants every year at an astounding 

rate.  10   The article by Espinal and Morreale addresses one aspect 

of clean coal technology, namely, carbon mitigation. The major 

challenge in carbon mitigation, which includes capture, trans-

port, and sequestration of carbon dioxide, is the development of 

cost-effective, technologically compatible, and effi cient carbon 

dioxide capture and storage technologies. Several opportuni-

ties are available for leveraging the fi eld of materials science 

to manage carbon dioxide, most notably the development of 

advanced solid-state sorbent media for capture. Carbon mitiga-

tion is a thorny political issue not only because carbon dioxide 

is a greenhouse gas implicated in global warming, but also 

because its implementation will necessarily raise the cost of 

electricity. 

 Finally, water is a major sustainability issue not least because 

of the key role that water plays in energy production. Specifi -

cally, thermal modes of power generation (for example, fossil 

fuel, nuclear, biomass), in which electricity is generated from 

heat through a thermodynamic cycle, account for almost 80% 

of total generating capacity. In each of these processes, low-

grade waste heat is rejected to the environment, most effectively 

by use of water-based methods. Thus, the article by Ku and 

Shapiro speaks to the demand for cooling water in the energy 

community. Increasing the thermal effi ciency of power plants is 

one way to reduce their water demand, and materials advances 

can play a large role in this arena. For example, the key materials 

challenges for improved gas turbine effi ciency are lower-cost 

superalloys and robust thermal barrier coatings that can allow 

operation under extremely hot operating conditions (typically 

>1300°C). Further, solid-oxide fuel cells can be combined with 

gas turbines or other engines to achieve even higher thermal 

effi ciencies, further reducing the cooling water requirements. 

 Revised curricula for materials science and engineering edu-

cation are critical, because, as fi ttingly stated by one of this 

issue’s authors, materials scientists and engineers can “make a 

world of difference by making our world different.”  11   The article 

by LeSar et al. emphasizes that sustainable development is a 

relatively new topic in university engineering curricula, and 

educators are only in the early stages of teaching this broader 

view of engineering. Going forward, materials researchers 

must be taught to think beyond the current defi nition of what 

constitutes the “best” material for a given application; their 

decisions will need to be informed by the topics represented 

in this special issue: resources, life-cycle assessment, energy 

and carbon footprints, toxicity, and more. 

 These brief descriptions of the articles in this special issue 

are meant to whet the reader’s appetite for the in-depth ver-

sions that follow. It should be clear that there is something 

in this issue for every materials professional and interested 

citizen-scientist, given the breadth of the space at the intersec-

tion of materials science and sustainable development. Please 

contribute—our planet needs lasting solutions.      
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Materials for sustainable development  
is a scientific concept that globally balances use of the Earth’s materials  
and energy resources, a profitable industrial economy, and availability  
of affordable materials and products to raise the standard of living.
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the impact of materials constraints on U.S. 

manufacturing capability. He holds 34 U.S. 

patents and has authored 30 technical papers. 

He received his BS in physics in 1984 from 

Washington University in St. Louis, and a PhD 

degree in physics from Cornell University in 1990.   

   Joost R. Dufl ou 

 Celestijnenlaan, 3001 Heverlee, Belgium; 

tel. +32 16 322845; and email  

joost.dufl ou@mech.kuleuven.be . 

     Dufl ou holds master degrees in architectural 

and electromechanical engineering and a PhD 

degree in engineering from KU Leuven, Belgium. 

After a number of years of industrial experience 

in different international companies, he has been 

active as a faculty member in the Mechanical 

Engineering Department of KU Leuven since 

1997. He became a tenured professor in 2006. 

His principal research activities are in the fi eld of 

design support methods and methodologies, with special attention to systematic 

innovation, ecodesign, and life-cycle engineering. He is a member of CIRP and 

has published over 200 international publications.   

   Roderick G. Eggert 

 Division of Economics and Business, 

Colorado School of Mines, Golden, CO 

80401-1887, USA; tel. 303-273-3981; 

and email  reggert@mines.edu . 

     Eggert has a BA degree in earth sciences from 

Dartmouth College, a MS in geochemistry and 

mineralogy from Penn State University, and a 

PhD degree in mineral economics also from 

Penn State. He is a professor and director of 

the Division of Economics and Business at the 

Colorado School of Mines, where he has taught 

since 1986. His research and teaching have 

focused on various aspects of mineral economics and public policy, including 

mineral exploration, metal demand, mining and sustainable development, min-

eral and metal markets, and critical minerals and materials. He received the 2010 

Mineral Economics Award of the American Institute of Mining, Metallurgical, and 

Petroleum Engineers. He chaired the National Research Council committee and 

served on the study committee that prepared the 2011 report  Energy Critical 

Elements: Securing Materials for Emerging Technologies .   
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   Matthias Englert 

 Darmstadt University of Technology, Germany; 

email  Englert@ianus.tu-darmstadt.de . 

     Englert is a research fellow at the Interdiscipli-

nary Research Group in Science Technology and 

Security (IANUS) at Darmstadt University of 

Technology. He has a PhD degree in physics from 

Darmstadt University of Technology and spent 

two years as a postdoc fellow at the Center for 

International Security and Cooperation (CISAC) 

at Stanford University. Englert’s current research 

focuses on the nuclear fuel cycle, especially on 

enrichment technologies and uranium resources. 

He is also an expert on nuclear weapons proliferation, fi ssile materials, civil nuclear 

energy, and neutron transport simulation.   

   Lorenz Erdmann 

 Institute for Future Studies and 

Technology Assessment, Berlin, 

Germany; email  l.erdmann@izt.de . 

     Erdmann is a senior researcher at the Institute 

for Futures Studies and Technology Assess-

ment (IZT) in Berlin, Germany. He graduated 

with a degree in environmental engineering from 

the Technical University of Berlin. His major 

research subjects include resource criticality, 

technology assessment, foresight, and industrial 

ecology. He has been instrumental in establish-

ing research on emerging material issues such 

as the future impact of RFID tags on waste management and raw material demand 

for emerging technologies.   

   Rod Ewing 

 Department of Geological Sciences, 

University of Michigan; tel. 734-763-9295; 

and email  rodewing@engin.umich.edu . 

     Ewing is the Edward H. Kraus University 

Professor in the Department of Geological 

Sciences at the University of Michigan. He is 

also a professor in the Departments of Nuclear 

Engineering and Radiological Sciences and 

Materials Science and Engineering. During 

2010 to 2011, he was a visiting professor at 

the Center for International Security and Coop-

eration (CISAC) at Stanford University. Ewing’s 

research interests focus on radiation effects in minerals, ion beam modifi cation 

of materials, the crystal-chemistry of actinide minerals and compounds, and the 

“back-end” of the nuclear fuel cycle. He is the past president of the International 

Union of Materials Research Societies. Ewing has written extensively on issues 

related to nuclear waste management. He has received the Dana Medal of the 

Mineralogical Society of America and the Lomonosov Gold Medal of the Russian 

Academy of Sciences.   

   Michael J. Fasolka 

 Material Measurement Laboratory, National 

Institute of Standards and Technology, 

Gaithersburg, MD 20899-8300, USA; tel. 

301-975-8526; and email  mfasolka@nist.gov . 

     Fasolka is senior scientifi c advisor to the 

director of the Material Measurement Labo-

ratory at the National Institute of Standards 

and Technology, where he supports scientifi c 

program development, strategic planning, and 

stakeholder communications. He completed his 

doctorate in polymer physics at MIT. At NIST 

since 2000, he has researched advanced scan-

ning probe microscopy and polymer self-assembly in thin fi lms. He was director 

of the NIST Combinatorial Methods Center, which developed high-throughput 

techniques for polymer materials, and which garnered a Department of Com-

merce Silver Medal for service to industry. He is an author of more than 50 

scientifi c publications and a recipient of a PECASE award in 2005.   

   Vasilis Fthenakis 

 Brookhaven National Lab, Upton, 

NY 11973, USA; tel. 631-344-2830; 

and email:  vmf@bnl.gov . 

     Fthenakis is a tenured senior chemical engineer 

at Brookhaven National Laboratory and profes-

sor of environmental engineering at Columbia 

University. He is a Fellow of the American Insti-

tute of Chemical Engineers and a Fellow of the 

International Energy Foundation. He earned 

his BS from the University of Athens, MS from 

Columbia University, and PhD degree from New 

York University. Fthenakis directs the National 

Photovoltaic Environmental Research Center at BNL and also directs the Center 

for Life Cycle Analysis at Columbia, which he founded in 2006. Fthenakis is the 

author or co-author of four books and 300 articles and reports on energy and 

sustainability topics.   

   Linda L. Gaines 

 Center for Transportation Research at 

Argonne National Laboratory, Illinois 

60439, USA; email  lgaines@anl.gov . 

     Gaines is a systems analyst at the Center for 

Transportation Research at Argonne National 

Laboratory. She holds a BA in chemistry and 

physics from Harvard and a PhD degree in 

physics from Columbia. Her primary interest 

is problem solving, applied to effi cient use of 

resources. She began her 30+ years at Argonne 

by writing a series of handbooks of energy and 

material fl ows in petroleum refi ning, organic 

chemicals, and copper industries that provided background for studies of 

technical and institutional issues involved in recycling discarded tires, packaging, 

and other energy-intensive materials. Her most recent work has involved 

studying ways to reduce petroleum use and other impacts from transport by 

recycling of batteries and also by reducing vehicle idling.   

   Thomas E. Graedel 

 Yale School of Forestry and 

Environmental Studies, New Haven, CT 

06511, USA; tel. 203-432-9733; and 

email  thomas.graedel@yale.edu . 

     Graedel joined Yale University in 1997 after 

27 years at AT&T Bell Laboratories. One of the 

founders of the emerging fi eld of industrial ecol-

ogy, he co-authored the fi rst textbook in that 

specialty. His characterizations of the cycles 

of industrially used metals explore aspects 

of resource availability, potential environmental 

impacts, opportunities for recycling and reuse, 

and resources policy initiatives. He was elected to the U.S. National Academy of 

Engineering in 2002 and chairs the Committee on Linkages of Sustainability in 

the Federal Government for the U.S. National Research Council.   

   Jeffrey C. Grossman 

 Massachusetts Institute of 

Technology, Cambridge, MA 02139, 

USA; email  jcg@mit.edu . 

     Grossman is an associate professor in the 

Department of Materials Science and Engineer-

ing at the Massachusetts Institute of Technol-

ogy. He received his PhD degree in theoretical 

physics from the University of Illinois, performed 

postdoctoral work at U.C. Berkeley, and was a 

Lawrence Fellow at the Lawrence Livermore 

National Laboratory. Grossman’s research uses 

theory and simulation to gain fundamental 

understanding of, and then uses such insights to design new materials for, energy 

conversion and storage with improved properties.   
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   Robert Heard 

 Department of Materials Science and 

Engineering, Carnegie Mellon University, 

Pittsburgh, PA 15213, USA; tel. 412-268-

2705; and email  rheard@andrew.cmu.edu . 

     Heard is an associate teaching faculty mem-

ber in the Materials Science and Engineering 

Department at Carnegie Mellon University and 

serves as CEO of PowerMetal Technologies, 

Carlsbad California, and president of Integran 

Technologies USA. Past work includes activities 

as a technology consultant and vice president 

positions in several international engineering 

companies. Heard has served on the Board of Directors of AIST, as president 

for the CMU Chapter of Sigma Xi for several terms, and as a member of AIST, 

ASM, TMS, MRS, and ASEE. He has authored multiple technical papers on engi-

neering education, material applications, materials processing, casting, plasma 

and alternate iron technologies, and authored a book,  Horizontal Continuous 

Casting . His current activities and interests include global issues in engineering 

education specifi c to materials and the commercialization dynamics of materials.   

   Chris Hendrickson 

 Green Design Institute, Carnegie Mellon 

University, Pittsburgh, PA 15213, USA; tel. 

412-268-1066; and email  cth@cmu.edu . 

     Hendrickson is the Duquesne Light Company 

Professor of Engineering and co-director of 

the Green Design Institute at Carnegie Mellon 

University. His research, teaching, and con-

sulting are in the general area of engineering 

planning and management, including design 

for the environment, project management, 

transportation systems, fi nance, and computer 

applications. Current research projects include 

life-cycle assessment methods, assessment of alternative construction 

materials, economic and environmental implications of Ecommerce, product 

take back planning, and infrastructure for alternative fuels. He has co-authored 

three textbooks and two monographs. Hendrickson is a member of the National 

Academy of Engineering, a Distinguished Member of the American Society of 

Civil Engineering, an Emeritus Member of the Transportation Research Board, 

and a Fellow of the American Association for the Advancement of Science.   

   Alan J. Hurd 

 Santa Fe Institute and Los Alamos National 

Laboratory, Los Alamos, NM 87545, USA; tel. 

505-946-2723; and email  ajhurd@lanl.gov . 

     On sabbatical in 2011–2012 at the Santa Fe 

Institute where he is working on energy critical 

elements, Hurd served from 2001 to 2011 as 

director of the Lujan Neutron Scattering Center 

at LANSCE at Los Alamos National Laboratory. 

He has degrees in physics from the Colorado 

School of Mines and the University of Colorado. 

Hurd studied light scattering from colloidal 

crystals at CU as an NSF Fellow, recognized 

with the university’s Outstanding Graduate Research Award. His research interests 

include neutron scattering, fractal materials, biomembranes, complex fl uids, 

and sol-gel ceramics. Hurd was the president of the Materials Research Society 

in 2007. He received the 1999 MRS Woody Award, the 2004 MRS Special Rec-

ognition Award, the DoD Patriot Award in 2008, and a Citation from the CIA in 

2004. He recently served as the chair of the MRS Government Affairs Committee 

and is a member of the American Physical Society’s Committee on International 

Scientifi c Affairs.   

   Hamlin Jennings 

 Massachusetts Institute of 

Technology, Cambridge, MA 02139, 

USA; email  hmj@mit.edu . 

     Jennings is the executive director of the Con-

crete Sustainability Hub at MIT. From 1987 to 

2010, he was a professor in civil and environ-

mental engineering (a term as chair) and mate-

rials science and engineering at Northwestern 

University. He received a BSc degree in physics 

from Tufts University and a PhD degree in mate-

rials science from Brown University, after which 

he spent a decade at the University of Cape Town 

and then at Imperial College London, followed by fi ve years at NIST.   

   Ronald L. Kelley 

 MRS Washington Offi ce, Washington 

DC; tel. 202-289-9881; and email 

 rkelley@livingstongroupdc.com . 

     Kelley specializes in government affairs, lob-

bying, and strategic alliances for corporations, 

professional societies, universities, and trade 

associations. Kelley is president of Strategic 

Partners, Inc., founded in 1986, and he is also 

the director of The Livingston Group’s Sci-

ence, Technology, and Telecommunications 

practice area and has been associated with The 

Livingston Group since 2000. His consult-

ing experience includes a wide range of high technology industries focused 

on research and development programs. Prior to his consulting career, he 

was an employee for 17 years with Dow Corning Corporation. For 20 years 

he has represented the Materials Research Society (MRS) in Washington, DC 

advocacy and interacts with federal agencies regarding their research & devel-

opment programs. Kelley graduated from the University of Illinois in 1968 with 

a bachelor of science in chemistry.   

   Gregory A. Keoleian 

 University of Michigan, Ann Arbor, MI 

48109-1041, USA; tel. 734-764-3194; 

and email  gregak@umich.edu . 

     Keoleian is the Peter M. Wege Endowed Pro-

fessor of Sustainable Systems at the University 

of Michigan with appointments in the School of 

Natural Resources and Environment and Civil 

and Environmental Engineering. He also serves 

as the director of the Center for Sustainable 

Systems. He earned a PhD degree in chemi-

cal engineering at the University of Michigan 

in 1987. His research focuses on the develop-

ment and application of life-cycle models and sustainability metrics to guide 

the design and improvement of products and technology. In 2011, he began a 

two-year term as president of the International Society for Industrial Ecology.   

   Doug Konitzer 

 Airfoil Materials, GE Aviation, 

Cincinnati, OH, USA. 

     Konitzer is section manager for Airfoil Materials 

at GE Aviation. He manages efforts in devel-

opment and application of Ni and Ti alloys to 

airfoils in aircraft engines. He has authored 35 

technical papers and has 10 U.S. patents and 

applications. Konitzer received his BS degree in 

1979, his MS degree in 1981, and PhD degree 

in 1984 in metallurgical engineering from the 

University of Illinois.   
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   Lindsay Krall 

 Swedish Nuclear Fuel and Waste 

Management Company, Stockholm. 

     Krall is an intern at Swedish Nuclear Fuel and 

Waste Management Company (SKB). She has 

a BSE degree in industrial and operations engi-

neering from the University of Michigan. Krall’s 

current research focuses on energy minerals, 

particularly those bearing thorium and rare-

earth element resources, and on organizational 

and geological approaches to the management 

of nuclear materials.   

   Anthony Ku 

 GE Global Research, Niskayuna, NY 

12309, USA; tel. 518-387-4628; and 

email  kua@research.ge.com . 

     Ku is a senior engineer in the Manufacturing 

and Materials Technology Organization at GE 

Global Research in Niskayuna, NY. He received 

his PhD degree in chemical engineering from 

Princeton University and his MS degree in 

chemical engineering practice from MIT in 2004 

and 1997, respectively. Since joining GE, he has 

worked on several projects related to nano-

structured ceramic materials, in support of GE’s 

energy and water businesses. He currently leads an effort aimed at developing 

next-generation technologies for gas and liquid separations.   

   Min-Ha Lee 

 Korea Institute for Rare Metals, KITECH, 

Incheon, 406-840, South Korea; tel. +82-32-

8500-424; and email  mhlee1@kitech.re.kr . 

     Lee has been the principal researcher of the 

Korea Institute for Rare Metals (KIRAM) at 

the Korea Institute of Industrial Technology 

(KITECH) since 2010. He joined KITECH as a 

senior researcher in 2008. Lee graduated from 

Yonsei University in 2004 with a PhD degree in 

metallurgical engineering. His research inter-

ests include rapid solidifi cation, mechanical 

alloying, powder consolidation, and thermo-

plastic deformation. Currently he focuses on rare metals-related issues such 

as recycling, replacement, reduction, and substitution of critical elements. Lee 

is a member of TMS and the German Materials Science Association (DGM). He 

received the 2009 Korea Materials & Components Industry Agency President’s 

Award. Lee serves as a member of the Korean government policy advisory board 

on International Affairs of Rare Metals and is a member of the Korean Powder 

Metallurgy Institute’s Committee on scientifi c publication affairs.   

   Richard LeSar 

 Department of Materials Science and 

Engineering, Iowa State University; tel. 

515-294-1841; and email  lesar@iastate.edu . 

     LeSar is the Lynn Gleason Professor and 

Chair of the Department of Materials Science 

and Engineering at Iowa State University. His 

work is centered on the use of modeling and 

simulation of materials, with a recent focus on 

dislocation-based plasticity. He has been the 

co-founder of three courses on sustainability 

at Iowa State, including one course taught in 

Africa, and is a co-leader of the creation of a 

new sustainability minor.   

   Igor Lubomirsky 

 Department of Materials and Interfaces, 

Weizmann Institute of Science, Rehovot 

76100, Israel; tel. 972-8-9342142; and 

email  igor.lubomirsky@weizmann.ac.il . 

     Lubomirsky is an associate professor in the 

Department of Materials and Interfaces at the 

Weizmann Institute of Science. He earned his 

BSc degree in chemical engineering from Kharkov 

Polytechnic Institute (Ukraine) and his PhD 

degree in solid-state chemistry from the Weizmann 

Institute of Science. His postdoc work was in 

electrical engineering at UCLA and the Max 

Planck Institute for Solid State Research (Stuttgart, Germany). He studies 

systems in which elasticity modifies chemical and physical properties of 

solids. This includes three main topics: quasi-amorphous materials, inelastic 

effect in oxygen ion conductors, and polycrystalline macro-domains in ferro-

electric fi lms. He also works on materials-energy sustainability and energy stor-

age technology based on CO 2  to CO conversion.   

   Francis C. McMichael 

 Carnegie Mellon University, Pittsburgh, PA 

15213, USA; email  fm2a@andrew.cmu.edu . 

     McMichael is Professor Emeritus at Carnegie 

Mellon University (CMU) and a member of the 

faculty of the Department of Civil and Envi-

ronmental Engineering and the Department 

of Engineering and Public Policy at CMU. His 

research and teaching address environmental 

engineering, planning and management, and 

engineering cost analysis, including pollu-

tion prevention, life-cycle analysis, full cost 

accounting, design for the environment, and 

technology design and assessment for integrated waste management. Recent 

work has combined engineering process fl ow modeling with economic input-

output analysis.   

   Bryan D. Morreale 

 Offi ce of Research & Development, National 

Energy Technology Laboratory, Pittsburgh, 

PA 15236, USA; tel. 412-386-5929; and 

email  bryan.morreale@netl.doe.gov . 

     Morreale is the acting Materials Science and 

Engineering Focus Area Lead within the Offi ce 

of Research and Development at the U.S. 

DOE’s National Energy Technology Laboratory. 

He currently leads activities across a diverse 

research portfolio related to both structural and 

functional materials for advanced energy con-

version applications, specifi cally focused on an 

integrated computational and experimental approach to accelerated materials 

development. Morreale earned his PhD degree from the University of Pittsburgh 

with a research focus on the development of materials for hydrogen separa-

tion. His research focuses on numerous energy conversion and conservation 

technologies, specifi cally gasifi cation, gas separations, membrane reactors, 

synthesis gas conversion, liquefaction, and carbon utilization.   

   Oladele Ogunseitan 

 Department of Population Health and Disease 

Prevention, University of California, Irvine, 

CA 92697-3597, USA; tel. 949-824-0611; 

and email  Oladele.Ogunseitan@uci.edu . 

     Ogunseitan is professor and chair of Popula-

tion Health & Disease Prevention at UC Irvine, 

where he directs the Green Materials Research 

and Education initiative. He is general editor of 

 Green Health , part of the SAGE series on “Green 

Society: Toward a Sustainable Future.” He was 

a faculty fellow in the Environment and Natural 

Resources Program at Harvard. He serves on 

the steering committee of the UC Irvine Environment Institute and on the State 

of California’s Green Ribbon Science Panel.   
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   Roland J.-M. Pellenq 

 Massachusetts Institute of 

Technology, Cambridge, MA 02139, 

USA; email  pellenq@mit.edu . 

     Pellenq is a computational materials scien-

tist with a strong interest in the physics and 

mechanics of porous materials and confi ned 

fl uids applied to a large variety of critical prob-

lems in energy and environment. He graduated 

in 1994 with a PhD degree in chemical physics 

from Imperial College and is a CNRS Research 

Director at the CINaM Laboratory (Aix-Marseille 

University). Since 2010, he has been the senior 

research scientist at MIT and one of the co-founders of the MIT Concrete Sus-

tainability Hub.   

   Dianne L. Poster 

 National Institute of Standards and Technology; 

tel. 301-975-8941; and e-mail  poster@nist.gov . 

     Poster is the special assistant to the NIST 

deputy director. She holds a PhD degree in 

chemistry from the University of Maryland and 

is frequently an invited speaker and panelist on 

environmental health issues, both nationally 

and internationally. In a prior assignment, as 

deputy associate director for technology and 

environmental policy at the White House Coun-

cil on Environmental Quality, Poster admin-

istered the environmental federal regulatory 

portfolio and advised on policy and strategy issues related to protecting the 

environment.   

   Markus A. Reuter 

 Outotec Oyj, Espoo 02201, Finland; 

email  markus.reuter@outotec.com . 

     Reuter is a director of Technology Management 

at Outotec Finland. He was a professor at TU 

Delft (Netherlands), and now is a professorial 

fellow at the University of Melbourne. He has a 

D.Eng. degree from Stellenbosch University, a 

Dr. habil. degree from RWTH Aachen University 

(Germany), and a PhD degree from the Univer-

sity of Stellenbosch. He also worked for Mintek 

and Anglo American Corporation in industry. 

Reuter has over 370 publications and is a 

co-author of  Metrics of Material and Metal Ecology . He is the lead author of a 

second report on recycling for UNEP and co-editor of the  Handbook of Recycling .   

   Todd Rockstroh 

 GE Aviation, Cincinnati, OH, USA. 

     Rockstroh is the supply chain consulting engi-

neer for Laser and Advanced Manufacturing 

Processes at General Electric. His primary pro-

grams include intelligent, additive, and sustain-

able manufacturing technologies, establishing 

roadmaps for the GE Aviation supply chain. 

Rockstroh completed his bachelor’s (1978) and 

master’s (1980) degrees at Purdue University. 

He received his PhD (1986) degree in mechani-

cal engineering from the University of Illinois 

and was previously employed by Bell Labs.   

   Julie M. Schoenung 

 Department of Chemical Engineering and 

Materials Science, University of California, 

Davis, CA 95616, USA; tel. 530-752-5840; 

and email  jmschoenung@ucdavis.edu . 

     Schoenung is a professor of chemical engi-

neering and materials science at the Univer-

sity of California, Davis. Her research interests 

include green engineering and design, materi-

als selection, industrial ecology, processing 

and characterization of nanostructured materi-

als for structural applications, and mechanistic 

interpretation of material behavior. Schoenung 

serves on the State of California Green Ribbon Science Panel and is a member 

of the Eco-Design Executive Committee (Japan), the Green Screen Technical 

Advisory Committee, and UC Berkeley’s Green Chemistry Extension Program 

Advisory Board.   

   Andrew Shapiro 

 GE Global Research, Niskayuna, NY 

12309, USA; tel. 518-387-4735; 

and email  Shapiro@ge.com . 

     Shapiro is a principal engineer in the Thermal 

Systems Organization at GE Global Research in 

Niskayuna, NY. He received his PhD degree in 

mechanical engineering from MIT in the area 

of physicochemical hydrodynamics in 1990. 

His thesis was on using electro-osmosis for 

soil remediation. At GE he has worked on many 

projects related to energy and environmental 

technologies and has more than 25 patents. 

Currently his research interests include both thermally driven water purifi cation 

and electrochemical energy conversion systems.   

   John L. Sullivan 

 Energy Systems Division, Argonne National 

Laboratory, Argonne, IL 60439-4815, USA; tel. 

630-252-3786; and email  jsullivan@anl.gov . 

     Sullivan is an environmental scientist at 

Argonne National Laboratory. Previously, he 

spent two years at the University of Michigan 

Transportation Research Institute, and 30 years 

at the Scientifi c Research Laboratory at Ford 

Motor Company. He received a PhD degree in 

physical chemistry from the State University 

of New York College of Environmental Science 

and Forestry. Sullivan has conducted and led 

research projects in advanced materials, experimental structural analysis tech-

niques, recycling of automotive materials, life-cycle assessment, advanced vehi-

cle safety, alternative fuels, and transportation sustainability. He has 20 years of 

experience in life-cycle assessment.   

   Franz-Josef Ulm 

 Massachusetts Institute of 

Technology, Cambridge, MA 02139, 

USA; email  ulm@mit.edu . 

     Ulm is the George Macomber Professor of Civil 

and Environmental Engineering at the Massa-

chusetts Institute of Technology. His research 

focuses on the nano- and micromechanics of 

porous materials, such as concrete, rocks, 

and bones; in the durability mechanics of 

engineering materials and structures; and in 

computational mechanics of high-performance 

composite materials. Ulm was one of the co-

founders of the MIT Concrete Sustainability Hub and is its current director.   
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   Karel Van Acker 

 Kasteelpark Arenberg 44 bus 2450, BE-3001, 

Heverku, Belgium; tel. +32 16 321271; and 

email  karel.vanacker@lrd.kuleuven.be . 

     Van Acker is a senior lecturer in sustainable 

materials and processes and coordinator of the 

Leuven Materials Research Centre at KU Leuven. 

He chairs the Flemish Transition Network on 

Sustainable Materials Management and is 

involved in numerous projects on sustainabil-

ity assessments of material life cycles, rang-

ing from CFRP to bio-based plastics, and on 

landfi ll mining and the valorization of residues. 

He earned a M.Sc. degree in materials engineering and obtained a PhD degree in 

materials science, both from KU Leuven. He worked for several years in industry 

as manager of a materials and mechanical testing laboratory and at the Flemish 

Institute for Technological Research. He joined KU Leuven at the end of 2005.   

   Antoinette van Schaik 

 Material Recycling and Sustainability, The 

Netherlands; tel. +31 6 53836042; and 

email  A.vanSchaik@marasustainability.nl . 

     Van Schaik owns and operates Material Recy-

cling and Sustainability (since 2005), a tech-

nological consultancy company on recycling 

and sustainability. She has worked at Delft Uni-

versity of Technology (NL) (PhD in 2004) and 

for Auto Recycling Nederland (1997). She has 

worked with automotive OEM’s, metallurgical, 

(waste) water, and recycling industries. She 

has over 80 publications and is co-author of the 

book  Metrics of Material and Metal Ecology.    

   Krystyn J. Van Vliet 

 Massachusetts Institute of 

Technology, Cambridge, MA 02139, 

USA; email  krystyn@mit.edu . 

     Van Vliet is an associate professor of materi-

als science and engineering and biological 

engineering at the Massachusetts Institute 

of Technology. She earned her ScB degree at 

Brown University, her PhD degree at MIT, and 

completed postdoctoral research at Children’s 

Hospital Boston. Her group studies coupling 

between chemistry and mechanics at complex 

material interfaces—ranging from cell-matrix 

interfaces to those in engineered nanocomposites—through both molecular-

scale experiments and computational simulations. She is a co-founder of the 

MIT Concrete Sustainability Hub.   

   Sidney Yip 

 Massachusetts Institute of 

Technology, Cambridge, MA 02139, 

USA; email  syip@mit.ediu . 

     Yip is professor emeritus (since 2009) at the 

Massachusetts Institute of Technology, where 

he was a member of the Department of Nuclear 

Science Engineering (1995–2009) and the 

Department of Materials Science and Engineer-

ing (2002–2009). He is interested in model-

ing materials phenomena with characteristic 
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               Introduction 
 During the past two decades, an astounding one-third of the world 

population increased its standard of living  1   and did so signifi cantly 

and in unprecedented ways. However, such profound changes 

might not be sustainable if society continues on its current path. 

 As early as the 1700s, Thomas Malthus observed that the 

population in England was growing geometrically, whereas 

the food supply was increasing arithmetically.  2   This led him to 

conclude that a human population would eventually outstrip its 

ability to fi nd and produce new sources of food, thus leading to a 

catastrophe that would bring the population down to a more sus-

tainable level. Although agricultural innovations have enabled 

the support of much larger populations than Malthus could have 

ever imagined, the real question is whether this can be continued. 

The answer is clear: only if development occurs sustainably. 

 Sustainable development is perhaps the most pressing issue of 

the 21st century. At the same time, it is a remarkable opportunity for 

practitioners of materials science and engineering (MSE), as many 

of the approaches to address these challenges are materials-centric.   

 Context 
 To provide context for this discussion of sustainable develop-

ment, it is important to understand the magnitude of the issues 

confronting society (highlighted in italics in the subsequent 

paragraphs). Since the 1700s, the volume of goods traded world-

wide has increased 800-fold. Between 1910 and 2010, the 

world’s industrial production increased more than 100-fold, 

and between 1900 and 2000, global consumption of fossil 

fuels increased by a factor of 50.  3   Although such growth rep-

resents remarkable development, it has been accompanied 

by other changes that call its continuation into question. 

World population  is projected to rise from the current 

7 billion to over 9 billion in the next three to four decades.  4

In comparison, the global population was only 1.6 billion in 

1900 and grew to 6.1 billion by the end of the 20th century. 

Furthermore, the population growth has not been evenly dis-

tributed throughout the world, as more growth is occurring in 

less developed countries. The average population growth rate is 

hovering around 1.4%, whereas in several African nations, Saudi 

Arabia, and Afghanistan, the population growth rate is over 3%. 

 The presence of more people equates with higher  energy 

usage . Indeed, whereas population is growing at an average rate 

of 1.4% a year, energy needs are growing at an average rate of 

1.7%. Average energy consumption per capita throughout the 

world is about 57 GJ. In contrast, it is 230 GJ for the United 

States and 119 GJ for Europe,  5   and many developing countries 

seek to emulate these developed nations and their energy con-

sumption habits. Such consumption of energy is not sustainable. 

 Associated with energy usage is the production of  green-

house gases,  which have adverse effects on the climate and the 

environment. The interrelation between human activity and 

the production of greenhouse gases is illustrated in   Figure 1  . The 
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overwhelming scientifi c consensus is that human emissions of 

greenhouse gases must be reduced in order to avoid catastrophic 

ecological consequences. For example, the shrinkage of the 

Grinnell glacier in Montana over 10 decades (1900–2000), 

documented by the U.S. Geological Survey in a series of 

photographs,  7   clearly demonstrates the seriousness of the 

problem.     

 The basic human necessities of  food and water  are also being 

taxed. For example, 18% of the world’s population lacks access 

to safe drinking water, and 20% of the world’s population is 

living in absolute poverty (defi ned as living on less than US$1 

per day) and is thus subject to chronic hunger.  8   To exacerbate 

the situation, 40% of the world’s population has no access to 

sanitation.  8   

  Housing and shelter  needs of the world are 

also increasing rapidly, tracking the expansion 

of population. In 1950, less than 30% of the 

world’s population lived in cities. This number 

grew to 47% in 2000 and is expected to exceed 

60% by 2025.  9   Infrastructure to sustain such a 

dramatic shift in urbanization is lacking. 

 Among the major ramifi cations of urban-

ization are shifting  transportation  needs. 

Specifi cally, the infrastructure that was built 

for a world of 5 billion in widely dispersed 

communities cannot sustain more than 7 billion 

people concentrated in dense population centers. 

Except in a few countries and major cities, mass 

transit systems that can effi ciently transport 

large numbers of people are lacking. Systems 

such as high-speed trains and available lines 

between major hubs and airports are essential 

to address these needs. 

  Material consumption  is at an all-time high. 

Most consumer goods are packaged, resulting 

in enormous amounts of waste. Given the com-

paratively small amounts of material recovered 

and recycled in the overall system, there is 

much room for improvement. (See the article 

in this issue by Gaines.) Another major issue is 

the increasing use of scarce elements, as dis-

cussed in detail in the article by Graedel et al. 

For example, the average smart phone contains 

more than 50 elements—a good percentage of the periodic 

table. Yet, few programs have been established to ensure, at the 

time of purchase, the recovery and recycling of these elements 

at the end of a component’s useful life, despite the fact that 

inorganic materials are not renewable. Evidence of the need 

for such programs is clearly provided by the volatility in the 

prices of rare-earth metals, which have increased dramatically 

even since the beginning of 2010 (see   Table I  ), mainly because 

of supply and demand issues.     

 Finally,  health  is perhaps the most critical human need, and life 

expectancy around the world has increased signifi cantly in recent 

decades, except in Africa, where it is decreasing in large part due to 

HIV/AIDS.  10   Health care needs around the world have increased, 

and the cost of health care delivery has also skyrocketed.   

 Critical needs 
 Although society faces 

many challenges in the 21st 

century, this section outlines 

fi ve distinct societal issues 

that are materials-centric 

and can be considered to be 

most critical for a sustain-

able future on Earth. These 

challenges offer a vista of 

opportunities for the next 

  
 Figure 1.      Interactions between human and Earth systems. Socioeconomic developments 

due to human activity affect climate change. In turn, climate process drivers, and impacts 

and vulnerabilities due to human activity, affect temperature, precipitation, and sea level 

and also cause extreme events. ( Figure 1 .1 from Reference 6 reproduced courtesy of the 

Intergovernmental Panel on Climate Change.)    

 Table I.      Recent price volatility of rare-earth metals.                

   Rare-earth 
element 

 Price (US$/kg)  Price increase   

 January 5, 
2010 

 August 5, 
2010 

 August 5, 
2011 

 January 2010 to 
August 2010 

 August 2010 to 
August 2011     

 Yttrium  10.25  34.50  210.00  236%  508%   

 Neodymium  22.50  55.25  475.00  146%  756%   

 Lanthanum  5.60  33.50  165.00  498%  392%   

 Samarium  3.95  31.80  190.00  705%  497%   

 Cesium  4.15  33.00  170.00  695%  415%   
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generation of scientists and engineers, especially the MSE 

community.  

 Energy 
 The global demand for energy is growing even faster than the 

population, and the escalating demand from developing coun-

tries will further exacerbate this situation. The current energy 

utilization worldwide is about 14 TW, and by the end of the 

21st century, it could reach 50 TW.  11   Today, about 80% of the 

world’s energy comes from fossil fuels.  12   In North America, 

energy generation is responsible for 40% of greenhouse-gas 

emissions. Some of the ramifi cations of increasing greenhouse 

gases on our environment can be seen in   Figure 2  . An important 

consideration with respect to reducing demand is the need for 

effi ciency in usage, especially in housing/buildings (see the 

Housing section below) and in the industrial sector.     

 In terms of supply, there must be a shift away from fossil 

fuels to renewable energy sources, which generate much lower 

levels of greenhouse gases. However, with current technology, 

renewable sources of energy (such as hydroelectricity, biofuels, 

and geothermal energy) will not be suffi cient to meet the energy 

consumption needs of the world. Nevertheless, materials devel-

opments could make solar power, biofuels, and wind power 

into increasingly important resources. For expanded reliance 

on solar energy, future materials developments are needed in 

nanostructured materials and advanced photovoltaic materials 

such as nanocrystalline-silicon thin fi lms and novel chalcogen-

ides. For fuel cells and bio-derived liquid fuels, developments 

will need to include advanced catalysts with more accessible 

surface area, nanostructured catalyst supports, and membranes. 

For broader use of wind turbines with high power output, there 

is a great need for the development of high-strength non-rare-

earth-based permanent magnets for compact, low-maintenance 

generators. 

 In addition, “next-generation” nuclear energy has much to 

offer as a potential carbon-free baseload energy source (i.e., 

one that can provide the minimum amount of power needed to 

meet customer demands on a continuous basis). From a cost 

perspective, nuclear power also offers advantages over other 

non-fossil-based energy sources. The Nuclear Energy Institute 

reports: “Nuclear plants are the lowest-cost producer of baseload 

electricity. The average production cost [in North America] of 

2.14 cents per kilowatt-hour includes the costs of operating 

and maintaining the plant, purchasing fuel, and paying for the 

management of used fuel.”  13   

 Several countries have established initiatives to reduce 

greenhouse-gas emissions from power production. For 

example, Tekes, the National Technology Agency of Finland, 

announced targets for increases in total supply of renewable 

energy by 40% by the year 2025.  14   However, many more such 

initiatives are needed, and they are needed on a scale that will 

make a difference.   

 Transportation 
 Global use of powered vehicles will increase signifi cantly in the 

next few decades, especially because some developing coun-

tries have been experiencing annual growth rates of around 

8% for several years in succession. To meet these growing 

transportation demands, more sustainable materials and modes 

of transportation will need to be developed. 

 For example, public transportation will need to be the 

dominant means of transporting the masses. This approach 

has certainly proven effective in Japan, France, and many other 

European countries. Lightweight structural materials, specifi -

cally alloy development and processing, will be the focus of 

future materials advances in this fi eld, including foamed struc-

tures, magnesium-based components, and advanced aluminum 

alloys that can be selectively stiffened. Future materials will 

also include innovative material uses such as recyclable com-

posites and biocomposites. For example, Duralin fi bers (made 

by Ceres in the Netherlands) are produced when fl ax straw is 

steamed, dried, and cured.  14   Strong and lightweight materials, 

material source sustainability, and material recyclability will 

be some of the major factors infl uencing the development of 

future materials for transportation needs.   

  
 Figure 2.      Changes in (a) global surface temperature, (b) global 

sea level, and (c) Northern Hemisphere snow cover over a 

period of 150 years (1850–2000). In each graph, “0” on the 

left vertical axis represents the average value for the period 

1961–1990. Solid lines are 10-year averages of annual data 

(circles), and shaded regions represent uncertainty intervals. 

For sea level, the blue and red lines are from tide-gauge and 

satellite data, respectively. Global surface temperatures have 

risen signifi cantly since the 1950s compared to the period 

of 1850–1950. Similarly, the sea-level and snow-cover data 

indicate adverse changes, especially since the 1950s. (Figure 1.1 

from Reference 6 reproduced courtesy of the Intergovernmental 

Panel on Climate Change.)    
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 Housing 
 With increasing world population, the materials research com-

munity has an opportunity to make a major impact by devel-

oping novel construction materials that are environmentally 

benign, energy-effi cient, and affordable. Shelter needs for the 

world’s population require novel material solutions as well as 

novel housing designs. 

 The future will likely witness more energy-effi cient homes 

that use intelligent materials and intelligent designs.  15   As an 

example, the Institute of Solar Energy Systems in Freiburg, 

Germany, discovered a means to make use of the temperature-

equalizing effect of thick walls by incorporating a concentrated 

heat-retaining material within a millimeter-thin layer of plas-

ter.  16   The effects on energy savings and pollutant reductions, 

for example, are signifi cant. The premise is that much more 

needs to be done in this whole arena of intelligent materials that 

are “green” and energy-effi cient—a fertile area for materials-

related discoveries and innovations. 

 Future developments in housing will also be realized 

through innovative design and collaboration with architects 

and builders. The scientifi c and engineering community has an 

opportunity to partner with leading architects to address energy-

effi cient and sustainable construction materials, in addition to 

satisfying the shelter needs of the entire global population.   

 Material resources 
 Between 1960 and 2000, the amount of municipal solid waste 

generated annually in the United States increased from 88 million 

tons to 232 million tons (from 80 million tonnes to 210 million 

tonnes). On average, each American produced nearly 4.5 lb 

(2.0 kg) of garbage per day in 2000, up from 2.7 lb/day 

(1.2 kg/day) in 1960.  17   This waste is either burned, emitting pol-

lutants, or deposited in landfi lls, introducing toxic substances 

into groundwater and soil.  18   Considering the toxic materials 

found in municipal solid waste, there is cause for concern. 

 An additional problem with increased waste is that the mate-

rials contained in discarded objects are unavailable for further 

productive use. For example, one-third of the world’s copper 

is currently found in landfi lls, rather than being incorporated 

in useful applications.  19   In contrast, scarce materials, such as 

rare earths, are meticulously recycled to preserve their supply. 

Recycling can also be benefi cial environmentally and economi-

cally. For example, the recycling of 1 kg of aluminum saves up 

to 6 kg of bauxite, 4 kg of chemical products, and 14 kWh of 

electricity compared to the production of 1 kg of new alumi-

num.  20   Future world needs will require materials that are fully 

recyclable or biodegradable, as well as a whole new paradigm 

for designing components by adopting a “cradle-to-cradle” 

philosophy that supports the remanufacturing of components 

from spent products into new products. 

 Effective and effi cient recycling will be supported by tech-

nologies for sorting metals rapidly by composition. Moreover, 

with increased consumption providing more scrap (e.g., beverage 

cans) and enabling technologies that allow rapid recycling and 

rapid composition analysis, it will be possible to produce “new” 

aluminum ingots solely from scrap, without any ore refi ning. 

Because many materials used widely in desirable products are 

not renewable, the opportunities for resource recovery and 

recycling are vast.   

 Health 
 Life expectancy over the years has increased signifi cantly. 

During the past fi ve decades alone, life expectancy has risen by 

15% (from 69 to 80 years) in North America, and similar trends 

have been experienced across the globe, except for sub-Saharan 

Africa.  14   More importantly, not only are people in most areas 

of the world living longer, but they are enjoying better health 

as well, thanks to the many advances in medicine, biology, 

and MSE. Examples include the increased use of biomaterials, 

implantable medical devices, and tissue engineering. Some of 

the opportunities for further materials-centered medical inno-

vations are noted below. 

 Biomaterials have made tremendous advances. For exam-

ple, the market potential for structural tissue engineering is 

US$90–100 billion, and for the biomaterials industry, growth 

in research and development spending is about 24% per year.  21   

Recent advances and developments include cornea tissue regen-

eration, artifi cial skin, and knee cartilage implantation in the 

perosteal fl ap.  21   Devices such as artifi cial heart valves, coronary 

stents, and particularly drug-eluting stents have seen signifi cant 

utilization.  14   These developments are critically dependent on 

the advances that have been and continue to be made in the 

materials science and engineering of biocompatible materials. 

 Implantable medical devices have seen huge growth during 

the past decade. Hip joints, knees, and many other parts are now 

being replaced on an almost routine basis. Thus, in the past two 

decades alone, medical advances have profoundly improved the 

quality of life for many patients. 

 From an MSE perspective, there are many exciting opportu-

nities to continue this positive impact on health. For example, 

major developments are needed in the area of surface modifi ca-

tion of biomaterials to better control blood and tissue compati-

bility, such as through plasma treatment or chemical grafting.  22   

Through surface modifi cation, it will be possible to manipulate 

material attributes such as resistance to infection, resistance to 

clot formation, lubricity, and wear resistance. A good example 

is how heparin (an anticoagulant) is covalently coupled to a 

multilayered base coat of a biomaterial surface.  22   Implants and 

devices that are also vehicles for drug delivery will be another 

area for future developments. Tissue engineering coupled with 

innovative materials for the manufacture of “smart” heart valves 

is another area for growth and opportunities for future develop-

ments. The whole fi eld of biomaterials for regenerative medicine 

is a fertile area; Stupp  23   recently reviewed these opportunities 

and cited many examples of the potential use of biomaterials 

for regenerative medicine. In brief, biomaterials of the future 

will serve not only mechanical functions; rather, they will be 

regulators of biological activity. 

 Major advances in bioorganic–inorganic composites are 

also likely to continue. Langer and colleagues pioneered the 
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controlled release of large molecules (e.g., polypeptides) using 

microspheres made of hydrophobic polymers.  24   At present, 

bioerodible polyanhydrides are being synthesized as vehicles to 

release both large and small molecules; this fi eld could give rise 

to the ability to carry out “local chemotherapy.”  25   In addition, 

bioerodible polymers are being developed for use as implant-

able tissue scaffolds to create liver tissue, blood vessels, nerves, 

and heart muscle.  24   The hope is that the fusion of biotechnology, 

nanotechnology, and information technology will allow not 

only the treatment but also the prevention and curing of disease. 

 The future is bright for such cutting-edge medical advances 

as a result of developments in materials engineering. Unfortu-

nately, however, many parts of the globe cannot afford these 

technologies or do not have access to such medical services. 

Therefore, from a sustainable health perspective, there is a 

huge need for the engineering community to develop solutions 

that will have an impact on the masses and not just a small 

percentage of the population that has the resources to pay for 

such “boutique” solutions. In simple terms, there is a burgeon-

ing need for the development of health-related solutions that 

have an enduring, positive impact on the average global level 

of health. 

 For example, breast cancer detection is a routine proce-

dure in most developed countries. Magnetic resonance imag-

ing (MRI) diagnostic techniques have been a major enabling 

technology for identifying breast cancer in the early stages, 

such that appropriate treatment can be prescribed and delivered. 

However, in most developing countries, and particularly on 

the African continent, many women go undiagnosed for breast 

cancer, with fatal consequences. To address this problem, the 

Ludwig research group at Worcester Polytechnic Institute  26   has 

developed a low-cost radio-frequency coil that can be used for 

breast cancer screening by MRI. Such a coil design, costing 

approximately US$150–200, can be used in parts of the world 

where, at present, there is no diagnostic screening at all. 

 In a broader sense, global health is affected by many fac-

tors beyond just medical care. For example, the World Health 

Organization has estimated that over 9% of the total burden of 

disease worldwide can be attributed to lack of access to safe 

drinking water and adequate sanitation systems.  27   Further, indoor 

air pollution is estimated to cause approximately 2 million pre-

mature deaths per year, mostly in developing countries, with 

urban outdoor air pollution causing an additional 1.3 million 

deaths worldwide each year.  28   Opportunities abound for MSE 

practitioners to have a dramatic impact in both of these areas. 

For example, IHSAN (Industry’s Humanitarian Support Alli-

ance NGO, Inc.) has sponsored the deployment of inexpensive, 

lightweight, hand-cranked UV-based water-purifi cation systems 

in communities in Iraq and Kenya.  29   ,   30   An alternative approach is 

taken by the company Vestergaard Frandsen, whose LifeStraw ®  

product uses 0.2- μ m hollow-fi ber ultrafi ltration membranes 

to provide clean drinking water upon application of suffi cient 

suction to the mouthpiece of the straw.  31   

 High levels of indoor air pollutants, including carbon mon-

oxide and small particulates, result from cooking and heating 

with solid fuels (e.g., coal and biomass) on open fi res or 

traditional stoves. This signifi cant cause of poor health can 

be addressed by developing cleaner and more effi cient fuels 

(e.g., biogas) or energy technologies (e.g., solar power) that 

are also affordable. In addition, more effi cient, cleaner-burning 

cookstoves are being distributed by a number of groups (see, for 

example, Reference 32). Continuing efforts will be required to 

make further progress in this area. Likewise, materials-related 

efforts to improve outdoor air quality, especially in urban areas, 

will continue to involve the development of cleaner energy 

technologies, cleaner transportation fuels, and more effi cient 

transportation vehicles, as mentioned in preceding sections of 

this article and addressed in detail in the Transportation and 

Energy and Water sections of this special issue. 

 However, technology alone is not the answer. Leadership 

is needed in developing national policies not solely by gov-

ernment offi cials but also by engineers. The role of advocacy 

that our professional scientifi c and engineering societies must 

shoulder is pivotal and needs to be supported.    

 Conclusions 
 Society faces grand challenges to sustain continued develop-

ment in the 21st century. Although this article has focused on 

the need for technological innovations for charting a sustainable 

future, it is important to keep in mind that technical innovations 

are only part of the solution. Just as important is public policy, 

which infl uences the behavior of individuals, as well as that 

of corporations and communities. By implementing sustain-

able practices in the use of materials, the materials science and 

engineering (MSE) community will be well-positioned to take 

a much more active role in shaping public policy in support of 

sustainable development. 

 This is also an extraordinary time to make the case for 

MSE as a profession to the next generation of students. The 

challenges of sustainable development are so great that our 

collective ingenuity will be needed to achieve success. We 

should focus on the positives and the attributes that speak 

to the next generation of students, namely, making a world 

of difference through science and engineering. Let us make 

the case for engineering by linking the profession to societal 

issues and presenting engineering as an enabling profession.     
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                  The dynamism of metal extraction and use 
 As recently as 20 or 30 years ago, designers of most manu-

factured products drew from a palette of a dozen or so metals. 

That situation has changed remarkably, as modern technology 

employs virtually the entire periodic table. A few examples 

illustrate this point: turbine-blade alloys and coatings make 

use of more than a dozen metals;  1   thousands of components are 

assembled into a single notebook computer; and medical equip-

ment, medical diagnostics, and other high-level technological 

products incorporate more than 70 metals.  2   This transforma-

tion is the result of the continuing search for better materials 

performance. To improve operational characteristics, 60 or so 

metals are incorporated into each microchip,  3   and microchips 

are increasingly embedded into industrial plants, means of 

transportation, building equipment and appliances, consumer 

products, and other devices.  4   It is thus increasingly important 

to determine whether reliable supplies of all of these metals are 

available, because a product designer might wish to employ a 

material that is not available in suffi cient quantity or at a suit-

able price when it is needed.  5

 During the Industrial Revolution, vast metal deposits became 

accessible. Since then, wars or cartels have occasionally dis-

rupted supplies for short periods, but the markets have always 

been restored over time. More recently, however, challenges to 

medium- or long-term supplies of a number of metals  6,7   have 

led to increasing unease. This state of mind was reinforced in 

2011 by a committee of the American Physical Society and the 

Materials Research Society that identifi ed several elements, 

including 10 rare earth elements, as potentially critical for 

energy-related technologies.  8

 Metals, in particular, are being extracted at increasing rates 

(  Figure 1  ), and end-of-life recycling rates for many of them 

are low to dismal.  10   Moreover, for products with long service 

lifetimes such as turbine generators or high-speed locomotives, 

a stable set of materials must be available for maintenance and 

repair over several decades. It is therefore reasonable to ask: 

“Will supplies of any materials run out? If so, what and when?” 

In this article, we explore these questions by examining the 

present state of metal supply and demand, reviewing various 

studies of future needs, and then addressing potential limitations 

in response to those needs. Finally, we discuss some strategies 

and policies that corporations and governments might wish to 

consider in response to this information.       

 Supply considerations  
 Mining and processing 
 Metals are not uniformly accessible in nature. Some metals 

form their own minerals, whereas some occur only in the lat-

tices of other principal minerals (e.g., gallium in the aluminum 

ore bauxite). Average crustal abundance is not a good mea-

sure of overall availability, because geological processes create 

concentrations of individual elements or groups of elements 
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through episodic events. The deposits are dispersed geographi-

cally, and discovering them is often a challenge. For those met-

als that are widely used, such as lead or zinc, the occurrence 

and extraction potential are reasonably well known. For many 

of the scarcer metals, especially those brought into wide use 

relatively recently, information on occurrence, concentration, 

recovery effi ciency, and so forth is often not routinely available. 

 Obviously, an ore body will be mined only if anticipated 

sales of its metals will make the venture profi table. Determining 

profi tability in a fl uctuating market is not simple, and the large 

investment needed to open a new mine is an ever-present barrier. 

Complicating the issue is the time required from discovery to 

production, typically a decade or more.  11     

 Companion metals 
 The majority of metals in use today are not the direct target 

of mining, but rather are “companions” (trace constituents) in 

the ores of the more common metals (their “hosts”). If these 

companions (e.g., gallium) are to be available for use, they 

must be separated from their much more abundant host metals 

(e.g., aluminum) and then purifi ed to a suitable (often very high) 

quality. The host metal’s annual production value is often 100 

times or more that of the byproduct metal. As a result, the value 

of the companion metal is unlikely to be the dominant factor 

in the decision to open or close a mine. 

 Nonetheless, much byproduct material is lost not at the 

mining stage but in the processing and/or refi ning of the ore. 

Over time, increased prices of the byproduct metals could 

encourage mining and refi ning companies to recover larger 

fractions of them rather than lose them in mine tailings, slag, 

or other discards.   

 Geographical source concentration 
 Mineral deposits are not equally or randomly distributed on 

Earth. Some minerals are predominantly found in only a few 

countries, whereas others have more widely dispersed ore 

deposits. In general, the more concentrated a mineral’s deposits, 

the higher the risk that one or a few countries can restrict its 

supply. Analysis of metal reserves by the authors has identi-

fi ed the most geographically concentrated metals as strontium 

(China), the platinum group (South Africa, Russia), niobium 

(Brazil), tellurium (United States, Australia), and manganese 

(Ukraine, South Africa).   

 Recycling 
 Metals are extracted from natural deposits, processed, and then 

incorporated into products. When present as product constitu-

ents, the metals constitute anthropogenic metal stocks, provid-

ing the desired benefi ts during product in-service lifetimes. In 

principle, these stocks can be recovered and reused in the future, 

thus taking some of the pressure off virgin material supplies. 

 For some metals, recycling streams currently provide signifi -

cant inputs to manufacturing, with lead being a prime example. 

Worldwide, some 80% of the lead removed from use is recycled, 

largely because it is predominantly employed in large amounts 

in relatively pure form in storage batteries that can be easily 

collected and processed. Copper is also widely recycled, refl ect-

ing the use of high-purity copper in such applications as power 

distribution and plumbing. 

 Such situations are unusual, however. As   Figure 2   shows, 

most metals are primarily used in alloy form, in complex 

assemblages, or in uses that inherently dissipate the material. 

Only six metals—copper, gold, lead, platinum, palladium, and 

rhodium—are used predominantly in elemental form, thereby 

enabling recovery in that form. For nine others, including anti-

mony and zirconium, the dominant use is dissipative, so that 

little or no recycling is possible. Gallium, yttrium, and 14 other 

metals are employed largely in complex assemblages from 

which recovery in elemental form is technologically very chal-

lenging and expensive. The remaining 27 elements, including 

molybdenum, gadolinium, and tellurium, are primarily used as 

alloy constituents. Even if recovered and properly identifi ed, an 

alloy will likely be reused only if it or a similar alloy is needed, 

and the reuse will be in alloy form; the individual metals will 

not be recovered, meaning that their special properties in 

non-alloy form will be lost. The dissipation of certain metals 

into other recycling processes can even degrade the quality 

of the recycled material (e.g., the entry of copper into steel 

recycling from shredders).        

 Demand  
 Factors aff ecting demand 
 The single factor with the most infl uence on a country’s demand 

for metals is per capita wealth, as demonstrated by Binder 

et al.  32   in a statistical analysis of copper and zinc. The same 

result was found by Graedel and Cao  33   for a group of seven widely 

used metals: chromium, copper, lead, iron, nickel, silver, and 

zinc. Similar studies have not been carried out for other metals, 

but the incorporation of so many of the elements in a wide 

variety of consumer products that also contain the metals that 

have been studied suggests that the same pattern would hold 

for many others.   

  
 Figure 1.      Relative rates of global use of materials in the 20th 

century. The use rate for each metal is normalized to unity in 

1900. (Revised and updated from Reference  9 .)    
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 Figure 2.      Principal uses and recycling potentials of selected metals. Bar length indicates the fraction of current use of the element devoted 

to the indicated application. Green, largely recoverable in pure form; yellow, largely in multicomponent alloy form; orange, largely in 

complex assemblages; red, largely in uses where the element is dispersed.    

(continued on the next page)
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 Potential for substitution 
 Economists often say that, if a material becomes too scarce 

or too highly priced, a suitable substitute will soon emerge. 

The actual situation is much more complicated. In today’s 

technology, materials are selected for specifi c and often unique 

properties—emission spectrum, conductivity, electronic structure, 

magnetocaloric effect, and the like. In optoelectronics, for example, 

the central elements include gallium, germanium, tellurium, and 

indium. The most suitable substitutes tend to come from the same 

part of the periodic table, because they have similar physical and 

chemical properties.  34   However, because of those same properties, 

the elements generally occur together in the same ore deposits in 

nature. As a consequence, the most suitable substitute for a given 

scarce element will often experience a similar scarcity. 

 This is not to imply that the economic generalization is com-

pletely incorrect. Scarcity does indeed stimulate new research, 

and full substitution of metals can and does occur at the element, 

material, component, product, or functional level. However, as 

technology demands materials with ever more specialized prop-

erties, the challenges related to substitution will only increase, 

and efforts to enhance the resilience of the material supply, such 

as the recovery of previously used materials, should receive at 

least as much attention as research on substitutes.   

 Evolutionary demand change 
 With population growing and personal wealth increasing 

throughout the world, the historic growth in metal demand 

shown in  Figure 1  can be expected to continue. It has been 

suggested  33   ,   35   that, by mid-century, the aggregated fl ows of 

metals into use could increase by a factor of 5–10 compared 

to today’s levels. 

 This evolving demand is nicely illustrated by the case of 

the stainless steel cycle in China in 2000 and in 2005. From an 

already healthy fl ow into use of nearly 1600 kt of stainless steel 

in year 2000, the fl ow nearly tripled in fi ve years. At the same 

time, the outfl ow to recycling and waste management was very 

small in relation, a signal that the stainless steel was seeing fi rst 

use in its applications rather than replacing existing obsolete uses. 

 However, predictions based on per capita metal use have lim-

its. Müller et al.  36   showed that iron use appears to have reached a 

plateau of 8–12 t per capita in France, the United Kingdom, and 

the United States (  Figure 3  ). In other countries, a plateau has yet 

to be reached. It is not known whether a similar pattern applies 

to other metals, because the data are simply not available.       

 Transformative demand change 
 Rapid changes in demand can occur if new technologies gain 

a market foothold and then expand rapidly. The effect can be 

particularly dramatic in the case of lightly used specialty materi-

als. For example, starting in the mid-1990s, gadolinium-based 

compounds gained favor as contrast agents in magnetic reso-

nance imaging.  37   As medical facilities worldwide adopted these 

agents, the use of gadolinium increased by a factor of fi ve within 

a decade (  Figure 4  ). Similarly, indium was used in only small 

quantities in electrical applications until the late 1990s. The 

advent of fl at-panel display screens with outer surface coatings 

of indium tin oxide, however, increased indium use by a factor 

of about three within a decade (  Figure 5  ).         

 A study of innovative technologies that could noticeably 

raise future raw-materials demand was carried out by Angerer 

et al.  38   They reported that, by 2030, the demand for several 

elements (Cu, Pd, Ti, Ag, Ta) used in emerging technologies 

(Figure 2 continued from previous page)

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


329MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

MANUFACTURING • MATERIALS SUPPLY CHAIN

was likely to increase by about a factor of three compared with 

2006 levels. For several scarce specialty metals, the anticipated 

increases are even more dramatic: seven times for neodymium 

(used in high-strength magnets in wind turbines and hybrid-

automobile engines), eight times for germanium (fi ber-optic 

cables) and indium (fl at-panel displays), and 22 times for gal-

lium (thin-layer photovoltaics). These are plausible projections, 

not certainties, but they suggest the potential for transformative 

technologies to transform materials demand as well.    

 Considering the future 
 The various supply and demand factors can be signifi cantly 

infl uenced by human intervention, but the effects are hard 

to predict because few complex, integrated 

medium- to long-term investigations have 

been performed. Nonetheless, the historical and 

prospective trends considered in the preceding 

sections indicate that manufacturers can no 

longer take adequate supplies of many materials 

for granted. For example, Kleijn and van der 

Voet  39   explored the impact on resource needs 

if the world were to transition to a hydrogen 

economy based on renewable energy sources. 

They showed that full implementation of wind 

turbines, automotive fuel cells, and an expanded 

electrical grid would likely be impeded by inad-

equate supplies of neodymium, platinum, and 

copper. A similar situation is likely to apply to a 

number of other technologies and their enabling 

materials. 

 A different aspect was considered by Müller 

et al.,  36   whose analysis of iron demand in China 

in the 21st century is shown in   Figure 6  . They 

calculated that the use of steel for new build-

ings will peak in about 2035, because, by then, 

all Chinese should be adequately housed. Con-

sequently, demand will then drop sharply. As 

buildings begin to reach the end of their usable 

lives, around 2050 for those built near the turn 

of the century, demand will again begin to rise. 

Some of this renewed demand, however, can be 

met with steel recycled from the original pulse 

of building a half-century earlier.       

 Policy considerations in metal 
supply and demand 
 If the supply of specifi c materials could become 

constrained, what are the implications for 

corporations? Duclos et al.  5   suggested the 

following steps for manufacturing industries 

to avoid severe impacts: 

    •     Catalog all of the materials used in the com-

pany’s products. (This is a major task for fi rms 

with diffuse supply chains.)  

    •     Develop alternative sources for all materials 

used.  

    •     Consider long-term supply agreements with materials sup-

pliers.  

    •     Improve material utilization in manufacturing.  

    •     Develop recycling technologies for potentially constrained 

materials, as well as a recovery infrastructure for retrieving 

discarded products.  

     •     Reduce the use of at-risk materials through product redesign 

and consider the use of substitute materials.  

     •     Consider whether alternative technologies will provide sat-

isfactory service to the customer.  

   Current recycling systems mainly target commodity metals 

such as steel, copper, and aluminum. The related recycling 

  
 Figure 3.      Total iron stocks (blue) over time in six countries, along with the decomposition 

of the stocks into four principal product categories. The shaded bands show the variations 

corresponding to the lower, middle, and upper estimates of mean product lifetimes in 

years,   τ  , which span a range of 2 σ , where  σ  represents the standard deviation. (Reprinted 

with permission from Reference  36 . © 2011, American Chemical Society.)    
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processes, such as shredders for cars, were designed decades 

ago. However, current and future cars consist of many dif-

ferent materials (e.g., lithium-ion batteries, composites) that 

will be lost in outdated recycling processes. Thus, there is a 

clear need for better design for recycling (e.g., easily acces-

sible components and easy opening of fastenings) and for new 

recycling processes that support the recovery of scarce metals 

(e.g., detection and highly effi cient separation of materials) 

and do not pose risks of adulterating other recycling streams. 

In addition to automobiles, corresponding solutions are essen-

tial for buildings, electric and electronic equipment, consumer 

goods containing valuable materials, and other waste streams. 

 Just as product designers have learned to innovate under 

the restrictions of environmental legislation (e.g., lead-free 

electronics), they will adapt the design process to account for 

material availability and increased recycling. Better design for 

recycling requires cooperation with recycling companies, and 

accounting for materials availability might involve cooperation 

with other company departments, especially those responsible 

for procurement and disposal. 

 Raw-material acquisition has long been an operational 

activity within companies. Increasingly, raw-material supply 

is conceived as a strategic issue that requires risk management. 

Several large companies have developed strategies to increase 

resilience towards metal supply disruptions. For small- and 

medium-sized enterprises as well as entire industrial sectors, 

supply-chain roadmaps could provide the necessary information 

and timelines to decrease vulnerability. 

 All governments and their agencies also need to consider 

the possibility of supply constraints on vital materials, because 

no country contains within its borders the entire spectrum of 

resources. A typical desire is to protect the supply of materials 

that are vital to important domestic industries and/or to govern-

ment functions, such as the manufacture and use of military 

hardware. A “supply-risk radar,” developed in cooperation with 

their industries, could assist governments in monitoring and 

identifying potential supply risks and in launching the appropri-

ate mitigation measures. For example, substitution for certain 

metals could be supported by government-funded materials 

research programs as part of a broader resilience strategy. Some 

of the suggestions above for corporate policy, such as the devel-

opment of alternative sources of supply, might be appropriate 

at the government level as well.   

 Conclusions 
 Will the supply of metals run out? It will not do so in an eco-

nomic sense, because, if a metal becomes very scarce, its price 

will rise, thus discouraging routine use. However, restricted use 

might cause opportunities, such as mass deployment of photo-

voltaics, to be missed. The supply of metals will also not run 

out in a physical sense, because metals are shifted from natural 

deposits to anthropogenic stocks, which can, in 

principle, be recycled. However, recycling of 

dissipated metals is restricted by related energy 

demand and costs. 

 A more insightful question is to ask whether 

supplies will be suffi ciently constrained to impede 

routine industrial use. There, our conclusions are 

on shakier ground. Although recent attempts to 

classify metals as “critical”  41   ,   42   are regarded as 

somewhat speculative and debatable, some 

general guidelines exist: 

    •     Companion metals are riskier than host metals.  

    •     Metals with highly concentrated sources are 

riskier than those with widely dispersed sources.  

    •     Metals for which recycling is diffi cult are 

riskier than those that are readily recycled.  

    •     Metals for which emerging technologies 

imply major transformations in demand are 

riskier than those for which demand is likely to 

be relatively stable.  

  
 Figure 4.      The rate of production of gadolinium shows a 

dramatic increase over the period 1995–2007. (Abstracted from 

Reference  22 .)    

  
 Figure 5.      The principal uses of indium in the United States, 1975–2005. The large increase 

in “Coatings” comes almost entirely from indium tin oxide coatings used in fl at-panel 

display screens. (Reprinted from Reference  28  courtesy of the U.S. Geological Survey.)    
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   This article provides perspectives on the supply and 

demand of metals and general guidelines for evaluating 

risk—but no fi rm answers. In a rapidly industrializing but 

fi nite world, the possibility for resource constraints to appear 

in the next few decades is very real and potentially very 

serious. The thoughtful materials scientist, corporate leader, or 

policy maker is well advised to understand the complex issue 

of resource supply and demand better than is now typical and 

to prepare for its possible eventualities.     
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 Figure 6.      Historical and predicted demand for steel in China. 

(Courtesy of Pauliuk et al.  40  )    
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                 Why recycle? 
 The most commonly stated reason for recycling is to reduce 

burdens associated with the disposal of our never-ending 

stream of wastes. Waste disposal potentially causes air and 

water pollution and is costly; moreover, landfi lls compete 

with other land uses. In addition, recycling can extend our 

supply of materials to alleviate scarcity and to moderate 

rising prices of raw materials. Furthermore, recycling is often 

more environmentally benign than using virgin raw materials 

and can reduce energy use and emissions of greenhouse gases 

and other pollutants.   

 Life-cycle analysis 
 Despite these positive attributes, not all recycling processes 

are created equal. For example,   Figure 1   shows various alter-

native paths that might be used to recycle car batteries. As 

is evident from this fi gure (and from the defi nitions in the 

sidebar), recycling can re-introduce materials at different 

stages of a production process, thereby displacing parts of 

the virgin-material process. Each recycling option will create 

its own impacts, often but not always lower, which must be 

taken into account as well.     

 How does one identify the best options? A useful technique 

for comparing alternative technological options is  life-cycle 

analysis (LCA) . LCA takes a system-wide perspective, 

considering all stages of the life cycle of a product or service, 

including material production, system manufacture and assem-

bly, service provision, maintenance and repair, and end-of-life 

processes. In the next section, we show how LCA compares 

disposition alternatives for discarded materials. The results 

are not always obvious, as they depend on many factors and 

can lead to tradeoffs among impacts. Other criteria, such 

as fi nancial, institutional, or regulatory concerns, enter the 

picture as well.   

 Examples 
 This section provides three examples in which LCA is use-

ful in comparing options for items that would otherwise be 

thrown away. The fi rst two examples are short-lived consumer 

products—paper products and beverage containers—whereas 

the last is a complex, durable item—the battery for an electric-

drive vehicle—that is expected to have a service life of about 

10 years. Although this article is written from a U.S. perspec-

tive, the general principles of applying LCA to assess material 

disposition options are universal. The detailed conclusions for 

particular countries might differ, however, refl ecting different 

prices and availability of raw and recycled materials, energy, 

and labor.  

 Paper products  1 

 Newspaper and offi ce paper are produced differently and there-

fore must be discussed separately. Newsprint is an inexpensive, 

lightweight paper made mainly from mechanical wood pulp, 

     To recycle, or not to recycle, that is 
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 Figure 1.      Schematic of battery recycling to different 

manufacturing stages: This fi gure depicts mining of ore, 

primary processing, chemical conversions, and fabrication 

into a battery. The fi nished battery is then used in a vehicle 

and is recycled back to one of the manufacturing steps, 

possibly after being reused to store energy for an electric 

utility.    

engineered to be bright and opaque for the good print contrast 

needed by newspapers. The mechanical pulping process 

leaves most of the lignin in the pulp, which causes news-

print to rapidly become yellow and brittle upon exposure to 

air and/or sunlight. In contrast, offi ce paper is made from 

chemical wood pulp obtained by a modifi ed sulfate pulp-

ing process (called the kraft process) that removes most of 

the lignin but leaves the cellulose largely intact. Its natural 

unbleached color is brown, but it can be bleached to white. 

Kraft paper is used when strength and/or resistance to yel-

lowing are important, such as in packaging, bags, envelopes, 

and coated paper, as well as printing and writing papers. Both 

types of paper can be recycled (either pre- or post-consumer) 

in a closed loop. 

 For newspapers, two dispositions that could potentially 

save energy are recycling to produce new newsprint and 

burning to displace fossil fuels in electricity generation (see 

  Table I  ). Excluding the energy in the wood, the net energy 

difference between recycling and waste-to-energy (WTE) 

options for newspapers is small. However, recycling news-

papers also saves the trees that would have been used to 

produce replacement newsprint. As a result, the total energy 

input, including wood, is reduced by recycling newsprint. 

Therefore, recycling of newspapers makes sense and should 

be encouraged.     

 For offi ce (kraft) paper, the situation is very different. In a 

modern kraft mill, much of the energy for primary production 

is supplied from byproduct fuels (e.g., the removed lignin), 

whereas energy for recycling must be purchased because no 

fuel byproducts are produced when waste paper is pulped. 

Because the purchased energy is generally derived from fossil 

fuels, combustion of waste paper in a WTE plant displaces 

additional fossil fuel, so the net non-wood energy use is much 

lower if the paper is burned (see  Table I ). Therefore, recycling 

offi ce paper would result in increased use of nonrenewable 

fossil fuels in place of wood, which is renewable. Burning used 

kraft paper in U.S. municipal solid waste, instead of recycling it, 

could displace about 30 million tons of coal annually, or 3% of 

U.S. annual coal consumption. It would be similarly benefi cial 

in other countries that wish to reduce both fossil fuel use and 

waste-disposal costs. Indeed, combustion for energy recovery is 

an integral part of solid-waste management strategies in many 

countries throughout the world. 

 Another factor to be considered in decisions regarding 

paper production and disposition is carbon dioxide emis-

sions. Young trees grown in plantations to replace those 

cut for paper production take in more carbon dioxide than 

do slow-growing trees in old forests. One study  3   estimated 

the effects on carbon dioxide emissions for various options 

for paper production and disposition. This study concluded 

that producing kraft paper from plantation trees and burning 

the waste paper for energy recovery is preferable, from 

the standpoint of greenhouse-gas emissions, to all other 

options—including recycling. Thus, burning is the preferred 

disposition for offi ce paper, regardless of whether the objective 

is to reduce greenhouse-gas emissions, minimize fossil fuel 

use, or preserve old-growth forests.   

 Soda cans and bottles 
 Per pound, fabricated aluminum is about nine times as energy-

intensive to produce as glass. However, aluminum cans are 

extremely light (typically under 0.5 oz each), with a typical single-

serve 12-fl -oz can weighing one-13th as much as a 12-fl -oz glass 

bottle.  4   As a result, the energy required to produce a single-serve 

container from virgin material is about 50% higher for glass 

bottles than for aluminum cans, as can be seen in   Figure 2  , 

which summarizes the LCA results.  5       

 Furthermore, little energy is saved by recycling glass bottles 

(although landfi ll volume is decreased), because of the high 

temperatures required to remelt glass. If the cans are recycled, 

processing energy per use drops by almost a factor of 4. *  Of 

course, glass bottles could be reused at only the small extra 

    *     Note that much of the recycling literature claims that recycled aluminum requires 

only 5% as much energy as virgin aluminum. That is correct for aluminum ingots, but 

fabrication is still required to produce useful consumer products, leading to the 

still-impressive savings of 74%, rather than the commonly cited 95%.  
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 Table I.      Life-cycle energy required to supply one ton of paper to consumers.  2                  

   Type of paper  Final 
disposition 

 Purchased 
energy  a   
(10 6  Btu) 

 Total energy 
input  b   

(10 6  Btu) 

 Energy displaced 
by combustion 

(10 6  Btu) 

 Net nonwood 
energy input 

(10 6  Btu)     

 Kraft  c    Landfi ll  14.7  52.1  0  14.7   

 Combustion 
(WTE) 

 14.7  52.1  10.9  3.8   

 Recycling  14.3  19.9  0  14.3   

 Newsprint  Landfi ll  32.3  50.2  0  32.3   

 Combustion 
(WTE) 

 32.3  50.2  11.9  20.3   

 Recycling  20.1  23.7  0  20.3   

    Abbreviation: WTE, waste to energy.  
   a      Includes fuels plus electricity, with electricity converted at 10,500 Btu/kWh; values are lower if some of the electricity is cogenerated.  
   b      Includes energy content of the wood. Wood for kraft paper includes bark used as byproduct fuel. Newsprint input 
excludes bark, which is generally used elsewhere in integrated mills.  
   c      Kraft refers to printing and writing grades; other paper or cardboard types would have somewhat different energy requirements.    

   Defi nitions 

 A meaningful discussion of recycling requires a common 

vocabulary, based on clear and consistent defi nitions, as fol-

lows:  Reduce  can refer to (1) using or discarding less of a 

product or (2) decreasing its toxicity during production or in 

the waste stream. There is no obvious environmental downside 

to this option. A functioning item (or part thereof) can also 

be used again in its original form or with minimal alteration. 

 Reuse  occurs when the original function is maintained, such as 

a soft-drink bottle returned for refi lling. Adapting an item for 

new use without changing its essential form or nature (e.g., use 

of a coffee can as a container for nuts and bolts) is called  repur-

posing . If a product or part requires some cleaning or repair 

before it can be used again, it is  remanufactured  or  refurbished . 

Material that can be reused is called  reclaimed .  Recycling  

is the transformation of  waste  (items that are unwanted or 

perceived as unusable and would otherwise be thrown away) 

into usable products or materials; it is sometimes referred to 

as  resource recovery . A process can be considered recycling 

even if it recovers only one useful product from a multicom-

ponent product. It is  post-consumer  recycling if the materi-

als are generated from consumer waste and  pre-consumer  

recycling if the materials are obtained from manufacturers. 

 In  closed-loop recycling , recovered materials are used to 

replace virgin raw materials in the same product, possibly 

going back several steps from the fi nished product. A special 

case of closed-loop recycling is  direct recycling , in which a 

material can be put back into the same product with minimal 

processing. Recycling of lead-acid batteries is an excellent 

example, in which all of the lead compounds are resmelted 

and put back in batteries. In contrast to closed-loop recy-

cling,  open-loop recycling  uses material to produce a differ-

ent product (e.g., plastic bottles made into drainage pipes). 

This could mean  downcycling , which is converting waste 

materials into new materials or products of lesser value and 

reduced functionality compared to the original, or  upcycling , 

which is converting a material into something of greater value 

in its second life, as in the case of a new process to convert 

plastic bags into carbon nanotubes.  11   

 Several additional options are available for organic 

wastes. Wastes or refuse-derived fuel can be burned for 

energy recovery in a  waste-to-energy (WTE)  plant or other 

industrial facility. Wastes can also be burned at high tem-

perature in an  incinerator , to destroy potentially hazardous 

wastes, generating ash, fl ue gas, and heat. The heat energy can 

be, but is not always, recovered for useful purposes. Although 

many people still associate waste combustion with the highly 

polluting plants prevalent years ago, today’s plants remove 

pollutants from the fl ue gas before releasing it to the atmos-

phere. Organic matter can also be partially decomposed to a 

gas by  digestion  or to a humus-like material by  composting . 

  Disposal  is the fi nal placement or destruction of wastes, 

often in landfi lls.   

energy cost of washing and sterilizing, although to match the 

energy use associated with the recycled aluminum can, a bottle 

must be used seven times. Moreover, this calculation assumes 

no breakage in the many refi lling cycles, and water consumption 

for washing could be a constraint 

in drought-prone areas. In addi-

tion, refi llable glass bottles have 

become unavailable in most 

areas of the world, because of 

higher costs and energy use and 

inconvenience.  6   Thus, for single-

serve drinks, recycling of cans 

appears to be preferable to reuse 

of glass bottles. 

 Note that these conclusions 

compare only aluminum and 

glass. For bottles made of the 

plastic poly(ethylene terephthal-

ate) (PET), LCA indicates that 

reuse has the lowest energy use. 

Indeed, many countries have 

thriving refi llable bottle programs 

for at least some beverages.   

 Automotive batteries 
 The next example considers a complex multiple-material 

product that is expected to last for at least 10 years. Both the 
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complexity and the long life make appropriate disposition at 

the end of life much more complicated in this case. 

 The lead-acid batteries used to start conventional automobiles 

are a prime example of successful closed-loop recycling, with 

very high recycling rates and with most of the materials ending up 

back in batteries. In contrast, lithium-ion and nickel–metal hydride 

batteries from hybrid and electric vehicles have only recently 

entered the market and do not yet have an established recycling 

infrastructure. Several different schemes for recycling these new 

batteries are under development, and they differ dramatically in 

what is recovered, ranging from direct recycling of battery-grade 

materials to downcycling back to elements. 

 For such complex systems, to account for all of the unit 

processes in primary production and recycling, it is useful to 

employ a computer model, such as The Greenhouse Gases, Reg-

ulated Emissions, and Energy Use in Transportation (GREET) 

model developed at Argonne National Laboratory.  7   It includes 

both a fuel-cycle model, encompassing fuel production and 

vehicle operation, and a vehicle-cycle model, which evaluates 

the effects on energy and emissions of the vehicle itself, from 

material recovery and production, component fabrication, and 

vehicle assembly to vehicle disposal/recycling. The vehicle-

cycle model (GREET 2.7) was used to estimate the impacts of 

battery production and recycling.  7   

 LCA of lithium-ion automotive batteries reveals that 

emissions of sulfur dioxide from battery material production 

represent a signifi cant fraction of a vehicle’s lifetime emis-

sions [20% for a plug-in hybrid electric vehicle with a maxi-

mum electric driving range of 20 miles (32 km) and higher 

percentages for vehicles with greater all-electric ranges] that 

can be avoided by employing any of the recycling processes 

being considered.  8   

 If the battery can be used again, the energy use and emis-

sions are shared among the number of times the battery is used. 

For example, there is considerable interest from utilities in 

repurposing automotive batteries to store energy from intermit-

tent sources, such as wind and solar power.  9   Once the battery 

is no longer usable, it can still be recycled, although some of 

the materials might be more degraded after multiple uses and 

require more processing. The different processes have different 

advantages and disadvantages in terms of life-cycle energy use 

and emissions, resource use, and economics. 

   Figure 3   shows a schematic of lithium-ion battery produc-

tion processes, with symbols indicating the stages to which 

various recycling processes return recovered materials. The 

more materials can be recovered and returned to forms closer 

to fi nal use, the more the impacts from primary product production 

can be avoided.     

 At one extreme are smelting processes (red squares) that 

recover some basic elements or salts. These are currently opera-

tional on a large scale and can take almost any input, including 

different battery chemistries (lithium-ion, nickel–metal hydride, 

etc.) or mixed feed. Smelting takes place at high temperatures, 

and organics—including the electrolyte and carbon anodes—

are burned as fuel or reductants. The valuable metals (cobalt and 

nickel) are recovered and sent to refi ning so that the product is 

suitable for batteries (closed-loop recycling) or any other use 

(open-loop recycling). The other materials, including lithium 

and aluminum from lithium-ion batteries and metal hydrides 

from nickel–metal hydride batteries, are contained in the slag, 

which is currently used as an additive in concrete or aggregates 

for roadbeds (downcycled). These materials could be recovered 

using a hydrometallurgical process, but current lithium prices 

are too low to make recovery profi table. Cobalt recovery is 

the main economic driver for recycling lithium-ion batteries, 

although the use of newer cathode materials, which are dis-

placing lithium cobalt oxide in electric vehicle batteries, 

would reduce the incentive to process batteries. Recycling 

avoids the process steps within the red shaded region in 

 Figure 3 , replacing them by the processes shown in the fl ow 

chart in   Figure 4  .     

 At the other extreme, direct recovery of battery-grade 

material (green triangles in  Figure 3 ) for use in new batter-

ies has also been demonstrated. This alternative approach 

to battery recycling is a low-temperature process with low 

energy requirements. The components are separated by vari-

ous physical and chemical processes. Many of the process 

details are proprietary and thus cannot be specifi ed here. The 

fi rst process step involves breaching the cell packaging just 

enough to allow fl uids to be exchanged. The electrolyte is 

extracted using supercritical carbon dioxide; it carries the 

salts with it and can be reused. The carbon dioxide can also 

be recovered. The remaining structure can then safely be 

chopped into small pieces that are amenable to a series of 

separation processes on the basis of surface properties and 

solubility. The active-material structures are maintained, 

and the materials can be used to produce new batteries with 

only minimal treatment. Over 80% of the material is recycled 

into useful products, including all active materials and met-

als. Only the thin plastic separator is unlikely to be usable, 

because its form cannot be retained. All of the steps in the 

green shaded region in  Figure 3  are avoided (and replaced 

by lower-impact processes), so that almost all of the original 

  
 Figure 2.      Energy per use for 12-oz. single-serving beverage 

containers. To compare different options, the total energy for 

original manufacturing and all processes involved in recycling or 

reuse is averaged over the number of uses.    
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energy and processing required to produce battery-grade 

material from raw materials is saved. In addition, cathode-

grade material would be a valuable product even if it did not 

contain cobalt, so there would be a continuing economic incen-

tive to recycle the batteries. 

 Advanced batteries will likely require high-grade materials 

for their components, so it will be important to understand 

the quality of the output from recycling processes. Both the 

purity and microstructure of the recycled materials must be 

proven to be suitable for reuse in batteries or other products. 

Excellent cycle life of a cell made with recycled material 

has been reported. Such processes require as uniform a feed 

as possible, because impurities jeopardize product quality. 

Mixed-chemistry input would decrease the utility of the 

product, so presorting might be required. Cathode materials 

might also be separated from a mixture at the end of this 

process, but this has not yet been demonstrated. Because 

battery chemistries are evolving rapidly, a potential draw-

back to the direct recycling of battery materials is that the 

material being recovered in 10–15 years might be obsolete 

and might not be able to fi nd a market. 

 The U.S. Department of Energy has funded the development 

of a process between the two extremes (yellow circles and 

yellow shaded region in  Figure 3 ) to recover lithium from spent 

batteries as lithium carbonate (a precursor for the cathode mate-

rial). It has low energy requirements and does not require high 

temperatures. Although the carbonate is less valuable than the 

cathode material, the process can handle a feed with a mixture 

of cathode materials. The feed need not be as uniform as for 

direct recycling, but the process recovers materials farther along 

the chain than smelting does. Cathode materials might also be 

recoverable. Recycling processes for lithium-ion batteries are 

still under investigation. 

 Today’s consumer battery recyclers must deal with a highly 

diverse feedstock that includes numerous battery types and 

might even include harmful or dangerous components. Lead-

acid batteries are large and easily separated, but consumer-

electronics batteries are smaller and varied, so that they are 

more diffi cult to sort. However, recycling them will keep the 

recycling companies operating until large quantities of auto-

motive propulsion batteries are available. When automotive 

batteries fi nally arrive, recyclers will fi nd their job somewhat 

  
 Figure 3.      Schematic fl ow chart for the production of lithium-ion cell materials. where purple ovals and light blue rectangles 

represent component materials and process steps, respectively.  10   The red, yellow, and green symbols next to various 

components indicate where new materials can be replaced by smelting, by the intermediate process, and by direct recovery, 

respectively, and the corresponding shaded outlines encompass the process steps that are avoided by each of these alternative 

fl ows.    
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easier because the batteries will be larger and will probably 

come in a much smaller number of types or chemistries.    

 Enablers of recycling and reuse 
 This article has applied LCA to assess the disposition options 

for existing products. However, to achieve the greatest benefi t, 

the analysis should begin at the earliest stages of the life cycle, 

with consideration of the fi nal disposition of an item included 

even during design and development of both products and con-

stituent materials. For example, material separation is often 

a stumbling block for the recovery of high-value materials. 

Therefore, designing products for disassembly or recycling 

would be benefi cial. Similarly, standardization of materials 

would reduce the need for separation. In the absence of material 

standardization, product labeling would enable recyclers to sort 

before recycling and would help consumers determine where 

to put unwanted items. Standardization of product design, at 

least in size and shape, would foster the design of automated 

recycling equipment. Standardization of battery confi gurations 

and specifi cations would also be benefi cial for reuse schemes, 

where cells from various sources would be tested and repack-

aged in compatible groups for reuse by utilities.   

 Conclusions 
 The benefi ts of recycling are widely accepted, but applying 

a single strategy based on a catchy slogan might not lead to 

optimal results. Recycling might work better than reuse for 

one product, whereas combustion might be the most benefi cial 

alternative for a different product. The results of 

detailed life-cycle analysis vary somewhat for 

different locations, newer processes, or different 

electricity-generation mixes. Although different 

situations share common characteristics, each 

one is ultimately unique, and even a careful 

analysis of the energy use and environmental 

impacts of the alternatives is not always suf-

fi cient. Tradeoffs among environmental and 

economic benefi ts must be examined, and insti-

tutional constraints and consumer preferences 

and behaviors must be considered, before the 

best path forward can be determined.     
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 Figure 4.      Flow chart for the recycling of lithium-ion batteries by smelting (data courtesy 

of Umicore). The blue rectangles indicate the steps in the process, whereas the green and 

brown circles represent material inputs and outputs, respectively. The red triangle shows 

an energy input of 800 MJ.    
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                    Introduction 
 “Natural resources underpin the functioning of the European and 

global economy and our quality of life,” declares  A resource-

effi cient Europe—Flagship initiative under the Europe 2020 

strategy .  1   Reliable access to critical raw materials is a persistent 

challenge for resource-dependent countries, and this initiative 

supports smarter use of natural resources to achieve sustainable 

growth. For example, a European Union document discussing 

scarce materials  2   (  Table I  ) highlights rare earths (REs), such as 

neodymium for magnets. REs enable products that are impor-

tant for sustainable development, such as modern transport, 

wind-power energy, and energy-effi cient lighting.     

 Like other elements, REs can be obtained not only from 

minerals but also from various consumer and industrial products 

that use them, such as electronic waste. Closure of material 

cycles and minimization of waste creation can achieve prudent 

use of resources and help secure supplies of critical materials. 

Metallurgy, which provides these elements from natural 

ores, plays a crucial role in enabling sustainability by also 

recovering them from manufactured products. Principles 

of physics, chemistry, engineering, thermodynamics, and 

economics all constrain the extraction of materials, metals, 

and energy from end-of-life (EOL) consumer goods, wastes, 

residues, wastewater sludges, and other sources. 

 The design of products profoundly affects the potential 

recyclability of the resources they contain. The philosophy of 

design for recycling (DfR) aims to improve this recyclability, 

often using generally accepted methodologies such as mate-

rial fl ow analysis (MFA) and life-cycle assessment (LCA). 

However, an extensive review by Reuter  3   concluded that these 

methods have not been implemented in enough detail to link 

to computer-aided design (CAD) systems to expose the full 

opportunities and limits of recycling, as these methodologies 

do not distinguish between metal-/material- and product-centric 

views of recycling. 

 The assessment of the recycling potential of each design 

should be based on established principles, including how the 

liberation of materials during breakage depends on the material 

     Opportunities and limits of recycling: 
A dynamic-model-based analysis 
     Markus     Reuter        and     Antoinette     van Schaik     
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as detailed, empirically based descriptions of the mechanical separation of materials 
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connections and particulate characteristics of the recyclate fl ows 

(recycled material that will be used to form new products), the 

physics and chemistry of sorting, and the thermodynamics of 

high-temperature processing and resource recovery. 

 These physical separation steps and the closely linked 

metallurgical processing steps are keys to recycling. 

 Therefore, we have developed process-simulation meth-

ods and applied them to the complex liberation of mate-

rials from particles during shredding and physical recycling 

separation technology. Many of the parameters that char-

acterize these processes, including particle size, material 

combinations (liberated, mixed, and/or joined), chemical 

interactions, and physical properties, vary widely. In addi-

tion, the distributions of these parameters often deviate from 

the normal distributions assumed in simple models. These 

details must be included if the recycling of waste and EOL 

products is to be modeled well enough to predict the quality 

of the recyclates. This quality determines their economic 

value, and if it is too low, the recyclates will be discarded, 

making it impossible to achieve closed-loop material cycles. 

Many simpler models do not capture the particulate nature of 

recyclates and, hence, their quality. These features are crucial 

in predicting and improving recycling system performance 

and thereby enabling sustainable product designs and the 

closure of material cycles. 

 To address the defi ciencies in the modeling of recycling 

systems, we have drawn on our experience in simulating clas-

sical mineral and metallurgical processing systems to develop 

fi rst-principles models for complex recycling systems for cars 

and electronic waste. We have also extended this theoretical 

foundation to encompass the impact of recycling and product 

design on surface-water and wastewater quality. This article 

briefl y reviews these dynamic simulation–optimization models 

and their role in assessing and improving product design and 

recycling systems. 

 To illustrate our methodology, we describe three examples 

of industrial applications. In the fi rst, we applied our approach 

to electronic-waste recycling at Wecycle (formerly NVMP) 

in the Netherlands,  4   ,   5   to predict recycling rates for various 

electronic consumer products and to show how resource 

effi ciency can be improved. Second, the approach was used 

in the automotive industry  6   –   9   to predict the recycling rate 

of a SuperLIGHT-CAR (SLC) design. Finally, we used our 

dynamic-modeling approach for a governmental water board 

in the Netherlands,  10   to analyze the use of metallurgical pro-

cessing to remove phosphate from wastewater and return the 

treated water to the resource cycle. 

 At their core, these efforts and the associated resource-

system models aim to maximize resource effi ciency and help 

industry to provide customers with the most environmentally 

friendly products while safeguarding the supply of critical 

elements, especially for high-technology applications, through 

recycling. The work quantifi es the limits and opportunities 

of recycling for different products and related material fl ows. 

At the same time, it gives policymakers reliable information 

and helps the public make informed choices when selecting 

products and services.   

 Dynamic recycling models 
 Our recycling models provide a common language and tool 

for the evaluation, control, and optimization of recycling, 

enabling the calculation of statistical distributions of recy-

cling rates. The results are detailed enough that they can be 

linked to software employing CAD principles. This frame-

work identifi es critical parameters in the design of products 

and recycling systems in view of recycling performance and 

resource effi ciency. Linking to generally accepted method-

ologies such as MFA and LCA provides a powerful basis 

for quantifying recycling performance.  3     Figure 1   illustrates 

the many processes that must be integrated into simula-

tion and optimization models, as described in the following 

subsections.      

 Physical separation 
 Our models represent the complex liberation behavior of 

materials during shredding as a function of product-design 

characteristics, specifi cally the various material combina-

tions and material connections in a product. This unique 

information and modeling were derived from a large body 

of data collected from various industrial shredder and recy-

cling plant trials. Such practical knowledge is essential to 

fully model these systems, including the ways in which 

product design infl uences the enormously complex particu-

late streams emerging during recycling and, thus, recyclate 

quality and material recovery and loss. For example, the 

processes illustrated in   Figure 2   might incompletely liberate 

pure materials from mixed particles, resulting in decreased 

separation effi ciency. These models allow pinpointing of 

design defi ciencies and opportunities related to recycling 

performance, in terms of both sorting and metallurgical 

recovery, to improve resource recovery from products such 

as cars and electronic waste.       

 Table I.      List of critical raw materials identifi ed by the European 
Union (in alphabetical order). 2         

   Antimony  Indium   

 Berylium  Magnesium   

 Cobalt  Niobium   

 Fluorspar  Platinum-group metals  a     

 Gallium  Rare earths  b     

 Germanium  Tantalum   

 Graphite  Tungsten   

     a      Platinum-group metals include platinum, palladium, iridium, rhodium, ruthenium, 
and osmium.  
   b      Rare earths include yttrium, scandium, and the lanthanides (lanthanum, cerium, 
praseodymium, neodymium, promethium, samarium, europium, gadolinium, 
terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium).    
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 Figure 1.      Summary of aspects that affect recycling rates of end-of-life products as included in recycling models: time and product 

property distributions, product design, degree of liberation, separation physics, recyclate quality, solution thermodynamics, and recycling 

technology.    

 Fundamental materials limits 
 After mechanical separation, recovery in fi nal treatments, such 

as metallurgical and thermal processing, is limited at the micro-

scopic level by the second law of thermodynamics. Thus, mate-

rial separation and recovery in different phases (metal, matte, *  

speiss,  †   slag,  ‡   fl ue dust, off-gas) are included in the models 

based on process thermodynamics and the chemical contents 

of and interactions among different elements/phases present 

in the recyclates obtained from dismantling and/or physical 

separation. 

 The simulation models are grounded in fundamental prin-

ciples, as well as industrial experience with thermodynamics 

and associated process technology in a realistic economic 

environment. For example,   Figure 3   shows the relative 

  *     Matte is the molten metal sulfi de phase generated by smelting nonferrous metals, 

such as copper and nickel.  

   †      Speiss is a molten phase consisting primarily of iron arsenide that is commonly 

encountered in lead smelting.  

   ‡      Slag is a partially vitreous byproduct of smelting ore that usually consists of a mixture of 

metal oxides and silicon dioxide but can also contain metal sulfi des and elemental metal.  

stabilities of some oxides, which have a direct effect on their 

recovery and recycling rates. As another example, detailed 

materials properties such as oxidation states and vapor pres-

sures also enter into the complexity associated with the 

recycling of many materials, such as indium-tin oxide from 

fl at-panel displays, because of the various chemical species 

in which the constituent elements can appear when processed 

(see  Figure 3b ).     

 Exergy, the thermodynamically available energy in a par-

ticular environment, is introduced as an additional constraint 

in the optimization models. This allows the environmental per-

formance of recycling systems to be evaluated and optimized 

by capturing the effect of recyclate quality, related to physical, 

metallurgical, and thermal processing and waste/losses in the 

system.  3   ,   4   ,   9     

 Software framework 
 Recycling of complex, multimaterial consumer products 

demands an extended network of different types of processes 

to recover the different materials present.   Figure 4   presents a 

software fl ow sheet illustrating the complexity and number of 

processes involved in resource recovery. These include manual 
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sorting and cleaning, shredding, physical sorting (e.g., magnetic 

separation, eddy current, density sorting, laser/color sorting), 

metallurgical processing for the different metals, plastic and 

inorganic treatment processes, and energy recovery. The selec-

tion and arrangement of processes determine the ultimate qual-

ity of recyclates and, hence, the resulting material and energy 

recovery.     

 Flow sheets including all possible recycling unit operations, 

such as that in  Figure 4 , provide a graphical and technological 

blueprint of models of recycling and illustrate the limits and 

possibilities of resource recovery. We have developed such fl ow 

sheets for several consumer products, including cars; refriger-

ators; cathode-ray-tube (CRT) televisions; washers and dryers; 

and small household appliances such as vacuum cleaners, 

toasters, mixers, and coffee makers. They provide a recycling 

simulation–optimization model for investigating existing and 

alternative processing routes for these products and/or product 

mixtures. 

 The input into any recycling system evolves over time 

because of changing (1) product design, (2) product compo-

sition (for example, in response to regulatory changes), 

(3) product-lifetime distributions, (4) consumer behavior, 

and (5) disposal behavior and stocks. All of these aspects 

have been included in our dynamic-modeling approach. The 

models can predict the recycling performance for different 

EOL systems and mixtures of products, recovery of precious 

or scarce materials, and leakage of minor elements for chang-

ing plant confi gurations (including dismantling), shredder 

settings, product designs, and recycling trends. 

 By capturing the effects of product design on liberation 

behavior, recyclate quality, separation and metallurgical process 

effi ciency, and hence recyclability, this approach provides a 

  
 Figure 3.      (a) Stabilities of some rare-earth and other oxides. The green CO line cutting through this plot defi nes where the oxides can be 

reduced by carbon. (b) Oxides of tin and indium under relatively oxidizing conditions, showing how well these elements can be recovered/

recycled. (If more carbon is added, conditions become more reducing, and more metal compounds are produced.) Plots created using the 

software program HSC Chemistry. 11     

  
 Figure 2.      Product design and separation technology determine recyclate quality and recyclability resulting from liberation and separation 

of material particles. The models discussed in this article make it possible to link design with physical separation, metallurgical 

thermodynamics, and processing technology, providing the basis for quantifying design for sustainability and resource effi ciency.    
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reliable basis for DfR. We have developed and applied fuzzy 

recycling models  6   ,   7   that capture the details of these rigorous 

recycling optimization models in a semiempirical way and 

linked them to CAD and LCA software to quantify recycling 

performance.  6   –   9      

 Applications of recycling system models 
 Using the models described in the preceding section, we have 

performed the following industrial analyses: 

     •      calculating and predicting the recycling and recovery 

rates of different types of electronic waste, EOL vehi-

cles, and lightweight car-design concepts, including all 

individual materials in these products (e.g., compounds, 

alloys, composites, metals) in enough detail to provide 

an accurate picture of the losses, toxicology, and other 

characteristics;  

     •      predicting the grade, in terms of both quality and composition, 

of all intermediate particulate recycling streams, including 

recyclates of steel, copper, and plastics, as well as recycling 

products such as metals, matte, slag, speiss, and fl ue dust; and  

     •      predicting the recovery of scarce minor metals that are 

important for sustainable-energy and other high-technology 

industries, while tracking possible toxic or harmful compo-

nents in recycling products and water.  

   The results of these analyses have provided critical infor-

mation to manufacturers, consumers, and policymakers for 

use in making resource-effi cient decisions about daunting and 

complex problems.  

  
 Figure 4.      Example of a dynamic simulation model for the recycling of waste electrical and electronic equipment (WEEE) products including 

different manual and physical recycling options, a range of fi nal treatment processes (e.g., metallurgical processing, thermal processing, 

plastic processing), and an example of the layered model structure showing the detail of different shredding and sorting options.    
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 Electronic waste/WEEE 
 Valuable electronic waste, or the broader class of waste elec-

trical and electronic equipment (WEEE), contains a variety of 

materials, ranging from commodity metals such as iron/steel, 

aluminum, and copper to critical minor elements including 

indium, antimony, cobalt, REs, precious metals, and platinum-

group metals. We have used our dynamic recycling models to 

predict the EOL recycling rates, and hence estimate the resource 

effi ciency, of various products for all such materials, in both 

physical combinations and chemical compounds.  4   This analysis 

was formulated for existing and alternative recycling routes, 

plant inputs (product mixtures, weights, and compositions that 

can change over time), and processing variations. A highly 

detailed description is required to cover the widely distributed 

and time-varying properties of recycling processes.  3   

   Figure 5   shows an example of recycling performance 

simulations for large household appliances. The time-varying 

distribution of predicted recycling rates evolves in response to 

changing EOL product populations (different types of products 

from different production years), changing product weights and 

material compositions, and changing processing routes. The 

model captures the dynamic nature of product recycling and 

predicts recycling rates and resource availability.  12       

 We have also used our simulation model to address the recy-

cling of fl uorescent lamps and light-emitting diodes (LEDs), 

both of which contain a variety of materials, including indium, 

gallium, and REs. Fluorescent powders, also called phos-

phors, generally consist of a host lattice [e.g., Ca 5 (PO 4 ) 3 (Cl,F), 

BaMgAl 10 O 17 , Y 2 O 5 , LaPO 4 , Y 3 Al 5 O 12 , YVO 5 ] doped with a 

few percent of an activator.  13   The activator can be a metal ion 

such as Pb 2+ , Mn 2+ , or Sb 3+  or an RE ion such 

as Eu 2+ , Tb 3+ , or Ce 3+ . Typically, the phosphors 

from fl uorescent lamps are recovered easily 

from the inside of the tubing, whereas hydro-

metallurgical processing technology is used to 

recover the REs.  14   

 In contrast, LEDs usually include compact 

combinations of organic materials and phosphors 

and require a different path. Indium and gallium 

are partially recovered in normal high-temperature 

smelting operations, for example, during WEEE/

copper scrap recycling.  15   However, REs would 

be lost in the slag phase of the smelters. 

   Table II   provides a qualitative overview 

of recycling/recovery possibilities for various 

critical materials in several types of WEEE. 

This table illustrates the infl uence of choices 

that can be made about recycling routes, such 

as the degree of dismantling. Extensive dis-

mantling of RE-containing dielectric compo-

nents on printed wiring boards or of getters  §   

containing tungsten, cobalt, or tantalum from 

CRT televisions or lighting can recover materi-

als that would otherwise be lost as contaminants 

to metal products or slag. A model, such as ours, 

that is equipped with detailed material information allows users 

to assess different techniques. For example, the relative stabil-

ity of oxides shown in  Figure 3  indicates that the displayed 

REs form stable oxides that cannot generally be recovered 

by high-temperature means, but instead require hydrometal-

lurgical processing.  Table II  also shows that the recovery of 

metals is ultimately dependent on their chemical properties, 

as metals with similar properties exhibit similar recoveries for 

various applications.       

 Automobiles 
 As part of the European Union’s 6th Framework Programme, 

we used our model  3   to simulate recycling for SuperLIGHT-

CAR (SLC) designs at the body-in-white (BIW) stage (i.e., 

comprising only the unpainted sheet metal frame of the 

vehicle).  6   ,   8   Specifi cally, we employed easy-to-use fuzzy mod-

els to (1) predict recycling/recovery rates with CAD software 

in “real design time” as a function of material usage, mate-

rial combinations, and joints used and (2) provide detailed 

recycling data for environmental assessments using LCA 

software. In addition, the model results were used to guide 

DfR and recycling fl ow sheet confi guration for multimaterial 

SLC designs.  6   ,   8   

 We also organized and managed a recycling trial in Belgium 

involving 1153 cars for the European automotive and recycling 

industries (see   Figure 6  ). The objective was to measure, in a 

  
 Figure 5.      Dynamic recycling performance calculations for waste electrical and electronic 

equipment (WEEE) as a function of year, illustrating the evolution of recycling rates. For 

each year, modeling predicts a distribution of expected recycling rates, refl ecting variations 

in properties such as material liberation, interlinked materials in complex products, quality 

of recyclates, range of products, and designs, to name a few.    

   §      A getter is a deposit of reactive material that is deliberately placed inside a vacuum 

system, to complete and maintain the vacuum.  

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


345MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

MANUFACTURING • RECYCLING

 Ta
b
le

 I
I.

   
   R

e
co

ve
ri

e
s 

o
f 

d
if

fe
re

n
t 

e
le

m
e
n
ts

 i
n
 e

n
d
-o

f-
li

fe
 p

ro
d
u
ct

s 
a
s 

a
 f

u
n
ct

io
n
 o

f 
p
ro

ce
ss

in
g
 r

o
u
te

.    

  
  
 

  
  
 

       a       R
ec

ov
er

y 
is

 a
 f
un

ct
io

n 
of

 p
ro

ce
ss

in
g 

ro
ut

e 
an

d 
pr

od
uc

t 
de

si
gn

, a
m

on
g 

ot
he

r 
fa

ct
or

s.
 T

he
 t
ab

le
 in

di
ca

te
s 

re
co

ve
ri

es
 f
or

 t
he

 p
re

se
nt

 m
os

t-
lik

el
y 

ro
ut

e,
 b

ut
 t
he

 r
es

ul
ts

 c
ou

ld
 c

ha
ng

e 
if 

su
ita

bl
e 

te
ch

no
lo

gy
 is

 d
ev

el
op

ed
.    

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


346 MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

MANUFACTURING • RECYCLING

statistically well-controlled trial, the average recycling rate for 

this population of cars. The trial included a statistical population 

of cars matching the types and ages discarded in the Netherlands 

at the time. The details of the methodology required to calculate 

recycling rates within sampling theory can be found in Refer-

ence  9 . The various fractions recovered included those from 

depollution and dismantling; steel recovery after shredding; and 

recovery of metals, compounds, and materials from the light 

and heavy fractions through post-shredder processes includ-

ing fl otation. As described at the International Auto Recycling 

Conference in Geneva, Switzerland, in 2004,  16   recoveries can 

easily reach values close to 86% using standard technology, and 

90% recovery  17   can be attained, inclusive of energy recovery, 

depending on the post-shredder technology available at a recy-

cling plant, the geographical location of the plant, and national 

environmental legislation governing disposal.     

 Regardless of the technology available in the overall recy-

cling chain, a fraction that is too expensive and complex to 

recycle will always remain; this fraction is represented by the 

fl uff stream in  Figure 6 . Metals are usually recovered to a high 

degree, so little metal was left in the fl uff. From the reported 

data,  16   the fl uff stream comprised around 10% after advanced 

post-shredder treatment, determined by the factors mentioned 

in the preceding paragraph. (Usually, the fl uff stream is not 

subjected to post-shredder treatment, so it comprises more 

than 15% of the vehicle mass and is much dirtier.) In general, 

this fraction, together with all of the absorbed oils and other 

unprocessable wastes, has to be landfi lled if technology is not 

available that can recover its energy content.   

 Wastewater and surface water 
 Maximizing resource effi ciency requires a holistic view. Such a 

view links the wastewater system with its residues (sludges), for 

example, or surface-water systems and emission sources such as 

households, industrial plants, farms, and transportation networks 

with technological end-of-pipe solutions such as wastewater 

and sludge treatment processes and metallurgical processing. 

Recently, we explored a wastewater system in terms of  10   

     •      all substances originating from different wastewater sources, 

their concentrations in the different streams, and their inter-

actions in different processes;  

     •      input and output streams, including emissions from industry, 

farming, households, and traffi c, and intermediate/interprocess 

mass fl ows; and  

     •      end-of-pipe technologies for wastewater treatment plants, 

including interfacing with thermal treatment, minerals, and 

  
 Figure 6.      Overview fl ow sheet 9  of the industrial plant and main groups of technologies that were used to recycle 1153 cars, including 

various main recyclate and intermediate process streams and the generalized composition of the unrecyclable fl uff stream obtained after 

extensive treatment. Each of the elements in the numerous compounds, materials, and metals had to balance to create a consistent overall 

mass balance. This balance was achieved by data reconciliation incorporating all analysis standard deviations of samples of all streams, 

materials, and compounds. This level of detail and understanding lies at the core of quantifying recycling rates, system performance, and 

system improvements, as well as calibrating models.    
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metallurgical processing for the recovery of specifi c ele-

ments from wastewater sludge and other residues created 

during wastewater treatment.  

   The model that we developed links the processing of waste-

water treatment plant (WWTP) sludges and energy and material 

recovery with the metal, material, and waste processing sys-

tems. The pivotal role of metallurgical/mineral processing is 

included through the recovery of substances such as phosphorus 

and zinc from the WWTP sludge. On this basis, policy measures 

for the different stakeholders can be formulated, and WWTP 

and sludge processing routes can be designed. The model elu-

cidates the link between pharmaceuticals, farming, industry and 

consumer behavior, and product use and highlights how species 

get into surface water, how they can be recovered, and how this 

process can be managed in the future to control water quality. 

 We used our water-cycle model  10   to provide information 

such as the optimal combination of input-reducing technology 

and policy measures into sustainability frameworks for the 

implementation of the European Wastewater Framework Direc-

tive for the Brabantse Delta Water Board in the Netherlands. 

The model also allows predictions of the required effi ciency 

of possible future technology, such as additional waste-

water processing steps. The model integrates water processing 

with material processing, recovery, and emissions and with 

energy recovery. As an example, it can be applied to predict 

the required wastewater treatment plant architecture, type of 

phosphorus removal process (biological or chemical treatment), 

and chemicals used in relation to the incineration of and phos-

phorus recovery from sludge for the most resource-effi cient 

production of fertilizers.    

 Summary 
 Ensuring continued resource availability and material fl ow 

into sustainable products requires well-designed systems that 

capture these resources from end-of-life (EOL) products and 

recycle them into new applications. Understanding the impact 

of product design and recycling system performance on this 

closure of material cycles requires comprehensive approaches 

consistent with basic principles, as presented in this article. 

 To inform policy and design resource supply and recycling 

systems, one must have detailed knowledge and understand-

ing of recycling and high-temperature processing technology, 

as well as the effects of product design and possible changes 

in products and consumer behavior. A robust system design 

will help maximize resource effi ciency, for example, reducing 

landfi ll usage, while securing the long-term supply of metals 

for products in the renewable-energy and other sustainability 

sectors. 

 Ultimately, resource effi ciency is determined by how well 

the links among products, EOL processing, recyclate quality, 

recycling, and metallurgical technology are understood and 

optimized and, thence, how much material eventually lands 

in landfi ll because its complex composition eliminates its eco-

nomic value. Poor material stewardship occurs and ultimately 

landfi lls exist because of a failure to create economically 

viable recyclates. Although the second law of thermodynamics 

imposes limits on recyclability, such failures also result from 

avoidable mistakes such as inadequate product design, collec-

tion systems, and process optimization. 

 Our research and development provides a theoretical basis 

for understanding the minimization of waste creation and hence 

the environmental burden of product and metal usage. It under-

pins resource effi ciency with a theoretical basis, which is an 

important tool to help maintain and safeguard resources used 

in manufactured products, including scarce critical elements. 

 The integration of systems discussed herein highlights the 

importance of visualizing Kaufmann’s “adjacent possible,”  18   

that is, introducing innovations that can be achieved now while 

considering all possible future solutions, and thus creating an 

exploration platform for systems innovation. This supports a 

technoeconomic evaluation of systems inclusive of the physics 

of the systems and hence provides an enabling technology for 

sustainability with enough detail to reveal the opportunities 

and limits of recycling.      
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                 Introduction 
 Sustainability is at the intersection of public, government, and 

private interests. Citizens around the world are seeking products 

and practices that support the sustainable use of materials, gov-

ernments are enacting policies that promote it, and businesses 

wish to provide products and services that appeal to consum-

ers and meet government regulations. How can any of these 

groups be assured that their efforts to support sustainability 

are effective? The answer is “standards.” Standards enable 

the public, governments, and businesses to make progress and 

realize improved sustainability in a uniform manner. Three dif-

ferent types of standards typically come into play: regulatory 

standards, documentary standards, and measurement standards. 

 Regulatory standards enforce the provisions of legislation. 

They set requirements that industry and the public must follow, 

and they allow government agencies to enforce conformance 

with those requirements. For example, the U.S. Environmental 

Protection Agency (EPA) sets standards that defi ne how much 

asbestos is allowed in specifi c chemical forms in a variety of 

products. In addition, under the Resource Conservation and 

Recovery Act (RCRA), EPA regulates household, industrial, 

and manufacturing solid waste. The RCRA in particular gives 

the EPA the authority to control hazardous waste “from cradle 

to grave” and includes the rules necessary for governing its 

generation, transportation, treatment, storage, and disposal.  1

 Documentary standards specify uniform technical criteria 

and methods to enable comparisons among products, processes, 

and test results. They are established by various standards-

developing organizations (SDOs). SDOs can be national or 

international in scope and draw on a broad range of technical 

expertise. Familiar examples include the International Organ-

ization for Standardization (ISO), the American National 

Standards Institute (ANSI), and ASTM International. Other 

organizations set documentary standards within more spe-

cialized contexts, such as the Society of Automotive Engi-

neers (SAE) International, the Institute of Electrical and 

Electronics Engineers (IEEE), and the American Petroleum 

Institute (API). Documentary standards from these or other 
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independent organizations can be incorporated by reference 

and become the basis for regulatory standards. For example, in 

November 2010, the U.S. Department of the Interior proposed 

to incorporate by reference 15 new production measurement 

industry standards into the regulations governing oil, gas, and 

sulfur operations in the Outer Continental Shelf.  2   

 Measurement standards are typically physical artifacts that 

provide a common reference for a property of interest, but they 

can also be critically evaluated data or calibrations or well-

characterized samples. The highest-level standards are traceable 

to the fundamental constants of the International System of 

Units. Examples include a specifi c form of asbestos, a diesel 

fuel of known composition, a steel bar of known strength, or 

a light source of known spectral composition. These standards 

allow instruments to be calibrated and measurements to be 

made that, when required, can be traced back to fundamental 

constants with a known uncertainty.   Figure 1   shows examples 

of reference materials produced by a variety of national metrol-

ogy institutes (NMIs).     

 This article describes measurements, standards, and data-

development activities being conducted by the National 

Institute of Standards and Technology (NIST), other NMIs, 

and SDOs around the world to support the sustainable use 

of materials. In some cases, these standards are fully developed, 

whereas in others, SDOs and NMIs are performing research to 

support the development of both documentary and measurement 

standards.   

 Measurements, standards, and data in support 
of materials substitution 
 Materials substitution is a key strategy for manufacturers to 

improve the performance and lower the cost of products. Substitution 

can also foster sustainability, for example, if the original material is 

toxic or nonrenewable or if its production results in signifi cant 

greenhouse-gas (GHG) emissions, energy use, or byproducts 

that are potentially hazardous. Substantial challenges to mate-

rials substitution include reformulating/redesigning products, 

determining feedstock manufacturability and quality-control 

metrics, and establishing long-term reliability.  

 Lowering barriers to the use of bio-based feedstocks 
for polymer products 
 Using more bio-based feedstocks in the manufacture of poly-

meric products has several advantages, including increasing 

the use of renewable plant-based sources and decreasing the 

dependence on the volatile oil market, while meeting increasing 

consumer demand. Many bio-based polymer materials are also 

biodegradable and could thus dramatically reduce the amount 

of plastics-based solid waste. A 2009 analysis showed that bio-

based polymers could provide technically suitable replacements 

for nearly 90% of petroleum-based plastics.  7   However, if these 

potential applications of bio-based polymers are to be realized, 

proper data sets, quality-control systems, and manufacturing 

infrastructure must be built. A number of life-cycle assess-

ments (LCAs) have demonstrated a signifi cant net reduction 

in GHG emissions and fossil energy consumption in the case 

of bio-based replacements for fossil energy sources.  8   However, 

in the case of bio-based polymer products, a recent study dem-

onstrated that LCAs of these complex systems can be highly 

sensitive to the type and quality of materials data employed, 

which can lead to confl icting conclusions about environmental 

impacts, such as GHG emissions and energy consumption.  9   

 To validate environmental claims about their products, 

polymer manufacturers need reliable measures of the bio-

based content in their feedstocks, which can also contain 

petroleum-based sources. The accepted measure of bio-based 

content is the level of   14  C isotope in the feedstock (basically, 

carbon dating), because ancient petroleum has lost its   14  C 

through radioactive decay whereas feedstocks derived from 

recently living organisms have a   14  C content related to the 

current equilibrium concentration in the atmosphere. ASTM 

has developed a protocol to quantify the bio-based content in 

materials by comparing the  14 C/ 12 C ratio to that of a standard 

specimen typical of living organisms.  10   

  
 Figure 1.      Reference materials, used to calibrate measurement instrumentation, come in many forms, from bulk metal artifacts to powders 

and fi lms: (a,b) U.S. National Institute of Standards and Technology standard reference materials for calibrating (a) impact fracture  3   and 

(b) hardness  4   measurements. (c) Certifi ed reference materials from Germany’s Federal Institute for Materials Research and Testing (BAM)  5   

for calibrating the depth resolution of surface chemical analysis techniques, consisting of both single-layer and multilayered coatings 

of metals and oxides. (d) Another reference material from BAM  6   for use in quality assurance, especially for measuring trace elements in 

polymers and related matrices.    

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


350 MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

MANUFACTURING • METROLOGY & STANDARDS

 Measurement protocols have also been established to assess 

the biodegradability of bio-based polymers in various envi-

ronments. For example, ASTM D5526 and a related set of 

documentary standards detail test methods to measure biodeg-

radation of polymers under a variety of environments, including 

landfi lls and compost systems.  11   The European Union has devel-

oped similar documentary standards for labeling a polymer 

product as biodegradable.  12   These standard specifi cations and 

test methods validate claims made about bio-based products, 

thereby increasing consumers’ confi dence in such products.   

 Automotive lightweighting 
 Lighter cars are more fuel-effi cient, resulting in lower emis-

sions and fuel consumption.  13   The auto industry is moving to 

replace traditional die-pressed sheet steels with new lightweight 

alloys (specifi cally, aluminum alloys, magnesium alloys, and 

high-strength steels) to help meet emerging fuel-economy 

regulations. However, the forming equipment, processes, and 

models used by the auto industry were designed for traditional 

die-pressed sheet steels. Material data, models, and standard 

tests are helping industry achieve its lightweighting goals.  14   

For example, in contrast to current industry design practice, 

which limits the maximum strain during forming, a more useful 

measure for the new materials is the stress. In response, NIST 

has leveraged an ASTM springback test  15   and outfi tted form-

ing equipment with x-ray-based instrumentation to measure 

stresses in sheets as they are shaped under actual manufacturing 

conditions.  16   This work has provided time-saving measurement 

data and predictive models to automotive manufacturers and 

associations including Ford, General Motors, Volvo, and the 

United States Council for Automotive Research, as well as sheet 

metal manufactures such as Alcoa and U.S. Steel. 

 ASTM has a number of documentary standards relevant 

to lightweighting, for example, for radiographic inspection of 

magnesium castings.  17   In principle, such standards could ensure 

the quality of engine blocks and other components cast from 

lightweight magnesium alloys, although one study suggests that 

these standards must be updated to be useful for automotive 

parts.  18   The European Council for Automotive Research and 

Development highlighted the needs for lightweight composite, 

alloy, and hybrid materials in a 2011 position paper focusing 

on materials replacements in automotive interiors.  19   Japan’s 

National Institute for Materials Science has also highlighted 

automotive lightweighting, but has not yet issued standards.  20   

Indeed, the U.S. Department of Energy (DOE) Vehicle Technol-

ogy Program Materials Research Roadmap, updated in 2010, 

suggests the need for at least fi ve additional years of fundamen-

tal research for many substitute materials classes.  21     

 Reuse of fl y ash for concrete production 
 Fly ash is a well-suited replacement for siliceous and calcareous 

components of concrete when it has the correct composition and 

particulate properties. However, fl y ash varies dramatically in 

composition depending on the quality of the coal from which it is 

derived and its combustion conditions, which complicates its use 

as a substitute feedstock. In part to meet this challenge, the U.S. 

EPA has issued guidelines on the levels of fl y ash that can be 

used in concrete applications.  22   In addition, ASTM has provided 

key quality-control measures by defi ning standard procedures 

for sampling and testing fl y ash and has classifi ed fl y-ash feed-

stocks based on general ranges of composition, related mainly to 

the type of coal from which they are derived. Existing standards 

enable industry to reliably assess fl y-ash feedstocks for their suit-

ability in concrete. Ongoing measurement research in the United 

States and Europe targets guidelines and standards to support the 

even higher volume fractions of fl y ash. NIST aims to establish 

measurement protocols (  Figure 2  ) and models to better predict 

the short-term setting of high-volume-fl y-ash cement binder for-

mulations.  23   Similar efforts to measure structure–property–

performance relationships in fl y-ash cement are underway in 

Europe. For example, Germany’s Federal Institute for Materi-

als Research and Testing is characterizing enhanced chemical 

degradation that has been observed in fl y-ash cements to provide 

guidelines for formulations that would avoid this failure mode.  24       

 In coming years, the levels of toxics will become increas-

ingly important in measurement and standards research on 

  
 Figure 2.      Scanning electron microscopy x-ray image 

(150   μ  m × 133   μ  m) showing spatial distributions of calcium 

(red), silicon (green), and aluminum (blue) in coal fl y-ash 

material. Such measurement techniques and data will help 

industry accommodate fl uctuations in fl y-ash feedstock 

composition that can lead to unacceptably long setting times 

and other degradations in binder performance when fl y ash is 

used in high volumes. (Credit: Paul Stutzman, National Institute 

of Standards and Technology.)    
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fl y-ash-laden cements. For example, the European Union is 

developing revisions to standards and policy that would reclas-

sify fl y ash as a “waste product” rather than a “byproduct,”  25   

thereby making fl y ash susceptible to the stringent REACH 

(Registration, Evaluation, Authorisation and Restriction of 

Chemical substances)  26   and RoHS (Restriction of the Use of 

Certain Hazardous Substances in Electrical and Electronic 

Equipment)  27   regulations. New regulations are being consid-

ered in the United States as well.  28   Standard protocols that 

quantify levels of toxics in fl y ash will be needed to support 

industry compliance with these and related laws. Control tech-

nologies designed to reduce air pollution from power plants 

could shift pollutants from the fl ue gas to fl y ash and other air-

pollution-control residues. The potential reuse of these materials 

raises concerns about the release of sequestered mercury dur-

ing processing and the presence of toxics in the fi nished prod-

ucts. These issues warrant extensive characterizations of coal 

combustion residues,  29   as well as the development of Standard 

Reference Materials (SRMs) consisting of these byproducts.  30     

 Properties and reliability of lead-free solders and 
fi nishes 
 Driven in part by RoHS and the WEEE (Waste Electrical and 

Electronic Equipment) Directive  31   in Europe and similar trends 

in Japan, electronics manufactures have transitioned to the use 

of lead-free solders in their products. Several lead-free solder 

materials are available, mainly Sn–Ag–Cu, Ag–Cu, and Sn–Cu 

alloys, but their full implementation in manufacturing is hindered 

by a lack of data supporting their quality control, processing limits, 

and long-term reliability. Accordingly, SDOs and NMIs have 

been developing measurements, data, and standards to support 

use of the most promising replacement materials. For example, 

to provide a reference for the compositional analysis of lead-

free solder alloys, Japan’s Society for Analytical Chemistry has 

produced a series of certifi ed reference materials (JSAC 0131–

JSAC 0134)  32   for Sn–Ag–Cu solders, and NIST has deployed 

SRM 1728  33   (  Figure 3  ). In turn, measurement techniques, such 

as protocols for quantifying trace-element content using x-ray 

fl uorescence spectrometry methods, ensure that lead-free prod-

ucts comply with regulatory and reporting thresholds.  34       

 Driven by COST (European Cooperation in Science and 

Technology) Action 531  35   on lead-free solder materials, data-

bases of solder thermodynamic and physical properties have been 

compiled. For example, the National Physical Laboratory (NPL), 

the UK’s NMI, has established a public database of crit-

ically evaluated thermodynamic parameters for over 50 

binary alloys and numerous ternary systems of eleven ele-

ments that can potentially be used in lead-free solder for-

mulations.  36   The Polish Academy of Sciences compiled the 

downloadable SURDAT database,  37   which lists experimen-

tally determined molar volumes, densities, and surface tensions 

of Ag–Cu and Sn–Ag–Cu systems. In addition, the Japanese 

Standards Association has established test methods for deter-

mining critical physical and engineering properties of lead-free 

solders (JIS Z 3198-1–JIS Z 3198-7). 

 Lead-free solders and fi nishes have been employed in some 

electronics applications for nearly 70 years, but the tremendous 

increase in their use over the past decade has brought attention 

to some ways in which these materials can fail.  38   In particular, 

over long periods, normally stable solder balls and interconnects 

can develop structural and morphological changes that result in 

the formation of cracks, pull-offs, and “whiskers”—microscopic, 

hair-like protrusions of metal, sometimes centimeters long—that 

can cause short circuits in devices (  Figure 4  ). Such failures are 

problematic for long-lifetime components, such as those found 

in mainframe computers, and can be catastrophic in critical 

  
 Figure 3.      Disks of Standard Reference Material (SRM) 1728 

Tin Alloy (Sn–3Cu–0.5Ag), a lead-free solder composition, 

showing various stages in manufacturing and testing. The 

alloy was created using a semi-chill casting process to ensure 

homogeneity of the disks to a depth of at least 10 mm. The 

SRM provides values for bulk composition of a number 

of elements, including chromium, cadmium, mercury, and 

lead, which are restricted in products around the world for 

environmental and health reasons.  33      

  
 Figure 4.      Scanning electron microscopy image of a tin whisker 

growing from a lead-free surface fi nish.  39   The composition 

of the lead-free surface fi nish is tin with 3% mass fraction 

copper (Sn–3 wt% Cu). The whisker growing out of the surface 

fi nish is tin. Tin whiskers often grow spontaneously from pure 

tin electrodeposits and short-circuit fi nely pitched electrical 

components. Adding a low percentage of lead inhibits whisker 

growth, but environmental concerns have resulted in a demand 

for lead-free fi nishes and whisker-mitigation strategies. 

(Credit: Maureen Williams, National Institute of Standards and 

Technology.)    
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applications such as aircraft and medical devices. For example, 

according to the U.S. National Aeronautics and Space Admin-

istration, since 1992, at least four in-orbit satellites have lost 

full function as a result of the formation of tin whiskers from 

lead-free solders and fi nishes, and another four have partially 

lost function.  40       

 Roadmaps by the International Electronics Manufacturing 

Initiative (iNEMI) have highlighted the reliability and failure 

mechanisms of lead-free solders as priority issues to address, 

leading to the establishment of a working group to produce 

accelerated test methods for measuring tin whisker growth.  41   ,   42   

This work has enabled industry users and producers of lead-free 

fi nishes to assess the rate at which tin whiskers can form and 

grow from these materials under service conditions. NIST has 

also assessed the conditions of tin-whisker growth,  43   demon-

strating that whiskers grow only when column-shaped grains 

form perpendicular to the fi nish surfaces  44   and that whisker 

growth releases residual stress in the material.    

 Energy effi  ciency and renewable energy  
 Tuning the color of solid-state lighting 
 Solid-state lighting (SSL), historically limited to monochro-

matic light-emitting diodes (LEDs), became viable for broad 

consumer and commercial applications with the advent in 

1997 of LED-driven devices that produce white light by 

incorporating phosphors. However, consumer acceptance 

of SSL depends on whether it can emit the “warmer” white 

tones of incandescent bulbs. Blue-tinged “bright-white” 

sources have a “cold” quality that many people fi nd unpleasant. 

The color tone of the light from SSL devices can be controlled 

by tuning the phosphor materials, but developing, choos-

ing, and processing these materials in ways that achieve 

consistent performance can be challenging. Standards 

help SSL manufacturers meet these challenges, by enabling 

them to tune the emission of phosphor mixtures and to 

gauge the performance of candidate phosphor and LED 

materials  45   (  Table I  ).     

 Table I.      Examples of solid-state lighting standards.            

   Standard and title  Developer(s)  Description  Year of publication     

 CIE 127:2007 Measurement of LEDs  CIE, NIST 46   Provides recommendations on how to measure 
the luminous/radiant intensity, total and 
partial fl ux, and spectral power distribution; 
requires standard LEDs to be calibrated 
by National Metrology Laboratories or a 
laboratory traceable to National Metrology 
Laboratories  47   

 2007   

 IESNA LM-79 Electrical and Photometric 
Measurements of Solid-State Lighting 
Products 

 ANSI, IESNA, CIE, 
U.S. DOE, NIST   

 Requires complete luminaire testing and 
describes the methods for testing SSL 
products for their light output (lumens), 
energy effi ciency (lumens per watt), 
and chromaticity  48   

 2008   

 IESNA LM-80 Measuring Lumen 
Maintenance of LED Light Sources 

 IESNA with collaborations 
as above 

 Provides for reliable comparisons of test results 
among laboratories by establishing uniform 
test methods; addresses the measurement 
of lumen maintenance testing for LED light 
sources including LED packages, arrays, and 
modules  49   

 2008   

 C78.377-2008 American National Standard 
for Electric Lamps—Specifi cations for 
the Chromaticity of Solid State Lighting 
(SSL) Products 

 ANSI, NEMA, ANSLG, NIST  Specifi es the recommended color ranges 
for SSL products using cool to warm 
white LEDs with various correlated color 
temperatures;  50   applies to LED-based SSL 
products with control electronics and heat 
sinks incorporated and covers fi xtures 
incorporating light sources as well as 
integrated LED lamps 

 2008   

 NEMA SSL 3-2011 High-Power White LED 
Binning for General Illumination 

 NEMA  Offers categorization areas (bins) for 
chromaticity (colors), forward voltage 
measurements (an electrical designation), 
and luminous fl ux (light output) for LEDs 
used for general lighting 

 2011   

 CIE TC 1-69 Colour Rendition of White 
Light Sources 

 CIE, NIST  Addresses problems with the CIE Color 
Rendering Index for SSL sources and 
meets the new priority needs of the lighting 
industry and consumers for communicating 
color quality of lighting products  51   

 In progress   

    Acronyms: ANSI, American National Standards Institute; ANSLG, American National Standard Lighting Group; CIE, International Commission on Illumination; IESNA, 
Illuminating Engineering Society of North America; LED, light-emitting diode; NEMA, National Electrical Manufacturers Association; NIST, National Institute of 
Standards and Technology; SSL, solid-state lighting; U.S. DOE, U.S. Department of Energy.    
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 The development of SSL standards is part of the U.S. govern-

ment’s effort to help the DOE reach its goal of developing and 

introducing SSL to reduce energy consumption for lighting by 

50% by 2025 and to support the  ENERGY STAR  program, a joint 

program of the DOE and the EPA that promotes energy-effi cient 

products and practices. NIST independently tested 150  ENERGY 

STAR -qualifi ed products, using measurement methods traceable 

to national electrical standards, and confi rmed that these prod-

ucts met EPA product specifi cations (100% for digital versatile 

disc products and computer monitors and 95% for printers).  52     

 Photovoltaics 
 In its 2010 Technology Roadmap for Solar Photovoltaic Energy, 

the International Energy Association (IEA) indicated that, since 

2000, global photovoltaic (PV) capacity has been increasing 

by more than 40% per year, on average, and has signifi cant 

potential for long-term growth in coming decades. The IEA 

envisions that, by 2050, photovoltaics will provide 11% of 

global electricity production (4500 TWh per year). Achieving 

such growth, however, necessitates policies in the next decade 

that enable optimal technology progress, cost reduction, and 

an increase of industrial manufacturing.  53   

 One approach offering the possibility of greatly reduced manu-

facturing cost compared to conventional inorganic semiconductor 

silicon technology is organic photovoltaics (OPV). These are solar 

cells that use organic molecules, including polymers, dendrimers, 

small molecules, and dyes. However, OPV devices have much 

lower effi ciencies than those based on traditional PV materials. 

To provide design principles for optimizing OPV materials and 

devices, a suite of measurements aimed at determining the molecu-

lar and microstructural mechanisms of charge transport in these 

materials, especially across the complex interfaces within them, is 

being developed by NIST. Photoelectron spectroscopies, scanning-

probe methods, and theoretical models of multiscale processes in 

thin organic fi lms and polymeric heterojunctions are central to this 

pursuit.  54   In addition to accelerating research, these measurement 

techniques could establish standard test methods for use by indus-

try. Such methods for OPV and other organic electronic devices 

are being pursued through the Versailles Project on Advanced 

Materials and Standards (VAMAS), which includes efforts to 

develop reference methods and data to support the process 

optimization, quality control, and reliability of OPV devices. 

This effort is led by the VAMAS Organic Electronics Technical 

Working Area and is co-chaired by two NMIs: NPL and NIST.  55      

 Compliance with existing and emerging 
regulations 
 In the mid-2000s, the European Union passed a series of 

“green directives” to reduce the levels of known hazardous 

substances in the environment. Implemented in February 2003 

and updated in 2008, WEEE legislation restricts the use of 

hazardous substances in electrical and electronic equipment 

and promotes end-of-life collection and recycling of such equip-

ment through electronic-waste collection schemes that are free 

of charge to the consumer. Another directive, REACH, is the 

European Community regulation on chemicals and their safe use 

(EC 1907/2006) and requires that the chemical industry provide 

safety information on all substances that its members pro-

duce. Product manufacturers are required to gather the relevant 

information and register it into a central database  56   run by the 

European Chemicals Agency. The agency manages, operates, and 

evaluates data submitted by manufacturers and importers on the 

chemicals used in their products. 

 Perhaps more directly impacting materials development is 

the RoHS legislation, enacted in 2006 and updated in 2011. 

This directive has been widely implemented and has led to 

similar legislation from individual U.S. states and countries 

such as Japan and China. The WEEE and RoHS regulations are 

related, in that the WEEE Directive focuses on the design and 

recycling of electronic products whereas RoHS aims to reduce 

the amount of hazardous substances used in electronics manu-

facture. In the updated standard, the maximum allowable levels 

remain the same, but they now apply to toys, leisure and sports 

equipment, medical devices, industrial monitoring and control 

instruments, and selected electrical and electronic equipment 

that had been excluded from the original directive. The newly 

included equipment will be phased in through 2019.  57   

 International metrology institutes, including NIST, the Insti-

tute for Reference Materials and Measurements (IRMM) in 

Europe, and the National Institute of Metrology in China, have 

been working together to value assign new relevant certifi ed ref-

erence materials. Two certifi ed reference materials for the deter-

mination of various polybrominated diphenyl ethers (PBDEs) 

and decabrominated biphenyl in polymers are available from 

IRMM.  58   Total bromine and total antimony are also character-

ized in these polymer reference materials, as the measurement 

of bromine or antimony can be used as a screening method 

for brominated fl ame retardants. In addition to SRM 1728 Tin 

Alloy (Sn–3Cu–0.5Ag) mentioned earlier ( Figure 3 ), SRM 1124 

Free-Cutting Brass has been developed by NIST.  59   Both of these 

materials contain known concentrations of restricted substances. 

Two solution SRMs have also been developed to address meas-

urement issues related to PBDEs, and there are also new SRMs 

for lead in paint and phthalates in poly(vinyl chloride). 

 A large set of documentary and regulatory standards related to 

sustainability, including the ISO 14000 family, REACH, RoHS, 

and others, has been analyzed, and the consolidated information 

is available through a web portal.  60   This effort has led to a frame-

work for evaluating sustainability standards  61   ,   62   and offers a tool 

for determining what to measure, how to measure it, and how to 

report and validate the results. Similarly, for the electronics indus-

tries, the iNEMI, Association Connecting Electronics Industries 

(IPC), and NIST have developed a standard reporting format for 

manufacturers to exchange material content information between 

supply-chain participants. This work includes the development of 

a data management tool to address regulations beyond RoHS.  63     

 Summary 
 In all technological areas, the drivers for measurements and 

measurement standards are diverse. Standards are often 
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required so that industry can ensure compliance with regulation. 

In the area of sustainable materials, REACH, RoHS, and other 

regulations have certainly spurred the development of replace-

ment materials that contain fewer toxic substances. However, 

as discussed in this article for bio-based polymers, lead-free 

solders and fi nishes, and other applications, measurements and 

standards are not just reactive measures for regulatory compli-

ance, but are also drivers for technological innovation. These 

tools clarify performance targets, as discussed for solid-state 

lighting. They can also substantiate claims of the environmental 

benefi ts of a product and thus attract customers for more sus-

tainable goods, as described for bio-based polymers. Finally, 

measurement science, protocols, and standards support inno-

vative research and development, as discussed for automotive 

weight reduction. Indeed, for sustainable materials research, 

such measurement solutions are especially important, because 

discovering, developing, and optimizing materials replacements 

depends strongly on the ability to determine their composition 

and structure and the properties that make them useful, less 

energy-intensive, less toxic, and renewable. 

   Disclaimer:    Certain commercial entities are mentioned in this 

article. This does not imply recommendation or endorsement 

of these entities by the National Institute of Standards and 

Technology.      
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                  Introduction 
 In 1983, the United Nations convened the World Commission 

on Environment and Development in response to increasing 

international concerns about the depletion of natural resources 

and the global decline in the environment. The Commission’s 

1987 report produced a widely quoted defi nition of sustainable 

development as that which “meets the needs of the present 

without compromising the ability of future generations to meet 

their own needs.”  1   Although putting this defi nition into practice 

remains a challenge, assessing and controlling the rate at which 

raw materials are depleted for manufacturing has become an 

important focus for sustainability science. Beyond the supply 

of raw materials, however, the environmental and human health 

impacts of materials use can also impair society’s ability to 

sustain the planet for future generations. This article highlights 

the need to minimize the use of and exposure to toxic chemicals 

and materials. 

 Approximately 83,000 chemicals are produced for commer-

cial applications; many are used in widely distributed consumer 

products (e.g., electronics, furniture, textiles). Of these, char-

acterizations of toxicity risks to people and the environment 

are available for less than 10%.  2   Therefore, despite growing 

initiatives to substitute safer alternatives for toxic components, 

gaps persist in the knowledge on how to proceed.  3

 In response to this dearth of information, the U.S. Environ-

mental Protection Agency (EPA) established the High Produc-

tion Volume (HPV) Challenge Program, a voluntary initiative 

that asks manufacturers to publicize information on health and 

environmental effects of chemicals that are either manufactured 

or imported in the United States in annual quantities exceed-

ing 453 t (1 million pounds). In contrast, the Organization for 

Economic Cooperation and Development (OECD) and Japan 

set the annual threshold for reporting on HPV chemicals at 

production or import of 1000 t. Approximately 2200 chemicals 

are included in EPA’s HPV Information System, and the data 

represent international consensus on which chemicals to include 

based on 18 Screening Information Data Sets.  4,5

 The EPA develops hazard characterizations, based on data 

submitted by chemical manufacturers, by cross-checking reg-

istries such as the International Agency for Research on Cancer 

(IARC) Cancer Epidemiology Database, Extension Toxicology 

Network (EXTOXNET), Integrated Risk Information Sys-

tem (IRIS), Agency for Toxic Substances Disease Registry 

(ATSDR), and Toxicology Literature Online (TOXLINE).  6

The HPV Information System covers 50 characteristics organ-

ized under four domains, namely, ecotoxicity (including, for 

example, toxicity to fi sh, aquatic plants, or important ecosystem 

processes such as biological nitrogen fi xation), environmental 
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fate and pathways of chemical modifi cation (including natural 

biological or photochemical degradation), mammalian health 

effects (e.g., toxicity to reproductive, neurological, or other 

developmental processes), and physical/chemical properties 

(e.g., melting point and vapor pressure).  7   However, there is 

no consensus on how to aggregate data in these four domains 

for comparative assessments of materials. Invariably, the pro-

cess requires tradeoffs, for example, between a chemical that 

appears to be less hazardous to mammalian health but more 

hazardous in terms of ecotoxicity. It is unclear how best to 

weight these impacts to produce consistent metrics. Moreover, 

the data sets have numerous gaps and poorly characterized 

uncertainties. 

 The lack of international consensus on the strategy for data 

integration led to the establishment in 2002 of the Life Cycle 

Initiative (LCI) through collaboration between the United 

Nations Environment Programme (UNEP) and the Society for 

Environmental Toxicology and Chemistry (SETAC)  8   ,   9   (  Figure 1  ). 

The consideration of toxicity impacts in the selection of alternative 

materials as required in phase 1 of LCI is arguably the most 

methodologically contentious. This article discusses method-

ological approaches based on Life Cycle Impact Assessment 

(LCIA) tools for resolving diffi cult questions regarding the role 

of toxicity in materials selection.       

 Integration of toxicity indices into materials 
informatics 
 Environmental legislation has targeted the use of toxic sub-

stances for decades, but known human toxicants such as lead 

and mercury, as well as ecologically toxic pollutants such as 

copper, are still used in engineered products. Furthermore, 

numerous new substances, including organic chemicals, are 

added to industrial manufacturing every year. For many of 

these chemicals, there is deep uncertainty about their toxic-

ity and environmental fate.   Table I   reports the magnitudes of 

toxic releases of selected metals and organic monomers into 

the environment in the United States, as reported in the EPA’s 

Toxics Release Inventory (TRI).  14   The adverse consequences 

of toxic releases are widely recognized as diverse and costly. 

Coherent procedures that enable design engineers to reduce 

or eliminate toxic substances in their products will be a major 

advance toward sustainability.     

 In December 2006,  MRS Bulletin  featured a special issue 

on the new concept of  materials informatics , defi ned as “the 

application of computational methodologies to processing and 

interpreting scientifi c and engineering data concerning materi-

als.”  15   As envisioned at that time, materials informatics data-

bases included primarily performance-related attributes and did 

not account for sustainability- or toxicity-related attributes in a 

substantial way. In fact, only the article by Cebon and Ashby in 

that issue mentioned such impacts,  16   acknowledging the need for 

“environmental impact information,” “recycling information,” and 

“hazardous materials regulations.” The article quantifi ed the fi rst 

two attributes simply as “energy content in MJ/kg” and “recycling 

fraction” and made no attempt to incorporate toxicity metrics. 

 Since 2006, Ashby and colleagues have further developed 

their materials selection method and software databases.  17   –   20   

Although their approach provides an excellent foundation for 

materials selection, their databases do not yet 

account for material toxicity, except for the 

inclusion of a “yes/no” indicator in response to 

whether the material is approved for skin and food 

contact by the U.S. Food and Drug Administration. 

 In conventional materials selection for 

product development, the primary purpose is 

to link material and function. This is achieved 

by focusing on selected material attributes, 

including mechanical, thermal, electrical, 

optical, and chemical properties; process-

ing characteristics; cost and availability; and 

environmental consequences of use. Ideally, 

the attributes should be quantifi able so that 

they can be used to screen and rank material 

alternatives. The design engineer defi nes mate-

rial function, which ultimately determines the 

attributes of interest. 

 Once the function is defi ned, a list of viable 

materials is identifi ed and ordered according to 

the materials’ combinations of attributes. The 

conventional method considers both screening 

and ranking to entail quantitative manipulation 

of attribute data sets. In practice, though, ranking 

often requires signifi cant subjective judgment 

to consider tradeoffs among attributes, as it is 

  
 Figure 1.      The international materials Life Cycle Initiative was established by the United 

Nations Environment Programme (UNEP) and the Society for Environmental Toxicology 

and Chemistry (SETAC) in response to the collective declaration of national Ministers of 

Environment in the year 2000. Toxicity impacts of materials, including human health and 

ecosystem effects, are an essential part of the Life Cycle Impact Assessment component.    
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not generally possible to identify one material that is best in 

all aspects. 

 For sustainable product design, material toxicity data must 

be incorporated into the screening and ranking processes. 

  Figure 2   illustrates how such data might be integrated into 

the progression from chemical inventory to materials formu-

lation and product development. In this scheme, assessment 

and selection of an alternative material can be triggered by 

information on toxicity, including risks during manufacturing 

(occupational exposures), product use (general population 

exposures), and ultimate disposal into the environment at 

the end of the useful product lifetime (ecotoxicological and 

human health impacts).       

 Human health impacts and ecotoxicity 
considerations 
 In the United States, hazard data are reported in material safety 

data sheets (MSDSs), which focus on occupational exposure 

limits and physical traits such as fl ammability and explosive-

ness. The potential human health concerns identifi ed in MSDSs 

 Table I.      Environmental releases (2009) and human health toxicity indices for selected chemicals. a,b                   

   Total TRI 10  
releases in 
2009 (kg) 

 Human exposure limits c,  11  ,  12   IARC classifi cation d  ,13   NTP classifi cation   

 PEL (mg/m 3 )  TLV (mg/m 3 )  REL (mg/m 3 )     

 Metals   

 Aluminum  11,400,000  5  1  10  –  –   

 Antimony  444,000  0.5  0.5  0.5  –  –   

 Arsenic  339,000  0.01  0.01  –  Group 1  Known carcinogen   

 Barium  2,310,000  0.5  0.5  0.5  –  –   

 Beryllium  4730  0.002  0.00005  –  Group 1  Known carcinogen   

 Cadmium  183,000  0.005  0.002  0.1  Group 1  Known carcinogen   

 Chromium  3,610,000  0.5  0.5  0.5  Group 3  –   

 Cobalt  135,000  0.1  0.02  0.05  Group 2B  –   

 Copper  4,440,000  0.1  0.2  0.1  –  –   

 Lead  6,480,000  0.05  0.05  0.05  Group 2B  Anticipated carcinogen   

 Manganese  6,420,000  –  0.2  1  –  –   

 Mercury  56,000  –  0.025  0.05  Group 3  –   

 Nickel  2,330,000  1  1.5  0.015  Group 2B  Anticipated carcinogen   

 Selenium  65,000  0.2  0.2  0.2  Group 3  –   

 Silver  62,000  0.01  0.1  0.01  –  –   

 Thallium  171  0.1  0.1  0.1  –  – 

 Vanadium  945,000  –  –  –  –  –   

 Zinc  5,400,000  –  –  –  –  –   

 Organic monomers   

 Acrylonitrile  1,992,000  –  4.3  –  Group 2B  Anticipated carcinogen   

 Bisphenol A  563,000  –  –  –  –  –   

 1,3-Butadiene  533,000  2.21  4.4  –  Group 1  Known carcinogen   

 Ethylene  7,302,000  –  230  –  Group 3  –   

 Propylene  4,870,000  –  860  –  Group 3  –   

 Styrene  9,059,000  –  85  215  Group 2B  –   

 Vinyl chloride  177,000  –  2.6  –  Group 1  Known carcinogen   

        a Acronyms: IARC, International Agency for Research on Cancer; NTP, National Toxicology Program; PEL, permissible exposure limit; REL, reference exposure level; 
TLV, threshold limit value; TRI, Toxics Release Inventory.  
    b Cells highlighted in rose contain quantitative or qualitative information suffi cient to trigger caution in using the corresponding chemicals in manufacturing.  
    c High values are preferred for PEL, TLV, and REL.  
    d The specifi c IARC group classifi cations are as follows: Group 1, carcinogenic to humans; Group 2A, probably carcinogenic to humans; Group 2B, possibly carcinogenic 
to humans; Group 3, not classifi able as to carcinogenicity to humans; and Group 4, probably not carcinogenic to humans.    
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provide a reasonable template, but a compilation of MSDS data 

across multiple material options does not currently exist. We 

provide in  Table I  such an aggregation, derived from sources 

independent of the material suppliers, of hazard-trait values for 

a select group of metals and monomers. 

 Based on the data in  Table I , it is apparent that the three attri-

butes considered, permissible exposure limit (PEL), threshold 

limit value (TLV), and reference exposure level (REL), do not 

rank the materials equivalently. For instance, the four met-

als of greatest concern when selected on the basis of PEL are 

beryllium, cadmium, arsenic, and silver. Although beryllium, 

cadmium, and arsenic are also prioritized by TLV, cobalt is now 

fourth on the list. The REL values prioritize silver and nickel, 

followed by cobalt, lead, and mercury. 

 These differences in priority are to be expected because these 

three quantitative measures of occupational hazard derive from 

differing objectives. Specifi cally, PEL defi nes the legal limit in 

the United States for exposure of an employee to a chemical 

substance or physical agent, typically as a time-weighted aver-

age, whereas TLV is the level to which it is believed a worker 

can be exposed to a chemical substance day after day for a 

working lifetime without adverse health effects. In compari-

son, REL, the concentration at or below which adverse health 

effects are not likely to occur, is intended to establish a reference 

point to gauge potential effects over a lifetime of exposure. 

RELs account for particularly susceptible subpopulations and 

are based on the most sensitive adverse health 

effects reported in the toxicological literature. 

Published REL values typically include margins 

of safety, such that exposure of human popu-

lations to chemical levels that exceed the REL 

does not necessarily mean that adverse health 

impacts will occur. Because PELs, TLVs, and 

RELs capture different aspects of the intersec-

tion of chemical toxicity and human exposure, 

it is deemed valuable to develop integrative 

approaches through which all three measures 

are used to generate a more robust index of risk 

when screening and ranking material alterna-

tives relative to their potential for adverse 

human health effects. 

 Measures of potential human health impact 

have also been developed that are specifi c to 

cancer causation, or carcinogenicity, refl ecting 

the high societal investment in curbing such 

diseases. In the laboratory, carcinogenicity is 

assessed most often through long-term rodent 

studies.  21   Although toxicological tests can quanti-

tatively measure acute toxicity, clarifying poten-

tial chronic effects requires long-term monitoring 

of health and, ultimately, a full pathological anal-

ysis of the animal tissues and organs. 

 Substantial time and resources are needed to 

fully characterize the carcinogenic potential of 

a substance, and data availability can be prob-

lematic. Furthermore, interpretation of results requires exten-

sive training in toxicology and related subdisciplines of public 

health. Moreover, despite the tedious and expensive process of 

generating chemical toxicity profi les based on animal studies, 

uncertainties remain in how to establish safety thresholds for 

human and ecological health.  22   It is common to summarize the 

results using simplifi ed carcinogenic classifi cation schemes, 

two of which are briefl y described here. 

 The IARC, part of the World Health Organization (WHO), 

publishes the series  Monographs on the Evaluation of Carcino-

genic Risks to Humans , which has been infl uential in the clas-

sifi cation of carcinogens.  23   During the classifi cation process, 

interdisciplinary working groups review published toxicity 

studies and evaluate the weight of evidence that exposure to 

a given substance can potentially cause cancer in humans. On 

the basis of these reviews, substances are assigned to one of 

fi ve groups based on carcinogenic risk. 

 The National Toxicology Program (NTP) of the U.S. Depart-

ment of Health and Human Services produces a biennial report 

on carcinogens that includes newly reviewed substances as well 

as all those listed previously.  11   This scientifi c and public-health 

document identifi es and discusses agents, substances, mixtures, 

or exposure circumstances that could pose a carcinogenic haz-

ard to populations. The NTP classifi es carcinogens into only 

two groups: those that are known to be human carcinogens and 

those that are reasonably anticipated to be human carcinogens. 

  
 Figure 2.      Proposed scheme for integrating toxicity risk assessment data into materials 

informatics during the manufacture of widely distributed consumer products. Red arrows 

signify triggers for returning to initial steps to identify less toxic alternatives based on 

cautionary data gathered through screening processes as product development advances. 

Such triggers can result from information on toxicity including risks during manufacturing 

(occupational exposures), product use (general population exposures), and ultimate 

disposal into the environment (ecotoxicological impacts).    
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 These two classifi cation schemes can be used to screen and 

rank material alternatives, as shown in  Table I . They are con-

sistent for known carcinogens but exhibit some discrepancies 

for anticipated carcinogens. Thus, the recommendation is to 

use multiple data sets for a more robust analysis. 

 Beyond human health concerns, potential impacts to the 

environment must also be addressed in materials selection. 

  Table II   provides information on two ecological toxicity indices 

for the materials considered previously. The ecotoxicological 

indices are the EC 50  value, which is the effective concentration 

of a substance in water that will cause irreversible damage to 

one-half of a population, and the fi sh bioconcentration factor 

(BCF), which is the ratio by which the concentration of a sub-

stance in fi sh is enhanced relative to the surrounding water and 

thus a measure of persistence and bioaccumulation potential.     

 On the basis of EC 50  values, silver, mercury, and copper 

are of particular concern, whereas the fi sh BCFs for thallium 

(100,000), selenium (50,000), mercury (5000), and zinc (2000) 

are disturbingly high. In general, BCFs greater than 1000 are 

considered high, and values less than 250 represent low to 

negligible risk, with intermediate values being considered 

moderately risky. The bioaccumulation of metals in fi sh tissue 

can produce cascading impacts up the food chain, ultimately 

affecting wildlife and human health, as demonstrated for mer-

cury in edible fi sh.  28   Again, the recommended approach is to 

use multiple indices to obtain a more complete representation 

of material hazards. 

 A new classifi cation scheme, developed by the United 

Nations and called the Globally Harmonized System of Clas-

sifi cation and Labelling of Chemicals (GHS), is intended to 

eliminate discrepancies resulting from nation-to-nation vari-

ability and thereby replace classifi cation schemes such as IARC 

and NTP. With GHS, it will ideally be possible to systemati-

cally classify chemicals on the basis of multiple attributes such 

as carcinogenicity, as well as acute and chronic ecotoxicity.  29   

Because of its novelty, however, few substances have yet been 

fully classifi ed within the GHS system.  30     

 Integrative approaches 
 In addition to hazard-trait values and classifi cation schemes, 

such as those described in the preceding section, a variety of 

tools have been developed that integrate several metrics to 

generate numerical indicators of human health and ecological 

toxicity. These methods include 

     •      TRACI, Tool for the Reduction and Assessment of Chemical 

and Other Environmental Impacts (EPA);  31   ,   32    

     •     USEtox TM , the UNEP–SETAC consensus toxicity mode1;  33   ,   34    

     •      CHEMS-1, Chemical Hazard Evaluation for Management 

Strategies (EPA);  35   and  

     •      TPI, Toxic Potential Indicator (developed by the Fraunhofer 

Institut für Zuverlässigkeit und Mikrointegration, Hannover, 

Germany).  36    

   A comparison of the main features of these methods is 

presented in   Table III  . Unlike the binned cancer classifi ca-

tion schemes described in the preceding section, these four 

methods provide quantitative values unique to each substance 

(  Table IV  ). To highlight the value of such methods, we describe 

and compare TRACI and TPI. TRACI represents a set of life-

cycle impact-assessment modules that generate three charac-

terization factors [cancer potential, noncancer potential (other 

human diseases), and ecotoxicity] in each of four environmental 

media (air, water, ground-surface soil, and root-zone soil). Six of 

these 12 factors are listed in  Table IV  for selected TRI metals.  37           

 To produce quantitative measures of cancer and noncancer 

risks associated with specifi c chemicals, TRACI relies on a 

closed-system, steady-state chemical fate and exposure assess-

ment model called CalTOX, developed by the Exposure 

 Table II.      Ecological toxicity indices for selected chemicals. a,b           

   Metal  EC 50  
24  (mg/L)  Fish BCF     

 Aluminum  –  –   

 Antimony  2.94  300 25    

 Arsenic  1.78  4 26    

 Barium  71.94  100 25    

 Beryllium  0.49  100 25    

 Cadmium  0.86  366 26    

 Chromium  3.91  2 26    

 Cobalt  3.96  –   

 Copper  0.13  –   

 Lead  3.84  155 26    

 Manganese  –  –   

 Mercury  0.11  5000 26    

 Nickel  0.88  –   

 Selenium  2.64  50,000 25    

 Silver  0.02  –   

 Thallium  2.81  100,000 25    

 Vanadium  0.86  –   

 Zinc  1.21  2000 25    

 Acrylonitrile  21.63  1.68 25    

 Bisphenol A  –  –   

 1,3-Butadiene  –  19 27    

 Ethylene  –  –   

 Propylene  –  –   

 Styrene  21.30  13.5 25    

 Vinyl chloride  –  7 25    

        a Defi nitions: EC 50 , effective concentration of a substance in water that will cause 
irreversible damage in one-half of a population; BCF, bioconcentration factor 
by which the concentration of a substance in fi sh exceeds its concentration in 
the surrounding water. High values are preferred for EC 50 , and low values are 
preferred for BCF.  
    b Cells highlighted in rose contain values suffi cient to trigger caution in using the 
corresponding chemicals in manufacturing.    
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and Risk Analysis Group at Lawrence Berkeley National 

Laboratory. CalTOX combines the toxicity of a chemical 

with the amount released into the environment over a given 

period of time to calculate its human toxicity potential, which 

is expressed relative to baseline values for benzene (carcino-

gens) or toluene (noncarcinogens), two chemicals for which 

extensive toxicological data linking exposure to disease in a 

linear dose–response model exist. Thus, the output data are 

toxicity equivalencies that support comparisons of the impacts 

of different chemical emissions into a given environment.  38   

Similarly, the ecotoxicity potential outputs from TRACI rep-

resent toxicity-weighted chemical emission concentrations 

 Table III.      Comparison of measures for selected alternative assessment tools. a               

   Method  TRACI  USEtox    CHEMS-1  TPI     

 Application  Life-cycle impact 
assessment 

 Life-cycle impact 
assessment 

 Hazard-based chemical 
prioritization 

 Comparative materials 
selection   

 Complexity  High  High  Medium-high  Medium   

 Transparency  Medium  Medium  High  High   

 Number of substances 
covered 

 932  3094  Depends on toxicity data 
availability 

 Depends on toxicity data 
availability   

 Metals/metal compounds  Metals (18 metal types 
listed) 

 Metals (18 metal types 
listed) 

 Depends on toxicity data 
availability 

 Depends on toxicity data 
availability   

 Polymers  Some monomers  Some monomers  Depends on toxicity data 
availability 

 Depends on toxicity data 
availability   

        a Models: TRACI, Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts; USEtox, UNEP–SETAC consensus toxicity mode1; CHEMS-1, 
Chemical Hazard Evaluation for Management Strategies; and TPI, Toxic Potential Indicator.    

 Table IV.      Selected TRACI characterization factors and TPI scores for TRI metals. a,b                     

     Metal  TRACI cancer potential    TRACI noncancer potential    TRACI ecotoxicity potential  TPI score 
(mg –1 )  

  Air  Water  Air  Water  Air  Water     

 Aluminum  –  –  11,174  20  7030  1844  1.36   

 Antimony  –  –  2,801,491  4206  –  –  33.33   

 Arsenic  8497  282  469,379  13,502  209  246  72.79   

 Barium  –  –  18,046  57  –  –  1.99   

 Beryllium  12  1.1 x 10 -46   167,536  1047  –  –  36.32   

 Cadmium  25  5.4 x 10 -49   387,350  2,013,978  6  10  85.05   

 Chromium  70  5.6 x 10 -46   57,677  583  1049  780  1.20   

 Cobalt  –  –  29,043  2.6 x 10 -43   –  –  35.35   

 Copper  –  –  13,214  5903  21,665  11,537  4.48   

 Lead  58  1.6 x 10 -47   2,173,733  11,303,405  1  2  63.42   

 Manganese  –  –  6092  12  –  –  2.41   

 Mercury  –  –  99,911  943,040  16  3114  78.91   

 Nickel  –  –  71,919  93  7836  2671  38.01   

 Selenium  –  –  71,282  1419  1528  1076  21.19   

 Silver  –  –  39,323  539  8487  7535  4.48   

 Thallium  –  –  208  16  –  –  66.67   

 Vanadium  –  –  136,864  547  –  –  33.33   

 Zinc  –  –  10,247  18  5879  2052  13.87   

        a Acronyms: TPI, Toxic Potential Indicator; TRACI, Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts; TRI, Toxics Release Inventory.  
    b Table cells highlighted in rose contain values suffi ciently high, within the relevant risk category, to trigger caution in using chemicals for manufacturing consumer 
products. In general, low values are preferred for all characteristics reported in the table.    
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that allow for the comparison of the ecological impacts of 

a new chemical to those of a relatively well-characterized 

chemical, namely, the herbicide 2-4-dichlorophenoxyacetic 

acid (2,4-D). 

 In comparison, TPI requires the user to provide selected haz-

ard data (i.e., for human health impact, environmental impact, 

and physical safety concerns) from which it derives a single 

indicator by integrating metrics for human health, ecological 

health, and physical/safety traits.  39   To generate TPI scores such 

as those reported in  Table IV , one must input data from original, 

authoritative, and valid sources. 

 All available alternative assessment techniques encoun-

ter methodological limitations, including complexity, lack of 

transparency, and limited data sets even for materials used 

frequently in engineered products (metals, polymers). Despite 

these limitations, these methods can be used to incorporate 

material toxicity into the screening and ranking of materials 

and thereby enable sustainable product design. 

 In one example, Lam and colleagues used TRACI to eval-

uate toxic releases from printed circuit board manufacturing 

facilities as a strategy to avoid pollution.  40   Although the envi-

ronmental releases of toxic chemicals such as methanol, glycol 

ethers, and dimethylformamide dominated reported air and 

water emissions, toxicity potentials and risk-screening scores 

showed that lead and copper actually generate the highest 

environmental impacts. Therefore, effective strategies for 

pollution prevention include recovering copper from spent 

etchant and employing lead-free substitutes for solder and 

other components. 

 Materials substitutions to reduce toxic impacts have also 

been studied for specifi c electronic products. For example, Lim 

and Schoenung  41   evaluated the end-of-life toxicity potential 

from the heavy-metal content in fl at-panel display devices that 

are replacing conventional cathode-ray-tube (CRT) devices. 

That study focused on plasma and liquid-crystal-display (LCD) 

televisions, LCD computer monitors, and laptop computers. 

The human health and ecotoxicity potentials were evaluated 

by combining data on the respective heavy-metal contents 

and the characteristic factors in TRACI. The results showed 

that the leading contributors to the toxicity potentials are lead, 

arsenic, copper, and mercury. Although the heavy-metal con-

tent in newer fl at-panel display devices produces lower human 

health toxicity potentials than that in CRTs, the newer devices 

are worse in terms of ecological toxicity impacts because of 

the mercury in the fl uorescent backlights in LCD televisions 

and the copper in plasma televisions. 

 Similar integrative approaches have been used to evaluate 

cellular phones and light-emitting diodes to pinpoint specifi c 

material constituents that exceed hazard thresholds specifi ed 

in risk-based policy regulations. These materials could be tar-

geted by product designers and manufacturers for substitutions 

to make safer, environmentally sustainable products.  42   –   44   In 

concert, these studies demonstrate the usefulness of integrative 

methods such as TRACI and TPI that generate simple quantita-

tive values combining both human health and ecotoxicological 

impact rankings. However, much research remains to be done 

to make such models consistent in terms of the quality and 

format of raw data inputs and the translation of the output into 

guidance for the selection of sustainable alternative materials 

for designers and manufacturers of consumer products.   

 Conclusions 
 Whereas the selection of materials for use in products has tradi-

tionally focused solely on cost and performance characteristics, 

sustainability must also become an important factor. Avoiding 

human health and ecological impacts requires their assessment 

at the level of materials selection in the early stages of product 

design and manufacturing. For such strategies to become viable, 

toxicity metrics need to be integrated into materials informatics 

frameworks in a transparent way that supports the selection of 

safer alternatives.     
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                Introduction 
 Automobiles provide tremendous mobility to consumers and 

have added considerably to the standard of living in the devel-

oped world. On the other hand, vehicles are resource-intensive 

products that signifi cantly impact the environment throughout their 

lifetime. Each year in the United States, cars and light-duty trucks 

collectively consume about 17.3 EJ of energy during operation, 

comprising  ∼ 60% of U.S. transportation energy use and  ∼ 17% of 

total U.S. energy consumption. As of 2009, 684 million cars were 

registered worldwide, with 19.4% (132 million) in the United 

States, even though the United States represents only 4.5% of the 

world’s population.  1   Vehicle ownership in 2009 was 828 vehicles 

per thousand people in the United States compared to around 

46 per thousand in China.  1   As automobile use grows in develop-

ing countries, this will pose even greater sustainability challenges 

in terms of materials and energy resources, as well as environmental 

impacts. This article explores the role materials play in infl uencing 

the sustainability of automobiles from a life-cycle perspective. 

 The life-cycle assessment framework shown in   Figure 1

provides a systematic method and set of metrics for analyz-

ing the environmental sustainability performance of vehicles 

over their useful life. This article focuses on the environmental 

dimension of sustainability, which also has social and economic 

dimensions. A typical vehicle, including its approximately 

20,000 parts, can be examined across its major life-cycle stages 

(and substages): materials production; manufacturing (compris-

ing part fabrication and vehicle assembly); use (comprising 

vehicle operation and service); and fi nally, vehicle end-of-life 

(EOL) management. Of these stages and substages, two domi-

nate the environmental sustainability performance of a vehicle: 

materials production and vehicle operation. Moreover, these 

two are interlinked in the design phase of vehicle production 

by two design features: (1) materials composition and mass 

and (2) powertrain effi ciency and fuels. The key materials-

sustainability issues described herein are also highlighted in 

the white boxes in  Figure 1 .     

     Materials challenges and opportunities 
for enhancing the sustainability of 
automobiles 
     Gregory A.     Keoleian        and     John L.     Sullivan     

        Materials play a major role in defi ning the sustainability performance of automobiles throughout 

their materials-production, manufacturing, use, and end-of-life stages. Materials production 

and manufacturing raise many sustainability issues, including resource scarcity and materials 

sourcing, energy and carbon intensity, and materials effi ciency in parts fabrication. In 

the use stage, materials properties such as density and strength directly affect materials-

mass requirements, which infl uence two dominant sustainability parameters for vehicles: 

fuel economy and service life. For conventional vehicles, the operation segment of the use 

stage accounts for about 85% of the total life-cycle energy consumption and greenhouse-gas 

emissions. Consequently, powertrain technologies and effi ciencies as well as fuel-cycle 

processes control these impacts. Future trends in vehicle electrifi cation will shift the 

magnitude and distribution of life-cycle impacts and the effectiveness of materials strategies 

for improving sustainability, such as lightweighting. In many cases, the materials-production 

stage could become a greater determinant in life-cycle impacts. With current vehicle end-of-life 

management infrastructure, 85% of materials are recyclable, but recovery of plastics and 

segregation of metal alloys represent opportunities for improvement. Life-cycle assessment 

and cost analysis provide the most comprehensive methods for evaluating the sustainability 

of materials strategies. Using a life-cycle framework, this article highlights the current and 

future materials challenges and opportunities driving vehicle sustainability performance.   
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 Key materials-related strategies for improvement include 

reduction in materials intensity, materials effi ciency in manu-

facturing, lightweighting, and recovery options from reuse to 

recycling. Life-cycle assessment provides an analytical frame-

work to ensure that these strategies reduce the total vehicle 

life-cycle burdens and impacts and avoid shifting them from 

one vehicle system or life-cycle stage to another. For example, 

vehicle lightweighting with an aluminum-intensive body would 

reduce fuel consumption in the use stage but increase burdens 

from materials production relative to those of a conventional 

vehicle.  2   

 The objectives of this article are twofold: fi rst, to high-

light the environmental sustainability challenges relating to 

materials for automotive applications and, second, to iden-

tify opportunities for improvement. The article focuses on 

the vehicle life-cycle stages and their interactions that are 

most strongly infl uenced by the materials that embody the 

vehicle.   

 Scope of materials usage in the automotive 
industry 
 Materials-related life-cycle impacts of a vehicle are ultimately 

shaped by its materials composition and mass. The average 

materials compositions of U.S. automobiles for model years 

1995, 2000, and 2009 are provided in   Table I  . In 1995, steel 

accounted for 55.5 wt%, aluminum 6.3 wt%, and plastics 

6.5 wt%. By 2009, the corresponding values were 54.4 wt%, 

8.3 wt%, and 9.8 wt%, respectively. Most of aluminum’s 

inroads have come at the expense of iron castings. The table 

shows that the materials composition of vehicles has shifted 

only slightly over the past 15 years. Materials selection and 

specifi cation for vehicles is a complex process governed by 

a broad set of requirements including functional performance 

and physical/chemical properties, structural integrity, safety, 

durability, aesthetics, materials and fabrication 

costs, and recyclability.     

 The automotive industry is responsible for 

a large portion of materials consumption glob-

ally. As an example, in 2009, the U.S. automo-

tive industry accounted for 12.9% of total U.S. 

steel consumption (7.3 million tonnes), 24.7% 

of U.S. aluminum consumption (1.7 million 

tonnes), 72.8% of U.S. lead consumption 

(1.0 million tonnes), 19.1% of U.S. iron 

consumption (1.1 million tonnes), 13.1% 

of U.S. alloy steel consumption (310,000 

tonnes), 21.0% of U.S. stainless steel con-

sumption (310,000 tonnes), 22.7% of U.S. 

zinc consumption (180,000 tonnes), 10.8% of 

U.S. copper consumption (290,000 tonnes; 

copper data are for 2008, as no 2009 data 

were available), and 40.0% of U.S. consump-

tion of non-tire rubber products (340,000 

tonnes).  3   

 Lightweighting, which aims to preserve 

vehicle size but at a lower weight, could signifi cantly reduce 

the environmental footprint of vehicles. However, market trends 

in vehicle fl eets in the past two decades have largely offset any 

gains in fuel economy from lightweighting. From 1987 to 2010, 

despite lightweighting initiatives, the average vehicle weight 

increased by 24%, because of the growth in the sport utility 

vehicle (SUV) market share. Over the same period, horsepower 

increased by over 86%, and acceleration [reported as the time 

required to go from rest to 60 mph (or to 100 km/h outside 

the United States)] increased by 27%. Had vehicle weights 

remained at 1988 levels, model year 2010 cars could have 

achieved a 12% higher fuel economy; trucks, a 13% increase.  4   

Nevertheless, inroads are being made by lightweight materi-

als in vehicles such as high-strength steel, aluminum, and 

fi ber-reinforced composites. Other factors infl uence materials 

consumption as well, such as market trends of the past few 

years showing a shift back to smaller vehicles, presumably 

because of higher fuel prices and other economic factors.   

 Materials-production stage 
 Key sustainability issues arising from materials production 

include energy intensity, carbon intensity, and materials scarcity.  

 Energy and greenhouse-gas intensities of
materials production 
 The energy and greenhouse-gas (GHG) intensities of materi-

als production, in units of megajoules per kilogram (MJ/kg) 

and kilograms of carbon dioxide equivalents per kilogram 

(kg of CO 2 e/kg), respectively, are key parameters that defi ne 

materials-production burdens and impacts for vehicles. The 

materials-production stage includes resource extraction (mining, 

petroleum extraction), materials or feedstock processing (ore 

sizing, chemical feedstock production), and refi ning or synthe-

sis (smelting, steelmaking, polymerization). Typical values for 

  
 Figure 1.      The life-cycle framework for a vehicle examines the environmental impacts from 

every stage of its life.    
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energy and GHG intensities for the materials-production stage 

are reported in   Table II  .     

 The dramatic differences between the values for production 

of primary and secondary (recycled) materials illustrate the 

substantial potential benefi ts of recycling. These are particularly 

signifi cant for materials such as aluminum, nickel, and lead. 

Because most recycled metals are recovered in the reduced 

state, recovery processes for secondary materials are generally 

less energy-intensive than those for virgin materials. 

 Energy intensity is highly correlated with carbon-emissions 

intensity, because most carbon emissions arise from the com-

bustion of fuels. In the case of plastics, a signifi cant fraction 

of the energy input is embodied in the materials (feedstocks) 

and does not contribute directly to the carbon intensity, unless 

the plastic is burned. Some materials-production processes 

result in emissions of greenhouse gases other than carbon 

dioxide, such as perfl uorocarbons from aluminum production 

and sulfur hexafl uoride from magnesium production. Process 

improvements have targeted these emissions. In the case of 

aluminum production, for example, perfl uorocarbons (CF 4  

and C 2 F 6 ) were reduced 

by 88% between 1990 and 

2009.  7   

 The values shown in 

 Table II , taken from the 

GREET 2.7 model (The 

Greenhouse Gases, Regu-

lated Emissions, and Energy 

Use in Transportation model 

developed at Argonne 

National Laboratory),  5   are 

the best available life-cycle 

data for North American 

vehicle modeling. Signifi cant 

variations occur depending 

on technology age, processes, 

fuels, and electricity sources. 

The sourcing of materials can 

strongly change the environ-

mental impacts. For example, 

aluminum produced in Asia 

has signifi cantly higher green-

house-gas emissions (21.9 kg 

of CO 2 e/kg of Al) than that 

produced in North America 

(10.7 kg of CO 2 e/kg) or Latin 

America (7.1 kg of CO 2 e/kg).  8   

The difference is determined 

largely by differences in the 

carbon intensity of the electric-

ity employed, which is gener-

ated mainly by coal in Asia 

but includes hydroelectricity 

in Latin America.  8     

 Resource sourcing and scarcity 
 Materials supply is ultimately determined by the availability 

and concentration of primary resources in Earth’s crust (i.e., 

the reserves,  R , of economically extractable resources) and the 

rates of global annual production ( P ). Some mineral resources 

are relatively abundant, as characterized by the adequacy of 

mineral reserves (high  R / P  ratio). For example, for aluminum 

(bauxite) and iron and steel (iron ore), this ratio easily exceeds 

100 years. Other materials are much scarcer (as detailed further 

in the article by Graedel et al. in this issue). A recent study 

explored the resource supply for key elements, including those 

used in advanced battery materials and permanent magnets 

for vehicles.  9   Cobalt; lithium; and rare-earth (RE) elements 

including lanthanum, cerium, praseodymium, and neodymium 

are used in electric-vehicle batteries. Neodymium, praseodymium, 

dysprosium, and samarium are used in permanent magnets 

to develop high-power-density motors for electric vehicles. 

Cerium is also used in autocatalytic converters to catalyze the 

oxidation of carbon monoxide and accounted for 9% of all U.S. 

RE consumption in 2008. Of the REs listed, fi ve (dysprosium, 

 Table I.      Average materials composition for a North American domestic light vehicle, model 
years 1995, 2000, and 2009.                  

   Material  1995  2000  2009   

 kg  Mass 
percentage 

 kg  Mass 
percentage 

 kg  Mass 
percentage     

 Regular steel  739  44.1%  751  42.4%  681  38.3%   

 High- and medium-
strength steel 

 147  8.8%  185  10.5%  238  13.4%   

 Stainless steel  23  1.4%  28  1.6%  31  1.8%   

 Other steels  21  1.2%  12  0.7%  14  0.8%   

 Iron castings  211  12.6%  196  11.1%  93  5.3%   

 Aluminum  105  6.3%  122  6.9%  147  8.3%   

 Magnesium castings  2  0.1%  4  0.2%  5  0.3%   

 Copper and brass  23  1.4%  24  1.3%  29  1.6%   

 Lead  15  0.9%  16  0.9%  20  1.1%   

 Zinc castings  9  0.5%  6  0.3%  4  0.2%   

 Powder metal parts  13  0.8%  16  0.9%  19  1.0%   

 Other metals  2  0.1%  2  0.1%  2  0.1%   

 Plastics and plastic 
composites 

 109  6.5%  130  7.3%  174  9.8%   

 Rubber  68  4.0%  75  4.3%  96  5.4%   

 Coatings  10  0.6%  11  0.6%  15  0.9%   

 Textiles  19  1.1%  20  1.1%  24  1.4%   

 Fluids and lubricants  87  5.2%  94  5.3%  99  5.6%   

 Glass  44  2.6%  47  2.6%  42  2.4%   

 Other materials  29  1.7%  32  1.8%  41  2.3%   

 Total  1676  100.0%  1770  100.0%  1776  100.0%   

   Sources:      Reference  3 , p. 65, and 2009 data from Reference 1, p. 4.16.    
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neodymium, terbium, europium, 

and yttrium), as well as indium, were 

assessed as most critical in the short 

term. “Criticality” is a measure that 

combines importance of the resource 

to the economy and risk of supply dis-

ruption. For example, Toyota is suf-

fi ciently concerned about the supply 

of rare-earth magnet materials for its 

hybrid vehicles that it is developing 

induction motors that do not need per-

manent magnets.  10   

 Earth’s crust contains suffi cient REs 

and other critical resources to meet 

projections for the coming decades. 

However, the current supply might not 

satisfy the demand in the short (0–5 

years) or medium (5–15 years) terms. 

One problem is that mining operations 

have signifi cant lead times to start up, 

from 2 to 10 years. Currently, the rare-

earth metals used in magnets and bat-

teries are mined almost exclusively in 

China (95% of all REs). This is chang-

ing, with signifi cant mining capacity 

expected to come online by 2015 in 

California, Australia, and other places 

and to provide an almost 50% increase 

in RE supply.  9   

 Magnets in vehicle motors can con-

tain up to 1 kg of neodymium and/or 

praseodymium. Additionally, approx-

imately 5.5% of the weight of these 

magnets is dysprosium. Neodymium 

and dysprosium are the only REs that 

have been identifi ed as critical. In the 

near term, the needs for lanthanum and 

cerium are also expected to become 

near-critical, but they should not be crit-

ical once the increased mining comes 

online. Praseodymium and samarium 

are not expected to be at risk for supply 

disruptions. 

 Lithium is largely mined in Chile, 

in shallow brine pools. However, in 

the next fi ve years, additional lithium 

production is expected to be devel-

oped (by current lithium producers) in 

the western United States, Argentina, 

and Chile. In the next fi ve years, these 

developments could account for an 

approximately 85% increase in lithium 

supply.  9   Lithium is used as a cathode 

or electrolyte in advanced batteries 

for longer-range electrifi ed vehicles. 

 Table II.      Production energy and greenhouse-gas (GHG) emissions for various materials from the 
GREET 2.7 transportation life-cycle model.  5            

   Material  Total energy (MJ/kg)  GHG emissions (kg of CO 2 e/kg)     

 Steel   

  Primary  27  3.6   

  Secondary  19  1.2   

 Cast iron  33  0.5   

 Aluminum   

  Primary (ingot)  149  10   

  Secondary (ingot)  13  0.9   

 Lead   

  Primary  29  0.9   

  Secondary  5  0.5   

 Nickel   

  Primary  148  12   

  Secondary  37  2.9   

 Copper   

  Primary  111  8.5   

 Plastics   

  Polypropylene  49  3.7   

  Polyester  87  6.9   

  High-density polyethylene  53  4.1   

 Glass-fi ber-reinforced plastic  85  4.8   

 Carbon-fi ber-reinforced plastic  160  9.7   

 Glass  20  1.6   

 Fiber glass  21  1.5   

 Rubber  44  3.2   

 Nickel hydroxide   

  Primary  104  8.2   

  Secondary  6  0.5   

 Potassium hydroxide  11  0.8   

 Cobalt oxide   

  Primary  148  12   

  Secondary  37  3   

 Zinc  121  8.8   

 Magnesium  372  29   

 Platinum  199  16   

 Zirconium  226  16   

 Rare earth  336  27   

 Manganese  121  8.8   

 Nafi on 117 sheet  24  1.8   

 Nafi on dry polymer  24  1.8   

 Polytetrafl uoroethylene  113  8.4   

   Note:      Updated values for new and existing materials were developed by the Center for Sustainable Systems  6   and 
are currently under review for inclusion in the GREET model.    
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Although demand for lithium could increase signifi cantly, its 

supply is ample to meet demand well beyond midcentury.  11   –   13   

Cobalt, used in nickel–metal hydride (NiMH) batteries for cur-

rent hybrid electric vehicles, is not expected to reach a critical 

supply level in the next 15 years.  9   

 Currently, recycling of REs in permanent magnets is not 

economically viable. Although automotive batteries are recy-

cled, the lithium in the batteries is rarely harvested; instead, 

other more valuable materials are collected, and the hazard-

ous waste is properly disposed. Further, REs used in NiMH 

batteries are not recycled and end up in slag that is typically 

used for road beds. More effi cient use, reuse, and recycling 

of these materials would clearly lower world demand for 

new extraction.   

 Bio-based materials 
 As a potentially more-sustainable alternative to conventional 

materials, several bio-based materials and products have been 

introduced in the automotive industry, including bio-based 

and soy-based resins, biofi llers in plastics, natural fi ber fi llers 

in plastics, and fabrics.  14   For example, Ford Motor Company 

demonstrated the fi rst use of soy-based foam for seats in 2008 

and for headliners in 2010.  15   A new head-restraint foam in 

which 25% of the polyol is replaced by soy was also recently 

launched.  15   

 Bio-based composites can be made from biological fi bers, 

such as grass, corn straws, fl ax, hemp, kenaf, jute, pineapple 

leaf fi ber, and sisal, mixed with some sort of polymer matrix. 

These composites are 25–30% stronger than glass-fi ber-based 

composites of the same weight, their fracture is nonbrittle 

(important for automotive applications), and their fi bers take 

much less energy to produce (approximately one-quarter of 

the energy by weight for kenaf compared to glass).  16   (See the 

article in this issue by Dufl ou et al. for more information on 

bio-based polymer composites.)    

 Manufacturing stage 
 The manufacturing stage of the vehicle life cycle comprises 

two separate operations: part and component manufacturing 

and vehicle assembly. The former involves shape-forming 

processes such as stamping, casting, forging, extrusion, and 

plastic molding, along with joining operations such as gluing, 

welding, and fastening. The latter encompasses assembling 

vehicle components into a car, as well as painting, anodizing, 

and galvanizing the vehicle surfaces. These two operations 

are typically performed at different facilities, with separate 

overhead costs. 

 In terms of energy and carbon intensities, the manufactur-

ing stage contributes a small fraction (typically 4–5%) of the 

life-cycle totals,  17   ,   18   but it can have signifi cant indirect impacts 

on materials production. In fact, the materials effi ciency in 

the manufacturing stage is a key factor infl uencing materials 

sustainability. The scrap rates for manufacturing processes can 

vary from as high as 40% for stamping to 5% for plastic mold-

ing. Although industrial scrap steel and aluminum are highly 

recycled, their scrap rates do impact the materials-production 

stage of the vehicle life cycle. For example, if it takes 5 kg of 

sheet aluminum to make a 3-kg stamped part, the vehicle’s life 

cycle is charged for all 5 kg of environmental impacts associ-

ated with aluminum production. This is because it takes energy 

to make sheet aluminum, whether it is recycled or not. If it is 

recycled, then that metal comes to the vehicle manufacturer 

with its own set of environmental burdens. Note that model-

ing of material recycling and allocation of the impacts related 

to the use of recyclable materials are controversial issues in 

life-cycle assessment.  19   Moreover, the specifi c allocation rules 

used can signifi cantly infl uence the outcome of life-cycle 

assessments.   

 Use stage 
 The use stage can be divided into two parts: operation and 

service (maintenance and repair). This discussion focuses on 

operation because its contributions to the vehicle life-cycle 

energy and emissions are almost 100 times greater than those of 

service. The life-cycle primary energy consumption, based on a 

120,000 mile (193,000 km) service life, is compared in   Figure 2   

for three midsized vehicle categories. For each category, the 

energy burden is broken into (1) the operation part of the use 

stage, which accounts for 84–88% of a vehicle’s life-cycle 

energy consumption, and (2) the vehicle cycle, which is the 

sum of everything else, namely, materials production, manu-

facturing, the service part of the use stage, and vehicle end 

of life. Clearly, the operation part of the use stage represents 

a prime opportunity for improving the overall sustainability 

of vehicles.     

 Approaches to improve the environmental footprint of opera-

tion include using lightweight materials, making vehicles smaller, 

and developing advanced powertrains. However, tradeoffs must 

be kept in mind when implementing any of these approaches. For 

  
 Figure 2.      Comparison of life-cycle energy consumption results 

for passenger vehicles with a 120,000-mile (193,000-km) 

service life [U.S. Automotive Materials Partnership (USAMP) 

internal-combustion vehicle (ICV) reported in References 20 

and 21; GREET ICV, Lightweight ICV, and hybrid electric vehicle 

(HEV) computed using GREET 2.7 and 1.8, Argonne National 

Laboratory].    
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example, the life-cycle energy of a vehicle generally decreases 

when it is made lighter, but the amount of the decrease depends 

on the approach used to decrease the vehicle weight, as demon-

strated by the following mathematical analysis. 

 The life-cycle energy (LCE) of a vehicle is the sum of the 

energy consumption from each of the stages in  Figure 1 

   mp mf op mr eolLCE ,E E E E E= + + + +  (1)  

 where mp denotes materials production; mf, part manufacturing 

and vehicle assembly; op, vehicle operation; mr, vehicle main-

tenance and repair (i.e., service); and eol, vehicle end of life. 

 If a vehicle of total mass  p  T  is made lighter by materials sub-

stitution, then the change in LCE is dominated by the changes 

in the materials-production and operation terms  22   and can, to a 

good approximation, be written as

   Δ = + Δmp op
T

T T

d d
LCE .

d d
E E

p
p p

 (2)  

 The energy required to operate a vehicle over its lifetime 

under the conditions of a fi xed drive cycle (for example, city or 

highway) can be written as

   ( )= + × ×
ϕop T
1   LTDST  LHV,E Ap B  (3)  

 where  A  characterizes the part of the fuel consumption that 

scales with the mass of the vehicle and  B  is the correspond-

ing parasitic loss (aerodynamic drag, tire and chassis losses). 

LTDST is the lifetime distance driven, LHV is the lower heat-

ing value for the fuel, and ϕ is the fuel production effi ciency. 

The quantities  A  and  B  are expressed per unit distance driven. 

 The materials-production energy for the vehicle is given by

   mp ,i i

i i

p E
E

C

′
=  (4)  

 where   iE′  is the materials-production energy per unit mass of 

material  i ;  p i   is the mass of material  i  on the vehicle; and  C i   

is the production effi ciency, which is the mass fraction of the 

input of material  i  that goes into the fi nal part. 

 For the case of replacing material  a  by material  b , the change 

in mass of the vehicle is related to amount of  a  removed and  b  

added:  Δ  p  T  =  Δ  m a   +  Δ  m b   =  Δ  m  a (1 –  f  ), where  f  is the substitution 

factor representing the relative mass of material  b  needed to 

replace a functionally equivalent unit of material  a . The change 

in LCE, including both  E  mp  and  E  op , is obtained by substituting 

Equations  3  and  4  into Equation  2 :

  

( )

T

LCE / / (1 )

.  LTDST LH V

' '
a a b b

A
E C fE C f

p

Δ = − − +
ϕ

Δ× ×
 (5)  

 Clearly, Equations  2  and  5  demonstrate that, when the lighter 

material takes more energy to produce, there is a tradeoff 

between the materials-production and operation stages of the 

life cycle. More elaborate treatments of this approach have 

been conducted by Geyer  12   for greenhouse-gas emissions. His 

treatment includes the effects of secondary weight savings and 

materials recycling. 

 As an example of the application of Equation  5 , suppose that 

a manufacturer wishes to improve the fuel economy of one of its 

vehicles by replacing steel by aluminum to reduce the vehicle 

weight. Based on vehicle-simulation programs for a D-class 

vehicle (a six-passenger vehicle with a curb weight of around 

1500 kg), the constant  A  has the value 3.72 × 10 –5  l/(kg km). 

Using  C  steel  =  C  aluminum  = 1,  f  = 0.55, ϕ = 0.80 (corresponding 

to reformulated low-sulfur gasoline),   steelE′   = 33.1 MJ/kg and 

  aluminumE′   = 145.2 MJ/kg (both from the GREET 2.7 model  5  ), 

LHV = 32.0 MJ/l (for gasoline), and LTDST = 240,000 km 

in Equation  5  gives  Δ LCE = 104 – 357 = –253 MJ for a 1-kg 

reduction of vehicle weight. In this case, a reduction in vehicle 

LCE is realized. 

 However, the assumption of  C  steel  =  C  aluminum  = 1 implies 

100% production effi ciencies in making both steel and alumi-

num parts. In reality, it takes around 10 kg of steel or aluminum 

to stamp a 5.5-kg metal part, so  C  steel  ≈  C  aluminum  ≈ 0.55; the rest is 

scrap, often referred to as offal. Taking this factor into account, 

for a 1-kg vehicle weight reduction,  Δ LCE becomes 188 – 357 = 

–169 MJ. Although this case also demonstrates a reduction 

in LCE, it is considerably less than that calculated for perfect 

production effi ciencies. 

 Both examples clearly show that there is a tradeoff between 

materials production and vehicle operation when lightweight-

ing through materials substitution is employed, as the lighter 

material generally requires more energy to produce. Further, the 

operational effi ciency of the vehicle assumed in this example 

is that of a conventional D-class vehicle. For higher-effi ciency 

vehicles such as compression-ignited direct-injection diesels 

( A  = 1.56 × 10 –5 ), the operational term is considerably smaller, 

and hence, the benefi t of weight reduction through materials 

substitution is much smaller. In principle,  Δ LCE could even 

be positive upon a weight reduction. 

 Energy is not the only life-cycle inventory metric of interest. 

Greenhouse-gas (GHG) emissions are also an important con-

sideration. Hence, if the fuel used to power the vehicle were 

based solely on cellulosic ethanol, which has a lower carbon 

footprint than gasoline, then the GHG emissions in operation 

of the vehicle would decrease considerably, and the life-cycle 

change in GHG emissions through the materials-substitution 

scenario just discussed would be positive. 

 It is clear that such estimates of changes in life-cycle impacts 

depend on the parameters employed. Additional relevant con-

siderations include credits for recycling (a controversial issue) 

and secondary weight savings. 

 Individual choices also matter at the broader systems level. 

Vehicle size and model selection by consumers ultimately 

determines the materials consumption for the automotive 

sector. Consumers often drive oversized passenger vehicles, 

which can be considered a materials and energy ineffi ciency. A 

single driver commuting to work in a large SUV is an obvious 

mismatch between need and utility. The average occupancy 
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for automobiles in the United States is around 1.6 and rep-

resents underutilized capital. Better household vehicle fl eet 

composition and utilization to match trip activities could 

result in fuel savings and ultimately reduced automotive 

materials consumption.  23     

 End-of-life stage 
 The EOL management of retired automobiles includes sev-

eral resource-recovery processes. Parts and components are 

reused (e.g., tires) or remanufactured (e.g., engines, motors, 

transmissions), and materials are recycled following disman-

tling, shredding, and separation of nonferrous and ferrous metals. 

A key parameter that impacts resource fl ows is the vehicle 

service life. The median life for new 1970-model cars was 

11.5 years compared to 16.9 years for 1990-model vehicles, 

whereas light-truck age has remained constant at 15–16 years 

over this period.  1   

 Automobiles are among the most-recycled consumer prod-

ucts. Manufacturers such as General Motors Company and 

Ford Motor Company report that their new vehicles are 85% 

recyclable (by weight).  24   ,   25   A European Union End-of-Life Vehi-

cles Directive sets targets for reuse, recycling, and recovery of 

vehicles and their components that has pushed manufacturers 

to further enhance vehicle recyclability.  26   

 The established vehicle-recycling infrastructure is effective 

in recovering ferrous and nonferrous metals, but signifi cant 

amounts of auto-shredder residues consisting of plastics, rubber, 

glass, and other nonmetals are not recycled and are disposed in 

landfi lls. About 95% of EOL vehicles enter the auto-recycling 

infrastructure.  27   A majority of these vehicles are initially pro-

cessed by a dismantler, who removes components for reuse 

or remanufacturing, before sending the “hulk” (the remaining 

portion of the vehicle) to a shredder. Shredders recover about 

95% of the ferrous and nonferrous metals in the vehicle. Vari-

ous methods including mechanical separation, energy recovery, 

and thermochemical processes have been developed to sort or 

process plastics and foams from auto-shredder residue, but they 

are practiced on only a very limited basis.  28   A study of the U.S. 

Automotive Recycling Centers published in 2001 determined 

that 84% of the mass of retired vehicles is recycled, although 

it was acknowledged that this estimate is likely to be high.  29   

This percentage includes recycled metals, other materials, and 

fl uids as well as reused parts. 

 One of the challenges facing materials recycling, espe-

cially in the United States, is profi tability. In the United States, 

auto recycling is entirely profi t-driven, in contrast to Europe 

or Japan, where it is driven by the policy/regulatory environ-

ment and a lack of available landfi ll space. The recovery of 

metals is highly profi table, but that of plastics, especially 

those recovered from vehicles, is not. If vehicles become less 

reliant on ferrous materials as a result of lightweighting with 

aluminum and magnesium, recycling is likely to become more 

profi table, as aluminum and magnesium command higher 

prices in the scrap market. A key challenge for these indus-

tries is to develop an infrastructure for recycling alloys back 

into high-value applications such as closed-loop recycling of 

aluminum body panels. 

 Jody et al.  28   discussed three different metrics for vehicle 

recyclability, all based on the percentage of the vehicle weight 

that is recycled. In our view, such metrics are fl awed, because if 

aluminum were used to replace some of the steel, for example, 

the calculated recyclability of the vehicle would decrease, even 

though the two metals are equally recycled. This is because 

the amount of nonrecyclable material has remained the same 

whereas the weight of recycled materials has decreased. As 

alternative environmentally relevant metrics, we suggest choos-

ing a suitable base case as a reference and tracking (1) the 

change in mass of material required to provide the same service, 

(2) the amount of the vehicle entering the waste stream, and 

(3) the change in the mass of waste over time.   

 Policy impacts on materials and the vehicle 
life cycle 
 The vehicle life cycle is governed by a complex mesh of policies 

and regulations. In the United States, for example, the Mining 

Law of 1872 governs the prospecting and mining of minerals 

on federal public lands. Recent legislation proposed in Con-

gress would establish royalties on mining operations that could 

increase the price of primary metals, which could increase the 

market for secondary metals and encourage recycling. 

 One critique of the proposed U.S. legislation is that it could 

simply shift mining out of the country. Weaker regulations 

governing manufacturing operations in developing countries 

have already impacted sustainability. Weak or unenforced laws 

lower costs and are, in part, responsible for a shift in materials 

production from the United States to China, which has carbon-

intensive electricity and lacks stringent pollution controls. This 

has become an important issue in the sourcing of rare earths for 

magnet applications. In contrast, the vehicle-recycling regula-

tions in Europe were instrumental in promoting greater attention 

to resource recovery throughout the vehicle cycle. 

 Fuel-economy standards are currently the most critical 

regulations impacting the vehicle life-cycle performance in 

the United States. However, these standards, including the 

2012–2016 fuel-economy standards and the proposed 2017–

2025 standards, do not address the vehicle-production stage, 

which is expected to make a greater contribution to the life-

cycle burdens as fuel economy improves. Carbon regulation, 

which could serve as a more systematic mechanism to lower 

life-cycle impacts, is also stalled in the United States. Without 

a comprehensive market or regulation for carbon, emissions 

can simply be shifted from the use stage to vehicle production.   

 Conclusions 
 Materials and energy are the two most signifi cant inputs for 

vehicle systems, and current vehicle fl eets are heavily depen-

dent on nonrenewable resources for both of them. Unlike non-

renewable energy resources, which are exhausted by their use, 

many materials resources can be recovered and reutilized in 

the economy through reuse, remanufacturing, and recycling. 
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Recovery of metals during end-of-life management is better 

for vehicles than for most product systems, but recovery of 

nonmetals is not. Materials industries have opportunities 

to continue to improve materials-production effi ciencies, 

recover secondary materials, and reduce impacts from virgin 

resources. 

 The vehicle life cycle and associated materials selection, 

sourcing, and design decisions represent a complex large-scale 

optimization problem with multiple objectives, constraints, 

and stakeholders, often with competing interests. As pressures 

for materials resources increase because of new markets for 

vehicles and increasing demands from other sectors, more 

sophisticated life-cycle design methods and more advanced 

vehicle-remanufacturing and -recycling infrastructures will be 

required to solve the sustainability challenges faced by the 

auto industry. Ultimately, providing sustainable mobility for a 

growing population of seven billion people requires dramatic 

innovations by the materials and automotive industries; interna-

tional commitments and policy for addressing greenhouse-gas 

emissions; and a more informed consumer base that under-

stands basic sustainability concepts and factors vehicle size, 

fuel economy, and other environmental attributes into their 

vehicle purchasing and driving decisions.     
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                    Introduction 
 Fiber-reinforced polymers (FRPs) are among the most 

widely produced categories of composite materials.  1   Ini-

tially developed decades ago for the aerospace industry, 

these composites have spread to a wide range of applica-

tions, including automobiles, shipbuilding, circuit boards, 

construction materials, and household equipment (  Figure 1  ). 

Because of their high stiffness, strength, and fatigue resis-

tance, as well as their low density and ease of shaping, FRPs 

provide attractive alternatives to steel and nonferrous metals 

in structural applications.  3   Recently, researchers have also 

explored bio-based FRPs, in which either the polymer matrix 

or the reinforcement fibers, or both, come from renewable 

resources.  4

 This article discusses the environmental impacts of transi-

tioning from conventional materials to FRPs, as determined 

by life-cycle assessment (LCA). The net change depends 

on many processes throughout the life cycle of an envis-

aged application, including energy and mass fl ows as well 

as emissions and waste (  Figure 2  ). Because FRP compo-

nents are often lighter than their traditional counterparts, 

it is important to compare their impacts on a functionally 

equivalent basis.       

 Traditional and bio-based fi ber-reinforced 
polymers  
 Fiber materials 
 The best-established FRPs are glass-fi ber-reinforced polymers 

(GFRPs), which are used in a variety of products, including 

printed circuit boards, tanks and pipes, car body panels, and 

wind turbine blades. The high melting temperature of glass 

(glass-fi ber production occurs at  ∼ 1550°C) makes energy inten-

sity the major environmental issue.  5

 Carbon-fi ber-reinforced polymers (CFRPs) use carbon fi bers 

that require considerable energy to produce, because they are 

made by pyrolysis at 1000–1400°C for high-modulus fi bers or 

at 1800–2000°C for high-strength fi bers.  6   The energy expen-

diture has decreased, however, as production methods have 

evolved.  7–9

 One promising class of carbon fi bers, carbon nanofi bers, 

requires more energy to produce, depending on the feedstock 

and other details, and generally gives low yields of 15–50%.  10

A major concern for nanofi bers is their potential human toxicity 

and ecotoxicity. Although they are probably less harmful in a 

matrix, free particles in the nanometer size range raise health 

and environmental concerns because of their large surface-area-

to-mass ratios and their ability to penetrate biological cells.  11
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Carbon nanofi bers could hence exhibit toxic properties similar 

to those of asbestos, but because of a lack of data, this effect 

has not yet been taken into account in LCA studies. 

 Natural-fi ber-reinforced polymers (NFRPs), which incor-

porate animal-, mineral-, and plant-based fi bers, can be used 

as reinforcements in composites. Little information is avail-

able on animal- and mineral-based fi bers, but properties of 

plant-based fi bers and composites reinforced with such fi bers 

are well-documented.  12   –   14   In general, the tensile strength and 

Young’s modulus of widely used plant-based fi bers (e.g., hemp, 

fl ax fi bers) are lower than those of commonly used glass fi bers. 

However, because their density ( ∼ 1.4 g/cm 3 ) is less than that 

of glass fi bers ( ∼ 2.5 g/cm 3 ), plant-based fi bers have a higher 

specifi c strength and modulus, making them attractive when 

weight reduction is critical. 14    

 Matrix materials 
 Matrix materials for FRPs conventionally include thermosets, 

such as epoxy, unsaturated polyester, and phenolic resins, but 

thermoplastic matrix materials are also used for processing 

and recyclability reasons. Energy consumption occurs during 

the many synthesis steps, involving fi rst extraction of mineral 

oil, then separation and refi ning, and fi nally characterization 

and polymerization. 

 Common bio-based matrix materials include modified 

starch,  15   ,   16   bio-based polyester [e.g., poly(lactic acid) (PLA)  17   ,   18  ], 

microbial synthesis polymers [e.g., polyhydroxyalkanoates 

(PHAs)  17   ,   18  ], and polymers synthesized from functionalized 

vegetable oil [e.g., epoxidized linseed oil (ELO)  19   –   26  ].    

 Comparing materials using life-cycle 
assessment 
 LCA evaluates potential environmental costs or benefi ts for a 

particular application, quantifying the many tradeoffs between 

different life phases. This article explores three impact 

measures. First, cumulative energy demand (CED) can be an 

effective screening indicator for overall environmental impact, 

because energy consumption, especially fossil-fuel consump-

tion, is a major driver for several environmental impact 

categories.  27   Second, greenhouse-gas (GHG) emissions and the 

climate change to which they contribute are among the most 

signifi cant environmental issues.  28   The units for measuring 

greenhouse gas emissions are CO 2  equivalents (CO 2 e), which 

account for the different global-warming potentials of differ-

ent gases. The third assessment measure, used when suffi cient 

data are available, consists of aggregate environmental impact 

scores, expressed in ecopoints. Unless stated otherwise, the 

ecopoint values discussed in this article were calculated using 

the impact-assessment method ReCiPe  29   and are given in 

milli-ecopoints (mPt). 

 A per-kilogram basis provides a clear picture of the envi-

ronmental intensity of raw materials production, but would 

inappropriately penalize the lighter polymer composites in 

components where stiffness, strength, or both determine the 

amount of material used. Instead, other indicators (see online 

supplementary materials) have been proposed that yield min-

imum weight or minimum environmental impact under con-

straints such as equal stiffness,  30   –   33   equal strength,  33   ,   34   equal 

weight and geometry,  35   ,   36   or metrics based on measurements 

on specifi c components.  37   –   39     

 Materials impacts at diff erent life-cycle phases  
 Production phase 
   Table I   lists CED values, GHG emissions, and ecopoints 

associated with production of several matrix and fi ber mate-

rials, as well as manufacturing methods for composites. In 

some cases, different production methods 

show widely varying environmental impacts. 

For example, making the PHA matrix material 

poly( β -hydroxybutyrate) (PHB) by fermenta-

tion releases energy, with a negative CED of 

–22.7 MJ/kg and GHG emissions of –3.1 (kg 

of CO 2 e)/kg, whereas PHB obtained from corn 

starch has a large positive CED (38.6 MJ/kg) 

but essentially zero GHG emissions.  40       

   Table II   provides an overview of LCA stud-

ies on production-phase environmental impacts 

  
 Figure 1.      Market share distribution of fi ber-reinforced polymers 

(FRPs) by application.  2      

  
 Figure 2.      Generic life-cycle phases of a composite component. Each phase might require 

resource inputs and might create other impacts.    
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of different products made of composites, compared to their 

counterparts based on traditional materials. The values of 

CED and GHG emissions for matrixes and reinforcements in 

 Table II  do not fully agree with those in  Table I  because they 

were derived from different sources. Nevertheless, the trends 

are the same. Both GFRPs and CFRPs have been proposed as 

replacements for steel and aluminum in structural components. 

However, whereas GFRPs show consistently lower production-

phase CED values and GHG emissions than either steel or 

aluminum, CFRPs generally score signifi cantly worse than 

the metals.       

 Use phase 
 In the use phase, the impact of composite products is typically 

indirect. For example, FRPs are more durable than many tradi-

tional materials, such as steel and concrete, because they resist 

corrosion and fatigue better.  1   According to a study performed 

by the Rotterdam city government, bridges made from CFRPs 

or GFRPs need no additional resources 

for maintenance. In contrast, for concrete 

or steel bridges, 5% of the initial materi-

als for construction generally have to be 

replaced after 50 years.  57   However, no 

quantitative data on the environmental 

impact of the maintenance of FPR com-

ponents could be found in the literature. 

 In dynamic systems, such as vehicles, 

FRPs are used to achieve lightweight 

structures, thus reducing fuel consump-

tion and related environmental impacts. 

Consequently, transportation systems are 

their major application, with automotive, 

aerospace, and marine uses represent-

ing 44% of total FRP consumption (see 

 Figure 1 ). GFRPs are already used for 

decorative, nonstructural, and semistruc-

tural parts in cars,  58   ,   59   railway vehicles,  60   

ships,  61   and aircraft.  62   

 Substituting natural fi bers for glass 

fi bers in automotive applications has also 

drawn signifi cant interest.  63   –   70   Compared 

to similar combinations based on glass 

fi bers, NFRPs have lower costs, weights, 

and environmental impacts for function-

ally equivalent solutions including door 

panels, car interiors, package trays, and 

rear shelves.  71   Shifting from glass to 

natural fi bers has been reported to save 

22–27% in weight.  72   

 For structural parts in vehicles, which 

are currently made from steel or aluminum, 

CFRPs (e.g., carbon-fiber-reinforced 

epoxy or polypropylene) have been pro-

posed as substitutes, because CFRPs can 

satisfy severe structural requirements 

while providing signifi cant weight reductions.  58   Examples 

include the early “body-in-white” (BIW) stage of automobile 

manufacturing (consisting of the unpainted sheet metal frame of 

the vehicle),  73   –   76   railway carriage structures,  77   vertical stabilizers 

and fi n boxes in aircraft,  78   and ship hulls.  79   ,   80   Weight reductions 

of 50–70% can be anticipated if CFRPs are used in place of 

conventional, metal-based components. 

 In addition to such primary weight savings, secondary 

weight savings, known as mass decompounding, are also 

expected. For example, a lightweight body requires a lighter 

chassis, lighter brakes, a less powerful power train, and so on. 

Secondary savings of an additional 0.5–1.5 kg per kilogram of 

primary savings have been reported.  8   ,   58   ,   81   ,   82   

 Fuel consumption of a vehicle is determined by many 

factors (e.g., weight, shape, and route characteristics) and 

is therefore hard to estimate absolutely. However, other 

factors being equal, fuel consumption is proportional to 

vehicle mass for cars,  83   trains,  77   and aircraft.  84   For ships, the 

 Table I.      Cumulative energy demand (CED), greenhouse-gas (GHG) emissions, 
and ecopoints for various materials and production processes.            

   Material  CED (MJ/kg)  GHG (kg of 
CO 2 e/kg) 

 Ecopoints (mPt/kg)     

  Matrix    

 Liquid epoxy  76–137  41   –   43    4.7–8.1  42   ,   43    734  44     

 Polyester (PES), unsaturated  62.8–78  41   ,   42   ,   45    2.3  42    644  44     

 Polypropylene (PP)  73.4  43    2.0  43    276  44     

 Mater-Bi ® -modifi ed starch  54.8  46    1.3  46    275  44     

 Ingeo 2009™ poly(lactic acid) 
(PLA) 

 67.8  47    1.3  47    312  44     

 Polyhydroxyalkanoates (PHAs)  59–107  48   –   50    0.7–4.4  48   –   50    NA   

 Epoxidized linseed oil (ELO) 
monomer 

 19  51    1.2  51    NA   

  Reinforcement    

 Polyacrylonitrile- (PAN-) based 
carbon fi ber (CF) 

 286–704  8   ,   9   ,   41    22.4–31  8   ,   9    833  44     

 Carbon nanofi ber (CNF)  654–1807  10    70–92  10    NA   

 Glass fi ber (GF)  45  5    2.6  5    264  44     

 Flax fi ber, with irrigation  9.6–12.4  35   ,   52    0.4  52    350  44     

 Hemp fi ber, without irrigation  6.8–13.2  52   ,   53    1.6  52    NA   

 Jute fi ber  3.8–8.0  54    1.3–1.9  54    NA   

 Sugarcane bagasse  11.7  37    NA  NA   

  Manufacturing Processes for Selected Composites    

 Sheet molding compound (SMC)  3.5–3.8  8   ,   41    NA  13  44     

 Resin transfer molding (RTM)  12.8  30    NA  46  44     

 Pultrusion  3.1  41    NA  11  44     

 Autoclave  21.9  30    NA  NA   

 Injection molding  21.1–29.9  40   ,   43    0.5–1.2  40   ,   43    126  44     

    NA, not available.    
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energy consumption is proportional to weight to the power 

of 2/3 within a specifi c velocity range.  85   The energy savings 

induced by a certain amount of weight reduction by FRPs 

for a specifi c type of vehicle are more robust and widely 

adopted in LCA studies 

   Table III   lists changes in CED values and GHG emissions 

during the use phase of a vehicle that can be obtained by 

using composites in place of traditional materials. CFRPs 

generally show dramatic energy savings compared to steel, 

aluminum, and even GFRPs, by virtue of the signifi cant 

weight savings they make possible. NFRPs, such as bagasse/

polypropylene (PP) and china reed/PP, contribute to further 

weight reductions and energy savings compared to GFRPs. 

A crucial assumption is that the useful life of NFRPs will be 

the same as or comparable to that of traditional composites, 

but in fact little is known about the long-term durability of 

these materials, which is mostly determined by the moisture 

level in the composite.  71   A systematic, quantitative analysis 

of the useful life of bio-based composites has not yet been 

performed.       

 End-of-life phase 
 Different end-of-life (EOL) scenarios lead to different impacts. 

  Table IV   provides an overview of CED values and GHG emis-

sions for different EOL options. Recycling methods in  Table IV  

include mechanical recycling for sheet-molding-compound 

composites and glass-mat-reinforced thermoplastics (GMTs), 

thermal treatment for CFRPs to recover carbon fi bers, and 

remelting and recasting of steel and aluminum. Because 

the secondary use of the recycled materials is not clear, the 

environmental credits from recycling are not included in 

this table.     

 Landfi lls once were the common disposal approach for 

composite components. However, landfi lling requires large 

 Table II.      Summary of life-cycle assessment (LCA) studies for fi ber-reinforced polymers (FRPs) in the production phase.                

   Product  Composite material  Replaced traditional 
material 

 Change in weight  Change in cumulative 
energy demand 

 Change in greenhouse-
gas emissions     

 Bridge  38  ,  a    GF/PES pultruded  Structural steel  –33%  –57%  NA   

 Stainless steel  –28%  –68%   

 Concrete  –85%  –62%   

 Aluminum  +25%  –56%   

 Car side door  39    Hemp/EP  ABS  –27%  –45%  –15%   

 Under-fl oor pan  35    Flax/PP  GF/PP  0  –14%  NA   

 Rotor blade  36    Flax/EP  CF/EP  0  –50%  –45%   

 Car interior  37  ,  b    Bagasse/PP  Talc/PP  –20%  –22%  –21%   

 Car door  34    GF/PP  Steel  –31%  –59%  +2%   

 Aluminum  +25%  –87%  –74%   

 Rear body of truck  30    GF/PES  Steel  –44%  –20%  NA   

 Aluminum  +11%  –44%   

 Closure panel  55  ,  c    CF/EP  Steel  –60%  +280%  +41%   

 Aluminum  –27%  –65%  –54%   

 GF/PET  –42%  +127%  +116%   

 Sedan  33    CF/EP (virgin)  Steel  –38%  +30%  NA   

 Propeller shaft  56  ,  d    GFCF/EP  Steel  –63.5%  –13%  NA   

 Aluminum  –55%  –83%   

 Car fl oor pan  31    CNF/PP or CNF/PES  Steel  –18.9% to –61.2%  +30% to +1000%  NA   

 Car fl oor pan  8  ,  e    CFRP  Steel  –17%  +363% to +412%  +136% to +219%   

    NA, not available.  
  Acronyms: ABS, poly(acrylonitrile butadiene styrene); CF, carbon fi ber; CFRP, carbon-fi ber-reinforced polymer; CNF, carbon nanofi ber; EP, epoxy; GF, glass fi ber; PES, 
polyester; PET, poly(ethylene terephthalate); PP, polypropylene.  
   a      Energy for maintenance not included because of high estimated uncertainty. S235J0 or S355J0 for structural steel, X2CrNi18-11 or X2CrNiM018-14-3 for stainless 
steel, AlMgSi1,0F31 for aluminum, B35 for concrete.  
   b      50% content of recycled polypropylene  
   c      Closure panels of a midsize passenger car consisting of four doors, hood, and deck lid; 11% content of recycled aluminum.  
   d      STAM735H for steel, modifi ed 6061-T8 for aluminum.  
   e      CFRP contains polyacrylonitrile- and lignin-based carbon fi bers obtained by sheet molding or powdering manufacturing methods.    
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areas of land and does not allow for the recovery of the 

embodied energy of composites. Furthermore, waste typically 

must still undergo pretreatment to reduce its volume and haz-

ardous effects before being landfi lled.  91   

 In most cases, FRPs are incinerated, for instance, in cement 

kilns, to recover embodied energy. A model for calculating 

the energy recovery from incineration of CFRPs was derived 

assuming complete conversion of carbon fi bers and the poly-

mer matrix into CO 2 , H 2 O, and N 2 O by means of the modifi ed 

Dulong formula:  92   

 
( )TE 337 1419 0.125 93 23C H O S N= + − + +

  
(1)

 

 where TE, the total energy, is expressed in kilojoules per kilo-

gram and  C ,  H ,  O ,  S , and  N  are the weight fractions, in per-

centages, of the corresponding elements. Glass-fi ber-reinforced 

composites can also be incin-

erated, but the incombustible 

glass fi bers hinder the incin-

eration, consuming  ∼ 1.7 MJ 

per kilogram of glass-fiber 

content.  53   

 Through incineration, for 

example, burning composite 

scrap in cement kilns, one can 

not only recover the embod-

ied energy, but incorporate 

the incombustible parts, such 

as glass fi bers or mineral fi ll-

ers, into cement production.  93   

Incineration is also a logical 

way to dispose of NFRPs. 

Unlike glass fibers, natural 

fibers are combustible and 

therefore contribute to a higher 

heating value of components 

for incineration. 

 The four main recycling 

methods for FRPs  94   are 

mechanical recycling, pyrolysis, fl uidized-bed processing, 

and chemical treatment. Mechanical recycling is used for both 

GFRPs  93   and CFRPs  95   but is mainly applied to GFRPs. It does 

not recover individual fi bers. Instead, mechanical recycling 

is performed at the composite level  94   and involves shredding, 

crushing, or milling FRPs and then separating the crushed 

pieces into fi ber-rich and resin-rich fractions. These fractions 

are incorporated into new composites as fi llers or reinforce-

ments or used directly in the construction industry.  93   

 The mechanical properties of FRPs containing recyclates can 

be severely affected. Depending on the content of recyclates 

(5–70% by weight), fl exural-strength reductions of 10–54% have 

been recorded.  96   –   98   As a result of these degraded mechanical prop-

erties, FRP recyclates are usually used in low-end applications 

such as construction fi llers, which is best considered downcycling. 

 Other recycling meth-

ods, such as pyroly-

sis,  93   ,   99   ,   100   the fl uidized-bed 

process,  93   ,   94   and chemical 

processing,  94   ,   101   aim to 

reclaim individual fi bers 

in CFRPs or GFRPs. 

The mechanical proper-

ties of carbon fi bers can 

be retained at relatively 

high levels after pyroly-

sis  99   ,   102   –   104   and chemical 

recycling.  102   Glass fi bers 

recycled by pyrolysis 

suffer a signifi cant reduc-

tion in tensile strength as 

the pyrolysis temperature 

 Table III.      Changes in cumulative energy demand (CED) and greenhouse-gas (GHG) emissions 
during the use phase for different material combinations.                

   Product  Composite 
materials 

 Substituted 
materials 

 Lifetime (km)  CED change 
(GJ/piece) 

 GHG change (kg 
of CO 2 e/piece)     

 Car interior  37    Bagasse/PP  Talc/PP  150000  –19.3  –206   

 Transport 
pallet  32   

 China reed/PP  GF/PP  5000–200000  –0.6 to –2.3  NA   

 Propeller shaft  56    CF and GF/EP  Steel  150000  –3.7  –227   

 Aluminum  –2.5  –158   

 Closure panel of 
car  55  ,  a   

 CF/EP  Steel  200000  –26.9  –2096   

 Aluminum  –6.8  –531   

 GF/PET  –13.1  –1023   

 Car door  34    GF/PP  Steel  150000  –2.0  –150   

 Aluminum  +0.8  +67   

 Rear body of 
truck  30   

 GF/PES  Steel Aluminum  190000  –181  NA   

 Aluminum  +23  NA   

    NA, not available.  
  Acronyms: CF, carbon fi ber; EP, epoxy; GF, glass fi ber; PES, polyester; PET, poly(ethylene terephthalate); PP, polypropylene.  
   a      Closure panels of a midsized passenger car consisting of four doors, hood, and deck lid.    

 Table IV.      Environmental impacts of different types of composites under different end-of-life scenarios.                  

     Landfi ll  Recycling  Incineration with 
energy recovery   

 CED 
(MJ/kg) 

 GHG 
(kg of CO 2 e/kg) 

 CED 
(MJ/kg) 

 GHG 
(kg of CO 2 e/kg) 

 CED 
(MJ/kg) 

 GHG 
(kg of CO 2 e/kg)     

 SMC  NA  NA  7  86    0.4  86    –7.5  87    0.9  87     

 GMT  0.09  34   ,   55    0–0.02  34   ,   55    11  86    0.9  86    –25.2  87    1.9  87     

 CFRP  0.11  55    0.02  55    10–15  34   ,   41    NA  –31.7 to –34  87   ,   88    3.2–3.4  87   ,   88     

 NFRP  NA  NA  NA  NA  –12 to –34  32   ,   37   ,   39   ,   87    2.3–2.9  37   ,   87     

 Steel  NA  NA  11.7–19.2  89    0.5–1.2  89    NA  NA   

 Aluminum  NA  NA  2.4–5.0  90    0.3–0.6  90    NA  NA   

    NA, not available.  
  Acronyms: SMC, sheet-molding-compound composites (e.g., glass-fi ber-reinforced polyester resins); GMT, glass-mat-reinforced 
thermoplastics (e.g., glass-fi ber-mat-reinforced polypropylene).    
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increases from 650°C to 800°C.  105   In the fl uidized-bed process, 

glass fi bers suffer a 50–90% reduction in strength, depending 

on processing temperature.  93   The tensile strength of recycled 

carbon fi bers also decreases sharply (by 20–34%), whereas the 

elastic modulus remains stable.  106   ,   107   

 From an environmental perspective, pyrolysis generally 

consumes 2.8 MJ of energy per kilogram, while providing liq-

uefi ed petroleum gas ( ∼ 2 MJ/kg), heating fuel oil (9.2 MJ/kg), 

and composite fi llers ( ∼ 10.6 MJ/kg). Thus, compared to EOL 

scenarios without recycling, a net energy retrieval of approxi-

mately 19 MJ/kg can be achieved.  30   

 NFRP composites are recycled through multiple mechanical 

and thermal reprocessing procedures  108   –   110   and generally retain 

their mechanical properties. For example, after seven cycles, the 

tensile modulus and tensile strength for a sisal fi ber/PP NFRP were 

found to drop by only 10.1% and 17.2%, respectively, in contrast 

to 40.1% and 52.5% losses in a glass fi ber/PP GFRP.  110   However, 

the process temperatures cannot exceed 200°C during NFRP recy-

cling without degradation of the structural properties.  111   ,   112   This 

might make recycling of NFRPs impractical for matrixes that 

require high temperatures, for instance, to achieve remelting. 

 A seemingly attractive way to dispose of bio-based compos-

ite waste is biodegradation (anaerobic digestion or composting). 

Biodegradation mechanisms for typical bio-based composites, 

including natural-fi ber-reinforced starch-based composites,  113   ,   114   

natural-fi ber-reinforced PLA,  115   ,   116   PHA-based bio-based com-

posites,  117   ,   118   and blends of these polymers,  119   ,   120   have been com-

prehensively investigated. 

 An important concern for biodegradation is whether the 

process itself or its products exhibit ecotoxicity, which can 

be measured with microorganisms, soil fauna, and terrestrial 

plants.  121   Initial studies support ecological safety of biodeg-

radation for starch blends,  122   cellulose-fi ber-reinforced starch 

composite,  123   and lactic-acid-based polymers that do not contain 

the connecting agent 1,4-butane diisocyanate.  124   Although quan-

titative LCA studies of biodegradation are rare, one such study 

reported that composting and incineration are comparable in 

terms of GHG emissions, but incineration provides signifi cantly 

higher nonrenewable energy recovery.  125      

 Life-cycle tradeoff s 
 The preceding sections highlighted potential environmental 

impacts and benefi ts related to a switch to composites. How-

ever, increases in environmental impacts during one life-cycle 

phase can be compensated by reductions during another phase. 

This section illustrates such tradeoffs using three examples.  

 GFRP versus steel and aluminum in transportation 
vehicles 
 Two studies  30   ,   34   reported that GFRPs are environmentally ben-

efi cial compared to steel for interior panels and doors in auto-

mobiles (20% and 59% CED reductions for GF/PES and GF/PP, 

respectively) in both the production and use phases because of 

their lower weights. The environmental problem lies in the EOL 

phase. Mechanical recycling of GFRPs severely damages their 

intrinsic properties, and the incineration potential of GFRPs is 

also limited because of their relatively low heating value and 

high ash content.  30   

 In contrast, making components from aluminum instead of 

GFRPs results in slightly lighter structures. Even though virgin 

aluminum consumes more energy during production, it is eas-

ily recycled, so that designers can substantially reduce energy 

demand by using recycled aluminum. In general,  34   therefore, 

aluminum is better for these uses than GFRPs, from a full 

life-cycle perspective.   

 CFRP versus steel and aluminum in transportation 
vehicles 
 A graphical comparison of the environmental impacts of using 

CFRPs and steel in automobiles is presented in   Figure 3   as an 

example. Quantitative information on various contributions to 

the production-phase impact of shifting from steel to CFRPs can 

be found in  Table II . In the EOL stage, incineration of CFRPs 

will provide energy credits, but the overall EOL ecological impact 

is still negative (positive ecopoint values) because of CO 2 , NO  x  , 

and SO 2  emissions.  88   In contrast, steel can be almost 100% 

recycled, with relatively low energy consumption and without 

degrading its materials properties, resulting in a comparatively 

benefi cial EOL environmental impact. However, beyond 

a certain breakeven point in mileage, the environmental benefi ts 

of weight reduction in the use stage will overcome the negative 

impacts of CFRPs in the production and EOL stages.  126   In one 

analysis, the breakeven point was found to be 132,000 km for 

CFRP versus steel for automotive panels, as shown in  Figure 3 .  126       

 Such a breakeven point can also be determined for 

CFRPs compared to aluminum. An LCA comparison found 

that, if both the production and EOL stages are taken 

into account, an aluminum-based plane panel contributes 

fewer ecopoints (2 Pt) than a CFRP panel (10 Pt), because 

  
 Figure 3.      Total life cycle impact of carbon-fi ber reinforced 

polymer (CFRP) body in white (BIW) compared to conventional 

steel BIW. The lower weight of the CFRP design and the 

secondary weight reduction it allows contribute to lower fuel 

consumption in the use phase that eventually overcomes its 

greater negative impact in production and end of life. Only the 

difference in fuel consumption is considered in the use phase 

for the steel based design.    
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aluminum can also be easily recycled.  84   Because of the sig-

nificant weight reduction, the ecopoint breakeven point 

for CFRP versus aluminum in aircraft applications is only 

70,000 km of flight.  84     

 NFRP versus GFRP in transportation vehicles 
   Table V   compares the CED values of NFRPs and GFRPs 

during the different life-cycle phases. The EOL scenario 

for all three listed cases involves incineration with energy 

recovery. Compared to GFRPs, NFRPs typically provide 

fewer energy credits in the EOL phase because of the lower 

equivalent product mass generally required for NFRP-based 

product designs, resulting in less material to be burned. 

NFRPs, however, provide favorable CED scores during 

both the production and use phases, which results in sig-

nificantly reduced CED values for the total life cycle. The 

main environmental concerns for NFRPs, particularly bio-

based polymers/natural fibers, are emissions of nitrogen 

and phosphorus during cultivation,  127   large arable-land 

requirements,  128   ,   129   and ecosystem deterioration.  127   ,   129   Pres-

ently, these impacts are too uncertain to be included in LCA 

studies,  127   and more data on the production-phase impacts 

of NFRPs are needed.        

 Conclusions 
 Comparison of the environmental performance of FRP com-

posites with that of traditional material solutions at a product 

level requires a thorough analysis of the complete life cycle 

of the product. The production of matrix and fi ber materials 

generates considerable environmental impacts, especially 

because of the energy intensity of carbon fi ber production. 

End-of-life processing creates comparatively less impact 

and therefore does not dominate environmental tradeoff 

considerations. 

 Depending on the application, the environmental pay-

back during the product-use phase can be substantial: In 

aerospace applications, for example, weight reductions 

and related energy savings clearly dominate the life-cycle 

assessment. For applications with less energy-intensive use 

phases, such as automotive structures, the tradeoff between 

environmental impacts caused 

during production and expected 

savings during use are less obvious 

and should be studied on a case-

by-case basis. 

 According to the studied envi-

ronmental impact evaluation cri-

teria and the available data, when 

bio-based composites can provide 

the required material properties, they 

are valid alternatives with a reduced 

overall impact compared to tradi-

tional matrix and fi ber materials. 

However, in terms of both further 

improving material properties and 

investigating environmental impacts, there is still signifi cant 

scope for further research.   

 Supplementary materials 
 For supplementary materials for this article, please visit   http ://

 dx . doi . org / 10 . 1557 / mrs.2012.33  .     
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                Introduction 
 In their drive to increase engine effi ciency, materials engi-

neers have developed a wide range of materials. Whereas early 

engines were made from steel and exhibited relatively simple 

geometries, today’s engines incorporate many different materi-

als and complex geometries depending on the needs of each 

specifi c component. Materials such as polymer-matrix com-

posites, titanium alloys, wrought nickel and cobalt superalloys, 

and both equiaxed and single-crystal cast superalloys have all 

found applications in engines. In addition, each of these new 

material classifi cations has a range of associated compositions. 

For example, cast single-crystal nickel-based superalloys are 

classifi ed into generations depending on the amount of rhenium 

in the specifi c alloys. Whereas rhenium is not present in fi rst-

generation single-crystal superalloys, it is used in increasing 

quantities in the second- and third-generation single-crystal 

superalloys. To continue to improve engine effi ciency, it will 

be necessary to develop even more advanced materials for 

high-temperature use. In general, the advanced materials being 

developed are more complex and contain elements that are 

scarcer than was the case for previous generations of materials. 

 The challenge of sustainability was addressed at the Inter-

national Congress on Sustainability Science & Engineering 

forum in 2009, for which the overview stated: “Sustainability 

has become a common currency in describing proactive plans 

and solutions in many scientifi c, engineering, and social science 

disciplines with no consensus on what sustainability means.”  1   To 

some extent, this remains true today, as the general defi nition of 

sustainable development (see the introductory article in this issue 

by Green et al.) is of limited use in assessing the sustainability 

of a given part or product. For the purposes of this article, we 

focus on a more specialized aspect of sustainability that strongly 

affects current and future aviation technology: conserving elements 

that are critical to producing components that enable effi ciency 

improvements in turbine engines. In this case, the focus on 

sustainability arises because of the business desire to meet the 

market demand for more fuel-effi cient engines when one of the 

critical elements for meeting that demand is in short supply. 

 For sustainable development of advanced engines, it is nec-

essary to have a stable supply chain for each of the materials 

used. In the past, there have been concerns about the supply 

and/or cost of various elements. For example, the price of tantalum 

increased signifi cantly in 2000, from approximately US$34/lb 

(US$75/kg) to approximately US$220/lb (US$485/kg), based 

on “overoptimistic forecasts of market growth and an apparent 

shortage of tantalum source material for processing.”  2   Many 

materials that are critical for engine manufacture are in short 

supply because they are present at very low levels in Earth’s 

crust; have environmental issues associated with their smelt-

ing; are from less politically stable parts of the world; or are 

associated with negative social consequences, such as min-

ing being done to support confl ict. Each of these supply-chain 

     Materials for sustainable turbine 
engine development 
     Doug     Konitzer     ,     Steve     Duclos     ,   and     Todd     Rockstroh     

        Turbine engine performance, as measured by specifi c fuel consumption (defi ned as fuel 

consumed relative to the thrust produced by the engine), is a key criterion in engine selection. 

To achieve the specifi c fuel consumption required of modern engines, engineers combine 

advanced designs and materials to achieve higher operating temperatures and, therefore, 

higher engine effi ciency. One of the diffi culties of using advanced materials is that they 

exploit scarce, hard-to-replace elements to allow higher operating temperatures. In this 

article, we describe steps being taken by General Electric Co. and the turbine engine industry 

to continue to improve engines in a material space constrained by material availability. As a 

specifi c example, we focus on the transition metal rhenium.   

  Doug Konitzer,    General Electric Aviation ;  doug.konitzer@ge.com  
  Steve Duclos,    General Electric Global Research ;  duclos@research.ge.com  
  Todd Rockstroh,    General Electric Aviation ;  todd.rockstroh@ge.com  
 DOI: 10.1557/mrs.2012.35 

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


384 MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

TRANSPORTATION • AVIATION 

issues can change the sustainability of using these materials in 

manufacturing operations. 

 In this article, we discuss the procedures used to identify 

which materials could have an impact on the ability to man-

ufacture engines and some of the developments that might 

mitigate an imprudent reliance on certain materials. To simplify 

the discussion, we concentrate on metallic structural materials 

because they are the predominant materials used in engines 

and discuss rhenium as a specifi c example of a critical element.   

 Identifying critical elements 
 Quantitative methods have recently been developed to evalu-

ate the relative supply risks posed by raw materials at the ele-

ment level. The U.S. National Research Council outlined an 

assessment tool that builds a “criticality matrix” in which risks 

are quantifi ed element by element in two categories: “supply 

risk” and “impact of supply restriction.”  3   The U.S. Depart-

ment of Energy recently used this methodology to determine 

the criticality of elements to renewable energy technologies.  4   

Methods are being developed to refi ne the supply risk category 

by using well-established indices that quantify element avail-

ability, as well as economic and geopolitical factors.  5   A recent 

joint study group of the American Physical Society and the 

Materials Research Society also evaluated the landscape of 

energy-critical elements required for large-scale deployment 

of new technologies for the production, transmission, effi cient 

use, or conservation of energy.  6   

 The process that General Electric Co. (GE) uses to evaluate 

the risks associated with material shortages is a modifi cation of 

the method developed by the National Research Council.  7   The 

supply risk category is expanded to “price and supply risk” 

and includes an assessment of demand and supply dynam-

ics, price volatility, geopolitics, and coproduction with other 

elements. The assessment of this fi rst category relies on sup-

ply data from the U.S. Geological Survey, as well as knowl-

edge of company-specifi c supply dynamics and current and 

projected future uses of the element. The second category 

is focused on the “impact of a restricted supply on GE” and 

includes an assessment of the company’s volume of usage 

compared to the world supply, the criticality of the element 

to products, and the impact on revenue of products containing 

the element. The results of a 2008 assessment for the element 

rhenium are shown in   Figure 1  , where the areas of the circles 

are proportional to the amount of usage by the company. This 

analysis thus indicated the need to develop risk-mitigation strat-

egies for rhenium, because of its criticality as a constituent of 

the superalloys used in aircraft engines.       

 Material conservation 
 Once critical elements have been identifi ed using the quantifi ca-

tion method discussed in the preceding section, it is necessary 

to identify all of the sources and sinks for the critical elements 

throughout the production process. Thus, for each critical ele-

ment, each step of the component manufacturing process and 

the component life cycle is audited to determine the amount of 

the critical element that is either added or discarded at that step. 

After the audit, it is necessary to develop the technologies and 

business plans to ensure that as little as possible of the critical 

element escapes from the life-cycle loop. 

 A schematic of such a life-cycle loop for a part made by 

casting is shown in   Figure 2  . The loop starts with melting of 

the primary alloy, which has a composition designed to provide 

a certain set of properties in the fi nished part. It is possible to 

reduce the amount of the critical element used at this point if 

an alternate composition, containing smaller amounts of the 

element, can be found that also produces the required fi nal prop-

erties. Once the master alloy has been produced and castings 

have been made, it is common foundry practice to use the scrap 

  
 Figure 1.      Example of a General Electric criticality matrix 

showing how rhenium (Re) rated relative to other elements on 

risk and impact as of 2008. The bubble area for each element is 

proportional to its annual usage.    

  
 Figure 2.      Schematic representation of the critical-element 

life-cycle loop showing each step of the life cycle: alloy melting, 

manufacturing, and end use.    
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from the casting process, such as gates or runners, as feedstock 

for the next master alloy. This process is called  revert . As the 

castings move through the manufacturing process, they are 

machined and ground to produce the fi nished part geometry. 

These manufacturing processes generate chips, fi lings, or turn-

ings, which are collectively called  swarf . If the chips are large 

enough, they can go into the revert stream, similarly to gates 

and runners. Other technologies, usually chemical reduction to 

the elemental state, have been developed to recover the critical 

elements from the smaller swarf, such as fi lings.  8   At the end 

of its useful life, a part can be recycled back to the alloy melt-

ing stage for recasting, usually through some sort of business 

arrangement to return used parts to the manufacturer.     

 In each step of the life-cycle loop, it is necessary to determine 

the most cost-effi cient method of working with the material. In 

many cases, it is better to work with the material as an alloy. For 

example, it does not make economic sense to extract specifi c 

elements from alloys in larger pieces such as casting gates or 

runners; it is much easier to revert the alloy. However, in the 

case of the fi ne chips or swarf, it is usually easier to remove 

the alloying element chemically. This difference arises partly 

because of the diffi culty of melting very fi ne metallic swarf.   

 Technologies for preventing loss of critical 
elements 
 The overall goal of materials for sustainable development is 

to have a closed-loop material stream. Any material that is 

injected into the closed-loop stream would ideally stay in the 

stream indefi nitely. To prevent loss of the critical elements, 

various technologies are used to return the element back to the 

start of the loop. These technologies are discussed here using 

the specifi c example of rhenium in superalloys. 

 Rhenium is a scarce element in Earth’s crust, estimated at 

0.4 parts per billion.  9   Rhenium is recovered as a byproduct 

of molybdenite concentrates that are, in turn, recovered as a 

byproduct from copper ores.  10   Thus, if the demand for copper 

decreases, there will also be a reduction in the supply of rhe-

nium, because it is not economically viable to produce copper 

and molybdenum just to obtain the rhenium byproduct. There 

are two major uses for rhenium: as a constituent of platinum–

rhenium catalysts and as an alloy addition to high-temperature 

superalloys.  10   Approximately three-quarters of the rhenium is 

used as a strengthener in nickel-based superalloys, where it 

improves their ability to withstand high temperatures in tur-

bine engines. All of the major producers of turbine engines, 

including GE, Pratt & Whitney, and Rolls Royce, use rhenium-

containing alloys in their engines.  10    

 Reduce 
 Motivated by concerns about potential supply restrictions, GE 

recently undertook a program to reduce the usage of rhenium.  7   ,   8   

In particular, the production supply of this strategic element 

was forecast to be less than the demand from the catalyst and 

superalloy markets described above. In response, alloy devel-

opment was initiated to reduce the amount of rhenium in the 

superalloys while still maintaining the properties required for 

the fi nished parts. One aspect of this program involves devel-

oping alloys for specifi c applications. In the past, when supply 

problems were not an issue, it was common practice to develop 

a single alloy that could cover multiple applications. With the 

advent of element shortages, however, it has become neces-

sary to tailor each alloy to meet the precise criteria for specifi c 

applications. 

 Extensive effort is expended during the development of 

these new alloys to ensure that they meet all of the property 

requirements for the specifi c applications. Also, manufacturing 

trials must be performed to show that the manufacturing process 

is not changed signifi cantly. Finally, engine testing must be 

performed to demonstrate that the alloys have no detrimental 

effects on the other parts of the engine system   

 Revert 
 Revert involves collecting various pieces of scrap, cleaning 

them to remove any unwanted surface debris, and melting the 

scrap to produce the next master alloy for casting. The sources 

of this scrap could include portions of a casting that were not 

used in the fi nal part or parts that have been retired from service. 

The main task for rhenium-containing revert is to make sure 

that as much of it as possible is collected and kept separate 

from other scrap. These scrap pieces are used as alloy and are 

not reduced to elements. The strategies around material revert 

are well-established. One of the main challenges is determin-

ing the composition of all of the input materials. In particular, 

supply-chain practices must be established to prevent mixing 

of chips with different compositions.  11   Mixed-input stock can 

cause a whole ingot to have the wrong chemistry, which would 

exclude it from further use in the closed-loop stream for an 

advanced material. 

 One area of development is the reduction of revert generated 

by the casting process. Reducing the amount of scrap gener-

ated during casting reduces the possibility of losing the critical 

element. Techniques such as computer modeling of the casting 

process can be used to optimize the runners and gates and thus 

minimize the material sent to revert.   

 Recover 
 One of the more commonly overlooked leakage paths from 

the closed-loop stream is material that is converted into very 

fi ne pieces, such as the fi ne chips that result from grinding. 

When superalloys are ground, the resulting very fi ne shav-

ings can be collected. Grinding medium is included with this 

swarf and must be removed as much as possible to concentrate 

the alloy. At this point, a decision must be made whether to 

continue to recover the material as an alloy or to remove the 

rhenium only. In the specifi c example mentioned previously, 

the choice was made to remove the rhenium from the alloy 

through a proprietary chemical process.  8   The rhenium was 

removed from the alloy and concentrated to produce pure 

rhenium, which was then used as input stock for producing 

new alloy.   
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 Recycle 
 Once a manufactured part has reached the end of its usable life, 

it becomes a candidate for recycling. Previously, this was one of 

the major leakages from the closed-loop stream because scrap 

parts were added to the general metal recycling stream and 

used as input for other alloys. For example, some superalloy 

was recycled as input stock for stainless steels because of the 

high nickel and chromium contents of the superalloy. In this 

way, the strategic elements from the superalloys were lost to 

future superalloys and instead became impurities in the steel 

rather than vital elements in new superalloy. To prevent this 

loss of rhenium from the closed-loop system, a specifi c recy-

cling stream was developed within GE for rhenium-containing 

superalloys. 

 The process of recycling consists of identifying the material, 

removing the coatings, and cleaning the metal. In the case of 

recycling of superalloys from turbine engine components, the 

identifi cation of material is greatly facilitated because each of 

the parts has a part number that can be correlated back to an 

alloy composition, thus reducing the amount of mixed scrap, 

as discussed in the Revert section. Most engine components 

have a coating of some kind, and any residual coating must be 

removed prior to remelting of the alloy, to prevent contami-

nation. The material cleaning is similar to the cleaning done 

for revert. Once all of these process steps are completed, the 

material can be used in the revert stream. 

 It should be noted that, during the coating removal and 

cleaning stages, the cleaning solution might remove small 

amounts of the rhenium-containing superalloy, which must 

also be taken into account in the closed-loop process. The 

cleaning solution thus becomes another candidate for further 

recovery.   

 Reduced material usage: Additive manufacturing 
 As mentioned in the Revert section, one way to reduce the leak-

age of rhenium is to reduce the amount of material generated as 

scrap during the casting process. An alternative to the casting 

process for producing components that can help in reaching this 

goal is additive manufacturing.  12   ,   13   In additive manufacturing, 

a computer is used to represent a three-dimensional shape as a 

large number of two-dimensional shapes in a computer. These 

two-dimensional shapes are then built up layer by layer using 

a computer-controlled melting or sintering process. The result 

of additive manufacturing is that very little waste material is 

produced, so that the revert and recover processes become 

negligible. Additive manufacturing also has the ability to elimi-

nate manufacturing steps by producing a single component for 

parts that would otherwise require the production and joining 

of several smaller components. 

 Airbus has formed an Additive Layer Manufacturing 

Center,  14   and the other aerospace manufacturers have various 

developmental programs in the United States and globally. 

These efforts aim to reduce the “buy-to-fl y” ratio between the 

amounts of material in the original rough component shape 

and in the fi nal product. For many parts in gas turbines, this 

ratio is around 2:1, meaning that one-half of the raw material 

remains as swarf generated during machining. For some parts, 

however, the buy-to-fl y ratio is over 10:1, corresponding to 

90% material loss. 

 Clearly, additive manufacturing poses an attractive alterna-

tive for the fabrication of parts, as it could reduce the amounts of 

waste material being produced and the potential loss of critical 

elements such as rhenium. In practice, additive manufacturing 

has been used exclusively to produce parts that are relatively 

small. The time needed to produce large parts by additive 

manufacturing would be prohibitive with today’s technology. 

However, accelerating the additive manufacturing process is 

an area of active development. 

 An example of a monolithic component that was formed 

using additive manufacturing is shown in   Figure 3  : a fuel 

circuit from a combustion module. This part would conven-

tionally consist of 12–20 piece parts, brazed together. In this 

case, the process is simplifi ed by using additive manufacturing 

technology to fabricate a single-piece fuel circuit. The process 

simplifi cation results in a reduction in the amount of energy 

used in the process through elimination of high-temperature 

braze cycles. In addition, reduced machining is required, which 

results in additional energy reduction and reduced opportunity 

for loss of critical elements.     

 There is much to learn to exploit these emerging additive 

manufacturing processes.   Figure 4   shows the evolution of 

the fuel circuit in  Figure 3  from initial design to fi nal con-

fi guration. The original design ( Figure 4a ) was built based 

on a computer model of the conventionally produced fuel 

circuit components. When this geometry was fi rst produced 

  
 Figure 3.      Fuel circuit made by direct metal additive 

manufacturing.    

  
 Figure 4.      Progression of an additively manufactured 

component through successive design iterations that required 

no retooling: (a) original design, (b) improved design, 

(c) productivity design.    
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by additive manufacturing and tested, several problems were 

identifi ed, so the part geometry was reconfi gured to that shown 

in  Figure 4b  to mitigate these problems. An advantage of the 

additive manufacturing process is that changing from the 

geometry in  Figure 4a  to that in  Figure 4b  required only a 

modifi cation of the geometry in the computer model. No hard 

tooling, such as of fi xtures or gauges, was required. Thus, the 

redesigned part could be fabricated within one week. As addi-

tional quantities of fuel circuits were built and productivity/

throughput was sought, it was realized that various additional 

changes in the part geometry could eliminate 10% of the cycle 

time from the fabrication cycle, resulting in the confi guration 

shown in  Figure 4c .        

 Summary 
 This article has described several of the steps that General Elec-

tric Co. and the turbine engine industry have taken and continue 

to pursue to address the sustainable development of aviation 

technology. Of specifi c concern is the need to conserve scarce 

elements that are critical to producing components that drive 

effi ciency improvements in turbine engines. In this article, the 

scarce element rhenium was used as an example. Methods have 

been developed to fi rst identify critical elements and then take 

actions to reduce the reliance on those critical elements. The 

actions include both the evaluation of processes and the devel-

opment of new technologies. Future developments in casting 

modeling and additive manufacturing to reduce the amounts of 

material entering the revert and recover streams will be benefi -

cial in reducing the loss of scarce elements. In turn, reducing 

the loss of elements that are required to meet societal market 

demands will allow companies to meet their business goals 

while sustaining the development of future engine advances.     
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                   Introduction 
 Physical infrastructure provides the foundation for human soci-

ety and economic activity and represents the greatest use of 

raw and processed materials by weight. This article discusses 

some of the largest infrastructure applications of materials, 

such as buildings and transportation, and the trends in material 

use for current and emerging applications. These topics have 

profound implications for sustainable development. In addition 

to the sheer mass of material resources required, infrastructure 

construction and operation require vast energy inputs and gen-

erate substantial fl ows of wastes and pollution. To plot a more 

sustainable course for infrastructure, society must become more 

diligent in the selection and use of materials. This includes 

considering the lifetimes of structures with the goal of mini-

mizing the embodied energy as amortized over their time in 

use, so that the best long-term solution is achieved through 

a combination of reduced energy requirements and avoided 

pollution and waste. 

 Concrete, sand, and other natural minerals make up the 

greatest tonnage for infrastructure applications. Next are metals, 

primarily steel, but increasingly aluminum for some weight-

sensitive applications. The third most widely used material 

grouping is biomass. These materials, primarily wood, had 

declined from their original dominance of infrastructure, but are 

now becoming increasingly interesting as renewable building 

materials. The next three sections of this article describe the 

magnitudes and trends in use of these three material classifi -

cations. The article then considers the environmental impacts 

of infrastructure material production and use and discusses 

various factors that affect this impact, namely, the longevity of 

infrastructure, the recycling of construction materials, and the 

use of waste streams as a source of materials for infrastructure.   

 Natural minerals used for physical 
infrastructure 
 Even though physical infrastructure is a worldwide social need, 

data on materials used in infrastructure are often inconsistent, 

incomplete, and uncertain.  1   Nevertheless, international efforts 

have been made to compile consistent data on overall material 

fl ows within each country, from which reliable infrastructure-

related data can be extracted.   Figure 1  a shows the magnitudes 

of construction minerals extracted worldwide for the period 

1980–2007.  2   Construction minerals include asphalt, clay (for 

bricks), rock (for concrete and structures), limestone, sand, 

slate, and gravel.  3   Extraction has been steadily increasing over 

time as worldwide population has grown and economies have 

made additional infrastructure investments. By 2007, total 

worldwide extraction was about 20 billion tonnes per year.     

 From a material-fl ow standpoint, the increase in extraction 

is particularly notable for Asia, which has extracted the greatest 
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amount each year since 2000. The accelerating extraction of 

raw materials in this region could result from increases in the 

number of local construction projects and perhaps in exported 

construction goods. Over the same time period, extraction in 

Europe and North America rose more slowly, matching upturns 

and downturns in their economies, whereas other regions of the 

world showed steady increases. 

 The implication of these trends is that material fl ows are pri-

marily related to economic growth, which depends in turn on 

population growth, affl uence, and degree of technological devel-

opment, although affl uence and development overlap to some 

extent. These dependencies are refl ected in the accepted IPAT 

model, wherein the impact on sustainability (I) is expressed as 

a product of population (P), affl uence (A), and technology (T).  4   

 To compensate for population differences,  Figure 1b  shows 

the same data as  Figure 1a , expressed on a per capita basis. 

North America stands out for using the largest 

amounts of construction minerals, refl ecting 

its higher level of development and economic 

activity. This would suggest that, of the three 

factors infl uencing the magnitude of material 

used for construction, affl uence of the popula-

tion is the strongest contributing factor. Note 

that, for most regions, the use of construction 

minerals per person has been relatively constant 

over the time period represented in the fi gure.   

 Metals used for physical 
infrastructure 
 Although construction minerals represent the 

largest portion of materials used for physical 

infrastructure, metals are another widely used 

class. Metallic construction materials primarily 

consist of steel for buildings and reinforcement 

for concrete. In 2009, the total global “appar-

ent” steel use (excluding changes in stock 

levels) was just over 1.4 billion tonnes,  5   and of 

this amount, more than 500 million tonnes was 

likely consumed by the construction industry.  6   

Although this seems like a large amount, note 

that it is dwarfed by the 20-billion-tonne fl ow 

of construction minerals, as shown in   Figure 2  . 

Also note that, for both steel and construction 

minerals, signifi cant fractions are recycled from 

past uses rather than being newly extracted. 

Whereas recycled metals are included as a sepa-

rate category in  Figure 2 , recycled construction 

minerals are not; thus, even the large fl ow of 

extracted minerals (crushed stone, sand, and 

gravel) shown in  Figure 2  underestimates their 

total use for physical infrastructure.     

 Whereas metals offer advantages as con-

struction materials by virtue of their improved 

strength and mechanical performance, they suf-

fer in terms of sustainability from high embod-

ied energies needed for extraction and refi nement and often 

have limited lifetimes as a result of environmental degradation. 

On the other hand, once extracted, metals perform at a high 

strength-to-weight ratio, meaning that, compared to other mate-

rials, equal performance can be obtained at reduced cross-

sectional area (or mass) or improved performance can be 

expected from equivalent structures. Also, being malleable, 

metals allow for shape changes in beams, columns, and ties that 

can be used to further reduce the mass of material required for a 

desired performance. Perhaps the greatest sustainability advan-

tage of metals, however, lies with the simplicity of recycling 

them, as discussed in more detail later in this article.   

 Biomass used for physical infrastructure 
 Another trend apparent in  Figure 2  is the increasing use of 

agricultural and forest products. For the most part, this increase 

  
 Figure 1.      Annual extraction of construction minerals for fi ve global regions, 1980–2007: 

(a) total and (b) per capita. Authors’ summation of data from Reference  2 .    

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


391MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

INFRASTRUCTURE • CONSTRUCTION MATERIALS

in biomass is represented by wood products. Whereas wood 

historically was a primary building material, it has not exhibited 

the signifi cant growth trend notable for construction miner-

als and metals. This is not surprising, given the limitations of 

the resource and the mechanical challenges of modern infra-

structure. The more recent growth in wood might refl ect an 

interest in replacing conventional construction materials with 

biomass materials as a means of enhancing sustainability.  8   A 

recent report by the Consortium for Research on Renewable 

Industrial Materials (CORRIM) found that the inherent low 

embodied energy, carbon sequestration ability, and renewability 

of wood make it the material of choice for construction in many 

locations. For example, wood framing was found to use 17% 

less energy than steel for a house in Minnesota and 16% less 

energy than concrete for a house in Atlanta, GA, and to reduce 

the overall global warming potential in both cases.  9   

 Indirect applications of biomass in infra-

structure are also possible. Specifi cally, biomass 

cellulose structures offer renewable sources 

for polymeric precursors of lightweight plas-

tics and for fi ber structures used in composite 

materials. Although such applications are still 

in their infancy, organically derived polymers 

and fi llers of natural materials such as bamboo 

and hemp fi bers could be viable substitutes for 

petrochemically derived polymers and compos-

ites used in certain construction applications.   

 Environmental impacts of 
infrastructure material production 
and use 
 As expected for a large, material-intensive 

industry, construction of physical infrastructure 

has numerous environmental impacts.  10   ,   11   As an 

example,   Table I   lists energy and water inputs and 

greenhouse-gas (GHG) emissions for several U.S. 

construction sectors. These impacts were esti-

mated for the entire supply chain of construction 

production, so they include emissions for materials production, as 

well as emissions from construction equipment. The overall envi-

ronmental impact of a sector can be assessed by multiplying the 

sector output by the emissions or resource use per dollar of output.     

 The construction sectors listed in  Table I  all have similar 

overall energy and water requirements and GHG emissions per 

dollar of output. However, when disaggregated, different activi-

ties within the construction industry have differing resource 

requirements and pollution emissions because of their different 

construction inputs. Suppliers of materials to the construction 

industry, such as cement manufacturers and iron and steel mills, 

have signifi cantly higher energy and water requirements and 

GHG emissions per dollar of output than biomass providers 

or the construction industry in general, as reported in   Table II  . 

Although much of this greater impact can be associated with 

the processing required for these construction materials, for 

metals, some can be attributed to the global 

sourcing and long-distance transport of these 

commodities. For biomass (wood), supply is 

generally more local, and wood construction 

products generally require minimal shaping.     

 To reduce the environmental impact 

of heavy-construction activities, there is a 

need for improved supply-chain manage-

ment. In   Table III  , the CO 2  contributions 

are given, first for the total of all U.S. sec-

tors and then for the 12 highest-contributing 

sectors. Direct emissions originating on-site 

from heavy construction activities have the 

largest individual contribution (largely fuel 

combustion to power equipment); however, the 

total of all contributions from the supply-chain 

sectors actually exceeds this value. Of these, it 

  
 Figure 2.      U.S. fl ow of raw materials by weight, 1900–1998.  7   Recycled construction 

minerals (crushed stone, sand, and gravel) are not included.    

 Table I.      Sector outputs and total supply-chain energy and water inputs and greenhouse-gas 
emissions for selected U.S. construction sectors.  12   ,   13                

   Construction 
sector 

 2002 output 
(billion $US) 

 Energy input 
(MJ/US$) 

 Water input 
(l/US$) 

 Greenhouse-gas emissions 
(kg of CO 2 e/US$)     

 Commercial and 
health care 
structures 

 129  8  18.9  0.6   

 Permanent 
residential 
structures 

 305  9  30.2  0.7   

 Manufacturing 
structures 

 23  6  15.1  0.4   

 Heavy 
construction  a   

 292  8  22.7  0.6   

     a      Heavy construction consists primarily of construction for large-scale infrastructure, such as bridges, 
manufacturing facilities, and large civil construction projects.    
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can be seen that cement, steel, and lime products alone contrib-

ute nearly one-half of the total emissions (in CO 2  equivalents) 

of the supply-chain contributions.     

 To help manage supply-chain impacts, environmental life-

cycle assessment is increasingly being applied to construc-

tion materials for physical infrastructure. Examples include 

buildings,  14   ,   15   transportation infrastructure,  16   and cement.  17   ,   18   In 

addition to the classic diffi culties with life-cycle assessments, 

such as data uncertainty and ambiguity in choosing what to 

include within the boundaries of the analysis, these studies 

have been hampered by the heterogeneity of facility designs 

and construction practices, as well as the inherent variability in 

 Table II.      Energy and water requirements and greenhouse-gas 
emissions for seven common material inputs to infrastructure.  13              

   Material  Energy 
required 
(MJ/US$) 

 Water 
required 
(l/US$) 

 Greenhouse-gas 
emissions 

(t of CO 2 e/US$)     

 Aluminum  49  158.8  3340   

 Brick  31  52.9  2010   

 Iron and steel  43  79.4  3660   

 Paint  17  529.2  1070   

 Plastic pipe  24  71.8  1420   

 Ready-mix 
concrete 

 24  68.0  2740   

 Wood  14  41.6  522   

 Table III.      Greenhouse-gas emissions for US$1 million in 2002 output for all U.S. sectors 
and for the top 12 contributing sectors in U.S. heavy construction.  13                    

   Sector  Contributions to greenhouse-gas emissions (t of CO 2 e)   

 Total  From fossil fuels  From processes  From methane  From N 2 O  From halogenated 
gases     

  Total for all U.S. sectors    612    488    71.2    38.3    9.68    4.83    

 Heavy construction direct 
emissions 

 200  200  0  0  0  0   

 Power generation and supply  110  109  0  0  1  1   

 Cement manufacturing  60  25  35  0  0  0   

 Oil and gas extraction  38  11  7  21  0  0   

 Iron and steel mills  33  13  21  0  0  0   

 Petroleum refi neries  29  29  0  0  0  0   

 Truck transportation  19  19  0  0  0  0   

 Fertilizer manufacturing  9  2  3  0  4  0   

 Lime and gypsum product 
manufacturing 

 7  2  4  0  0  0   

 Pipeline transportation  7  3  0  4  0  0   

 Waste management and 
remediation services 

 6  0  0  6  0  0   

 Coal mining  5  1  0  5  0  0   

construction materials themselves. For example, concrete can 

have a variety of different material compositions. 

 Several strategies to improve the sustainability of physi-

cal infrastructure emerge from this literature on life-cycle 

assessment: 

     •      substituting materials with lower environmental impacts, 

such as concrete for steel in bridges;  19    

     •      making construction processes more effi cient, such as using 

energy-effi cient construction equipment;  20    

     •      reducing the size of facilities, either in space requirements 

or in materials requirements for structures; and  

     •      making facilities more energy-effi cient, with the requirement 

that additional capital and energy expenditures for effi ciency 

result in overall life-cycle savings.  21    

     Design and longevity of infrastructure 
 Thus far, this article has considered the use of materials for 

physical infrastructure and the associated environmental 

impacts on an annual basis. However, infrastructure is usually 

intended to be in use for many years. Indeed, one strategy to 

reduce infrastructure material use for sustainability is to keep 

facilities in service longer. Some well-designed and -maintained 

infrastructure can last for decades, whereas other infrastructure 

systems rapidly become obsolete, as a result of design deci-

sions; maintenance practices; or changes in circumstances, 

regulations, or technology. A typical expected lifetime range 

for infrastructure systems such as roads and bridges is 20–60 

years,  22   but longer lifetimes are certainly possible. 

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


393MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

INFRASTRUCTURE • CONSTRUCTION MATERIALS

 The design and selection of materials for a particular struc-

ture have a signifi cant impact on the quantity of materials used. 

For some infrastructure applications, steel, steel and concrete, 

and wood all compete for application. When multiple materials 

satisfy the engineering constraints, the material selected usually 

has the lowest cost (likely corresponding to lowest weight or 

volume). Unfortunately, this option is not always consistent 

with lower environmental impacts. Other times, when engineer-

ing constraints are severe, the selection process might require 

special consideration regarding material performance. In these 

cases, unique shape and material solutions can be used to lower 

the overall material usage while still providing the required 

performance. 

 For example, domed structures were fi rst constructed from 

grass and clay; then wood; and eventually brick, metals, and 

structural concrete. Each of these innovations allowed for larger 

dome radii and provided structural improvements (e.g., win-

dows) but came at the cost of increased weight and material 

usage. In today’s large dome structures, new materials and 

improved designs allow for a wide array of options, including 

metal frames covered by fabrics and synthetics. Modern domes 

are essentially multiple structures or composite structures built 

with relatively lightweight supports and coverings. These struc-

tures and materials provide unique solutions for infrastructural 

designs, and a great deal of material savings and improvements 

in longevity can be achieved by appropriate combinations of 

shape and materials. 

 In addition to considerations given to external design and 

material selection, the material itself can be “designed” or 

engineered for performance. In fact, a widely used material 

for modern concrete structures is a fi ber-reinforced compos-

ite of concrete and steel reinforcement bar. These composite 

structures take advantage of gains in performance achieved 

through interactions between the matrix (concrete) and the 

embedded fi bers (steel). Whereas concrete has excellent com-

pression properties, addition of steel to the concrete matrix 

greatly improves its resistance to tensile loads, thus improving 

its durability. The amount of steel used varies from 1% to 6% of 

the load-carrying cross section, depending on the application. 

 The combination of steel and concrete is a continuing area of 

research. Considerable work is currently being done to evaluate 

steel encased in concrete structures, concrete encased in steel 

forms (such as tubing or box beams), and concrete fi lled with 

steel and/or polymeric fi bers. It is presumed that the perform-

ance gains achieved will result in improved shape effi ciencies 

and an overall reduction of material required for longer-lasting 

structures.   

 Recycling of construction materials 
 Reuse of facility components and recycling of infrastructure 

materials are important strategies for reducing material demands 

and related environmental impacts. Indeed, of the estimated 

155 million tonnes of obsolete materials generated in 2003, 

approximately 48% was recovered for reuse.  23   Some catego-

ries of debris have higher recycling rates. For example, reuse 

of cement concrete and asphalt pavement debris for 1996 in 

the United States are estimated to be in the range of 50% for 

the former and near 80% for the latter.  23   Policies increasing 

landfi ll costs and higher prices for raw materials would spur 

more recycling of this type. 

 Of all materials used in infrastructure, metals have the most 

recycling programs in place. The result can be seen in  Figure 2 , 

with steady or growing use of recycled metals after 1960 com-

ing primarily from the technological changes in steel produc-

tion. Still, despite the high rates of metal recycling, the fl ow 

of recycled metal is less than 10% of the overall fl ow of new 

construction materials. The greatest hurdle to increasing the 

recycling fl ow of construction materials is the cost. Construc-

tion mineral debris and metals present economical options for 

recycling depending on form. Davis et al. reported that, in the 

United Kingdom, an estimated 85% of structural steel work is 

recycled  22   and, in the United States, beams, girders, and other 

major structural components are recycled at greater than 98% 

(approaching their limit for recyclability). 

 In contrast, composite structures often pose more tech-

nical problems owing to the additional work of separating 

two (or more) materials. For infrastructure materials, the 

primary concern is with concrete–steel composite material 

structures, and signifi cant improvements have been made 

in the recovery of steel components from such structures. 

There also has been steady growth in recovery of reinforc-

ing steel, as shown in   Figure 3  . Although this trend is sup-

ported by technology changes in the steel industry, it also 

must refl ect increased recycling efforts and increased value 

in recycled steel.       

 Waste streams as a raw material source 
 Another potential strategy for the construction industry is to 

utilize waste streams from other industrial products in place 

of raw materials. For example, the waste streams of fl y ash 

from coal combustion for power generation and slag from 

iron blast furnaces have been used to replace a portion of the 

cement binder in concrete.  17   ,   25   Blast-furnace slag, in particular, 

is a highly desirable input for concrete providers. Granulated 

blast-furnace slag can be substituted 1:1 for Portland cement 

binder and, when used up to 50%, generally leads to a stronger 

  
 Figure 3.      Recycling rates for construction steels in the United 

States.  24      
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product, although fi nal strength appears to depend on the grade 

(granulation size) of the slag.   Figure 4   shows the potential 

energy savings and reductions in GHG emissions that can be 

obtained through reuse of these byproducts as substitute materi-

als in cement products.     

 It is not yet clear how widely the use of waste streams 

from other industrial processes could be applied to construc-

tion materials. The economic viability of reusing a waste 

stream clearly depends on the material value and processing 

costs. Also, legal, supply, quality, and consistency issues 

must all be resolved to properly leverage the advantages 

of byproduct reuse. However, employing waste from other 

processes in infrastructure reduces waste streams, capitalizes 

on embodied energy, and in many cases provides a superior 

product, making it highly attractive in efforts to achieve 

sustainable infrastructure.   

 Summary 
 This article draws attention to the large quantity of materi-

als used for infrastructure construction. Clearly, this sector 

utilizes the largest portion of physical raw material fl ow, and 

the trend for increasing material use is growing, especially in 

developing economies. For the construction and material supply 

communities to reach a more sustainable future, strategies should 

include greater efforts to reduce apparent consumption of extracted 

raw materials and incorporate more recycled or byproduct mate-

rials. Design and construction should also strive for longer life 

and more effi cient use and support recycling efforts, employing 

material selection methodologies that support all of these goals.     
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 Figure 4.      Reductions in (a) embodied energy and (b) greenhouse-

gas emissions obtained by using slag or fl y ash in place of part 

of the cement binder in concrete.  26   The labels represent samples 

of different strengths, where strength is reported in terms of the 

compressive stress that can be carried by the concrete at 28 days: 

Ready mix 1, 3000 psi (20.7 MPa); Ready mix 2, 5000 psi (34.5 

MPa); and Precast, 7000 psi (51.7 MPa).    
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                   Sustainability challenges and opportunities 
 With more than one-half of the world’s growing population (now 

∼ 7 billion) living in cities, a sustainable physical infrastructure 

is central to improving and maintaining a high quality of life. 

Concrete is an important component of this infrastructure, with 

a current annual per capita consumption of about 2.8 tonnes (t) 

(  Figure 1  ). Concrete powers a worldwide US$35 billion indus-

try, employing more than two million workers in the United 

States alone. This high demand is driven by a number of remark-

able properties of this material (  Table I  ), with which a structural com-

posite with complex geometry and high strength can be created 

on demand by mixing water with cement powder and stone. This 

“liquid stone” processing capacity enables rapid construction 

and repair of geometrically complex pavements, bridges, build-

ings, and waterways. However, such high usage carries a price 

associated with Earth’s fi nite resources and limited tolerance for 

industrial byproducts. Sustainable use of concrete requires that 

its function and costs (in economic, environmental, energy, and 

social terms) be evaluated within the context of its end use and 

that new and highly optimized materials be developed ( Table I ).

Life-cycle assessment shows quantitatively that the greatest 

environmental burden from structures such as buildings occurs 

during the use stage,  5   which presents new priorities for the 

exploration of property and processing optimization.         

 As illustrated in   Figure 2  , concrete is manufactured locally 

and directly from readily available limestone and clay, which 

are mixed without refi nement and then heated in a large, rotating 

kiln (up to 200 m in length) to temperatures of about 1500°C. 

Carbon dioxide is generated from both the combustion to pro-

vide heat and the decomposition of limestone (CaCO 3 ). A large 

kiln can produce up to 10,000 t of so-called clinker nodules 

per day, which are then ground into a fi ne gray powder, with 

addition of gypsum. The resulting so-called portland cement is 

transformed into familiar concrete by the addition of sand and 

gravel and, most importantly, water. Whereas sand and gravel 

are largely inert fi llers, a chemical transformation occurs that 

turns the cement–water mixture from a liquid suspension into a 

solid binding matrix called cement paste. One indication of the 
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complexity of the reaction is the long induction period, lasting 

for several hours after mixing, giving time for transport and 

placement. This is followed by relatively rapid hardening into 

a load-bearing solid.     

 For decades, it has been broadly accepted that the scale 

of relevance for several properties of cement-based materials 

is the atomic scale, although realization of the structure and 

properties at this scale has been achieved only recently. This 

article discusses the opportunities and challenges inherent in 

predicting key synthesis and property benchmarks of cement 

paste, with a specifi c focus on connecting atomistic simulations 

to performance. Ultimately, the goal is to identify opportuni-

ties for improving the sustainability of our built infrastructure. 

Such potential can be illustrated by considering how changes 

in the composition of precursor materials affect energy con-

sumption; how simulations can predict rates of setting, which, 

in turn, affect construction speed and thus pollution; and how 

the improved physical and mechanical properties of cement 

paste can reduce materials and energy consumption in new 

infrastructural designs. 

 We fi rst outline the key steps in cement and concrete produc-

tion, to illustrate opportunities for innovation at the microscale to 

lead to improvements at the macroscale. Next, we discuss specifi c 

examples wherein computational modeling and simulation have 

been related to experiments in a way that both offers new routes 

of inquiry and exposes the current challenges in relating molecular 

mechanisms to practical performance and sustainability.   

 Innovation in cement and concrete science 
 Traditionally, advances in cement and concrete performance have 

been made through iterative experiments focused on macroscale 

behavior in physical structures that have lifetimes of several 

decades. Such approaches can be regarded as “top-down” in that the 

engineering of the mechanical properties of the system is governed 

by the design goals at the macroscale. In contrast, the “bottom-

up” approach to materials design starts at a smaller scale, where 

the material is described as an assembly of atoms and molecules 

arranged in a certain structure, and works up through the mesoscale 

to the macroscale to achieve improved functionality. In this article, 

we discuss the latter approach in the context of cement-science 

innovation, with attention to the challenges and opportunities of 

bridging the microscale–macroscale gap to address challenges in 

environmental sustainability and enable new applications. 

 To relate the basic steps of 

concrete production to funda-

mental material processes and 

sustainability, consider the sim-

plifi ed schematic in  Figure 2 . 

The final product for infra-

structure is typically concrete, 

obtained by adding aggregate 

(e.g., gravel, stone) at the mix-

ing stage. The cohesion within 

concrete is attributed to the 

hardened paste, also called the 

binder phase. It is a noncrystal-

line compound of calcium sili-

cate hydrate, CaO-SiO 2 -H 2 O 

(C-S-H), where the hyphens 

indicate a variable, nonstoi-

chiometric composition. From 

the standpoint of materials sci-

ence innovation, there exist 

  
 Figure 1.      Cement production/use in several countries for 

the years 2004–2007, as a barometer of concrete usage 

and infrastructure renewal. For each tonne consumed, 

approximately 0.5 t of CO 2  is produced, providing strong 

motivation for new concepts in sustainable design and use 

of concrete. Figure adapted from Reference  1 ; data from 

References  2 – 4 .    

 Table I.      Properties of cement or cement paste (not concrete), with associated goals that will assist 
in reducing the environmental footprint.  a            

   Property  Range  Goal to meet sustainability challenge     

 Compressive strength  20–200 MPa  Control target strength to exact requirements to 
avoid overdesign and excessive use of raw 
materials   

 Flexural strength  4–16 MPa  Increase tensile strength and reduce reinforcement   

 Shrinkage  300–800  μ m/m  Reduce shrinkage, particularly for slabs and 
pavements   

 Creep  2–8  μ m/(m·kPa)  Reduce creep in reinforced concrete   

 Density  2500 kg/m 3   Predict and optimize magnitude directly from mix 
design   

 Embodied CO 2   150–300 kg of CO 2 /m 3  
of concrete 

 Reduce through changes in processing and/or 
composition   

 Embodied energy  0.95 MJ/kg  Reduce   

 Cost  US$110/t  Maintain low   

     a      Data acquired from broad literature and Portland Cement Association.    
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several opportunities for fundamental studies that can impact 

concrete sustainability. We illustrate this by (1) considering the 

clinker grinding process from a fracture-mechanics perspective, 

(2) modeling clinker dissolution through electronic-structure 

calculations, (3) studying C-S-H precipitation and cement paste 

setting through atomistic simulations, and (4) probing the struc-

tural and mechanical behavior of the hardened paste. 

 In materials research, it has been recognized that a mul-

tiphysics (or multidisciplinary), multiscale approach can 

be useful in correlating complex microstructures with mac-

roscopic physical properties. Given the structural, chemi-

cal, and mechanical phenomena indicated in  Figure 2  and 

the emerging tools of both modeling and simulation  6   ,   7   and 

characterization,  7   one can identify a number of materials 

phenomena for the study of mechanisms at the microscale. A 

selection of the processes relevant to concrete 

processing (in  Figure 2 ) is shown in   Figure 

3  . What is envisaged is a progression (from 

left to right) in capability to perform model-

ing studies at increasingly larger scales. In 

the microscale domain, individual phenom-

ena such as clinker grinding, clinker disso-

lution, C-S-H precipitation, and setting can 

be investigated as standalone problems. This 

type of research is feasible through materials 

modeling and simulation. The results of such 

studies can then be passed to mesoscale simu-

lations, performed using cement hydration 

codes that are currently being developed.  8   ,   9   

The expectation is that these simulations will 

give hydration characteristics (heat curves 

and set times) that also can be obtained in 

macroscale industrial laboratory tests on 

specimens of the actual cement paste and 

concrete that will be poured at a construc-

tion site. It is the linking of the micro- to the 

macroscale—from computational predictions 

to experiments—that will enable atomic-scale 

innovations to impact performance relevant to 

industry and users. This, then, is the goal of mechanism-based 

concrete sustainability research. It is clear that bridging this 

gap—from microscale to macroscale and from fundamental 

research to industrial implementation—is an endeavor critical 

to the advancement of sustainable concrete, as well as a chal-

lenge shared with nearly all materials-enabled applications.       

 Stages of cement-paste development  
 Clinker grinding and dissolution 
 Today’s cement is essentially created from a synthetic rock, 

called clinker, which is a heterogeneous material.  10   Alite and 

belite, the two major clinker phases, are solid solutions of cal-

cium silicates, Ca 3 SiO 5  (denoted C 3 S) and Ca 2 SiO 4  (denoted 

C 2 S), respectively, typically stabilized by a few percent of 

impurities. (Aluminates and ferrites are the other phases 

  
 Figure 2.      Cement processing, including heating and grinding of limestone and clay to produce clinker, cooling and grinding of clinker to 

produce cement powder, mixing of the powder with water (hydration) to initiate setting, and evolution of the hardened paste. Gravel is 

added at the mixing stage to produce concrete. The images of cement powder and concrete were obtained from the Portland Cement 

Association and CSM Instruments, respectively, and were used with permission.    

  
 Figure 3.      The notion of a “microscale–macroscale gap” in multiphysics–multiscale materials 

modeling illustrated in the context of cement-science innovation. Along the modeling-

capability axis, domain separations are indicated between microscale and mesoscale 

simulations and between mesoscale simulations and macroscale modeling (either simulation 

or laboratory experiment). Along the complexity axis, unit processes are idealized or isolated 

behavior where variations in local variables, such as chemical and structural compositions 

and microstructure details, and coupling to external state variables (temperature and stress) 

are simplifi ed or neglected. The overall bridging from microscale to macroscale constitutes a 

fundamental challenge to a modeling-based approach to concrete sustainability.    
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commonly present in industrial clinker.) For all cement clinker 

compositions, the last manufacturing step includes mechani-

cal grinding. The energy required to grind these nodules into 

powder can be related to the fundamental fracture properties 

of clinker, which can be accessed by experiment and simu-

lation. Ulm et al. developed a scratch-based experimental 

approach to estimate a mixed-mode fracture toughness,  K  c , 

from lateral scratch-force-versus-distance measurements 

(  Figure 4  a,b) and showed that the  K  c  value of belite is 2–3 

times that of alite,  11   implying that the grinding energy is 4–9 

times greater for belite. This quantifi cation of the microscale 

fracture toughness of belite (and thus greater mechanical 

energy and associated CO 2  production to fracture it) presents 

an interesting environmental tradeoff, in that increased use 

of belite clinker would reduce the associated CO 2  burden of 

the clinker because belite contains less calcium oxide than 

does alite.     

 Indeed, researchers have long pursued a modifi cation to 

the manufacturing process that would allow for a decrease in 

cement’s environmental footprint through the use of belite as 

the main clinker phase. This motivation is due in part to the 

lower CaO composition and in part to the lower temperature 

necessary to produce belite ( ∼ 1200°C, or  ∼ 300°C less than that 

required for alite).  9   Clearly, the reduction in energy required 

to form belite would provide both economic and environmen-

tal benefi ts.  12   However, the lower reactivity of belite with 

water prevents belite-rich cement from fulfi lling the required 

strength development standards (i.e., suffi ciently short reac-

tion times and setting/curing times) under time constraints of 

construction,  13   which dramatically reduces its use. Thus, the 

more reactive alite phases dominate (typically 70–80%) in 

new infrastructure. 

 An atomic understanding of clinker solubility has not yet 

been achieved, with intriguing hypotheses awaiting valida-

tion.  14   In fact, despite the vast recent literature on cement 

hydrates,  11   ,   15   –   19   previous studies on clinker are rather scarce  20   ,   21   

and mainly focused on structural properties,  22   with a few experi-

mental results suggesting possible infl uences on reactivity.  23   ,   24   

These limited data show discrepancies and leave many unan-

swered questions, and thus, the search for a belite phase with 

higher reactivity has been carried out chiefl y by trial and error. 

Several strategies have been attempted, including modifying 

the chemical structure of belite by thermal processing or by 

including chemical impurities.  25   –   28   Despite partial success,  28   

there is little control or understanding of where atomic sub-

stitutions take place, their effect on structure, or their role in 

chemical reactions. For these reasons, a more detailed, accu-

rate, and clear understanding is needed to suggest new paths 

for improving the reactivity of cement components producing 

lower amounts of CO 2 . 

  Figure 4c  illustrates one possible path forward in understand-

ing the impurity-altered reactivity of clinker, using electronic-

structure-based calculations of pure and chemically substituted 

belite to design “quantum clinker.” The crystallographic facet-

ing (as determined using the well-known Wulff 

construction) and dissolution reactions with 

water can be understood and manipulated from 

fi rst-principles calculations for C 2 S as a func-

tion of impurities.  29   The charge densities of both 

the conduction-band maximum (CBM) and the 

valence-band maximum (VBM) are considered 

upon the introduction of magnesium, alumi-

num, and iron impurities into C 2 S at concen-

trations of 0.5%, 1%, and 2%. Compared with 

pure C 2 S, the delocalized conduction band is 

altered upon magnesium and aluminum sub-

stitution, accumulating on the oxygen atoms 

and around the impurities. This localization 

effect is stronger for aluminum, resulting in a 

more reactive region around the impurity that is 

susceptible to nucleophilic attack, for example, 

upon exposure to water during dissolution. The 

VBM is still primarily located at the oxygen 

atoms upon magnesium and aluminum substi-

tution, although it is more localized on those 

oxygen atoms that are nearest the impurities. 

One can hypothesize that this change might 

increase the reactivity of silicate groups near the 

impurity, at the cost of decreasing the number 

of sites that can interact with electrophilic cat-

ions; such predictions can be tested experimen-

tally. This perspective on the role of impurities 

  
 Figure 4.      Scratch-based measurements of effective fracture toughness for (a) alite and 

(b) belite as a function of scratch distance. (c) Quantum calculations of the localization of 

charge density in the valence-band maximum (VBM) and conduction-band minimum (CBM) 

for pure Ca 2 SiO 4  (“C 2 S,” or belite) with and without substitutions (larger red balls), which 

can be used to predict ways to alter this fracture toughness and reactivity.    
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will be needed to design new clinker materials with enhanced 

dissolution properties. Further, the correlation of fracture resistance 

upon grinding with chemical reactivity upon dissolution—

through both experiment and modeling at larger length scales—

will help to elucidate the relative effects of faceted surface 

energy and reaction kinetics of clinker. These nanoscale effects 

facilitate C-S-H precipitation and cement-paste setting at longer 

time and length scales.   

 C-S-H precipitation and early setting 
 The hardening of cement paste, once the powder is mixed with 

water, is what gives concrete its wide utility.  30   Despite its impor-

tance, several recent reviews make clear that the processes 

that occur at the microstructure level and various stages of 

hydration are not yet well understood.  7   ,   8   ,   31   ,   32     Figure 5  a shows 

how the complex shear modulus of a cement paste, measured 

by ultrasonic wave propagation, increases during two distinct 

intervals, separated by a period of apparent inactivity.  33   This is 

the characteristic behavior of cement setting, the mechanical 

response of the paste undergoing cement hydration. Although 

the overall increase in stiffness is universally accepted, detailed 

analysis of such data is currently not feasible because the 

microstructure evolution of the paste has not been charac-

terized. To contrast this behavior with the kinetics of set-

ting,  Figure 5b  shows a typical heat-release curve commonly 

considered in discussions of cement hydration.  30   Five stages 

of temporal evolution are distinguished: initial deceleration, 

incubation, strong acceleration, second deceleration, and slow 

decay.     

 Attempts have been made to interpret various parts of 

the hydration curve.  8   ,   30   ,   31   For example, the fi rst deceleration 

is associated with the precipitation of hydration products, 

principally C-S-H but also “CH” [portlandite, Ca(OH) 2 ]. The 

incubation period and the onset of a strong acceleration are 

generally attributed to delayed nucleation of hydrates prior to 

an autocatalytic growth of the hydration products. The second 

deceleration signals the growth (precipitation) of the hydration 

products into open spaces (pores), whereas the slow decay 

indicates densifi cation in the paste. Beyond such qualitative 

interpretations, quantitative description of any portion of 

the hydration curve remains a subject of future research. In 

the same context, a systematic study of the correspondence and 

differences between measurements of setting and hydration is 

also in order. 

 Current efforts in modeling and simulation of cement 

hydration kinetics and associated microstructure evolution 

have focused primarily on development of mesoscale codes 

that can account for particular measurements.  8   Emphasis has 

been placed on hydration morphology,  34   coupled diffusion and 

reaction,  35   cellular-automata descriptions of reaction and trans-

port,  36   and a rule-based simulation platform allowing for input 

distributions of hydration products and particle sizes.  9   Collec-

tively, these codes represent mesoscale simulation capabilities 

that can potentially incorporate input from microscale modeling 

and simulation studies (such as clinker dissolution rates) to 

predict hydration behavior measurable in a laboratory (of the 

entire paste volume). This is the role envisaged for hydration 

simulation capabilities in  Figure 3 , where links to labora-

tory tests will be a critical step in bridging the “microscale–

macroscale” gap. 

 A specifi c example of microstructure development in cement 

setting that needs better understanding is the heterogeneous 

precipitation (nucleation and growth) of C-S-H and other 

hydration products that gives rise to the second increase in 

stiffness in  Figure 5a . It is possible that atomistic simulations 

could help elucidate hydration mechanisms at the molecular 

level, but this is not as straightforward as it might fi rst appear. 

Standard molecular-dynamics simulations will have diffi culties 

accessing the relevant time scales indicated in  Figure 5 , as such 

simulations are capable of resolving time scales on the order of 

nano- or microseconds. Simulation techniques that accelerate 

the sampling of rare events by using history-dependent bias 

potentials (metadynamics) are being developed.  37   ,   38   One such 

algorithm has been applied to the kinetics of microstructure 

evolution of a binary colloidal mixture (with angle-dependent 

interactions) as a conceptual model for cement setting.  39   ,   40   The 

time variation of the shear modulus simulated by this model is 

displayed in  Figure 5c , showing a qualitative correspondence 

with the experimental setting curve. On the basis of this model, 

one would interpret the initial modulus increase as arising from 

gelation of the solvent particle (species A), the induction period 

as diffusion of the solute particles (species B) to form clusters, 

and setting as the percolation of clusters of B. Work is ongoing 

to introduce the precipitation and packing of C-S-H particles 

more explicitly to test the hypothesis that hardening of the paste 

can be described as heterogeneous densifi cation.  40     

  
 Figure 5.      Time responses of a freshly made cement paste. 

(a) Increase of the shear elastic modulus measured by 

ultrasonic propagation in a paste with a water-to-cement 

ratio of 0.8; data from Reference  33 . (b) Schematic of a 

hydration curve measured by calorimetry. (c) Shear modulus 

of a binary colloidal model simulated using a combination of 

molecular dynamics and metadynamics, as described in the 

text.  38   ,   39      
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 Properties of the hardened paste 
 The hardened paste, mainly the C-S-H phase, can be considered 

as a continuous porous matrix with multiple characteristic length 

scales ranging from nanometers to millimeters (based on small-

angle x-ray or neutron scattering data  41  ) or as a granular material 

(based on nanoindentation measurements  42  ). The dimensions 

and structure of the C-S-H unit (i.e., of the C-S-H grain in a 

granular interpretation) are matters of active experimental and 

computational study, with reported dimensions ranging from a 

few nanometers  15   to a few tenths of a nanometer.  43   As C-S-H is a 

nonstoichiometric compound, composition is measured in terms 

of the Ca/Si ratio (often denoted as C/S), which ranges from 1.2 

to 2.2,  44   with maximum probability at C/S = 1.7. The precise  in 

situ  measurement of the density of this common material (2.6 g/

cm 3 ) was reported only recently.  15   At the nanoscale, diffraction 

and transmission electron microscopy (TEM) indicate that the 

C-S-H phase is semicrystalline, with layered crystalline regions 

with lateral dimensions of  ∼ 0.1–1 nm dispersed within a gel-like 

phase.  45   However, challenges remain in experimentally deter-

mining the detailed structure of this phase, in large part because 

this structure depends strongly on water content. 

 The correlation of composition and structure within the 

C-S-H phase thus remains an open issue. Several models have 

been proposed over the years  46   to resolve apparently contra-

dictory constraints, typically creating defects within crystal-

line mineral analogues to increase the calcium content while 

increasing the density. Although all such models can be adjusted 

to reproduce the experimentally measured C/S ratio, it has 

remained challenging to simultaneously satisfy the constraints 

of the known water content and phase density. Additionally, 

such models describe purely crystalline structures that are not 

consistent with scattering and TEM data at the nanometer scale 

and the presence of a gel phase gluing layered crystallites.  17   We 

recently developed a structural description of C-S-H, based 

on Monte Carlo simulations, incorporating water molecules 

within a highly defective mineral structure that gives a C/S ratio 

of about 1.7 and also a reasonable density of  ∼ 2.4–2.5 g/cm 3 . 

In this model, C-S-H has a defective structure with only short-

range order among silicate-rich layers, as distinguished from 

the original tobermorite mineral-based model of Pellenq and 

Van Damme that exhibited long-range order.  47   

 A consistent structural description of C-S-H is desirable. 

Beyond addressing the longstanding composition/density 

puzzle at the nanoscale and the gel-versus-nanogranular inter-

pretation of organization at the microscale, there are obvious 

consequences for concrete sustainability. For example, know-

ing the cement-paste stiffness or strength at the nano- and 

microscales, relative to cement chemistry in terms of the C/S 

ratio, provides a direct path toward engineering a stiffer or 

stronger C-S-H phase. For structural applications such as pave-

ments and buildings, this engineering of cement-paste mechani-

cal properties can result in a reduced volume of C-S-H required 

and, thus, a lower associated carbon footprint of the embodied 

energy within such structures. Interestingly, a recent life-cycle 

assessment indicated that the embodied energy of buildings in 

the United States amounts to only a few percent of the use-stage 

energy (heating and cooling over the building lifetime), whereas 

this ratio can approach unity in Europe.  48   The relevant material 

property here is thermal conductivity, and an open fundamental 

question is the relevant scale (if any) at which thermal transport 

properties of cement paste within concrete can be engineered 

to impact operational energy. 

 To refi ne multiscale C-S-H computational models and to 

test hypotheses for lowered CO 2  contributions and increased 

sustainability of cement paste and concrete, experimental vali-

dation is required. Fortunately, C-S-H within hardened cement 

paste is accessible to nanoscale, microscale, and mesoscale 

analysis by both simulation and experiment (  Figure 6  ). Char-

acterization methods that are common to engineering materials, 

including instrumented indentation, scratch testing, electron 

microscopy, wavelength-dispersive x-ray diffraction spec-

troscopy (WDS), and solid-state nuclear magnetic resonance 

(NMR) spectroscopy, are now being used to quantify how the 

mechanical, chemical, and structural properties depend on the 

chemical and physical environments of these pastes. In  Figure 

6 , we show instrumentation and results for WDS analysis of 

chemical composition ( Figure 6a ); nanoindentation analysis 

of phase stiffness and strength ( Figure 6b ); and scratch-based 

estimation of fracture toughness ( Figure 6c ), along with typical 

results for a portland cement paste. Importantly, these and other 

chemical and mechanical properties (e.g., creep, shrinkage), as 

well as thermal properties (e.g., heat capacity  49   and conductiv-

ity), can be measured for C-S-H and other phases within cement 

pastes and concrete over similar length scales and correlated 

with simulation predictions across length scales.     

 Further, water and electrolyte play a crucial role in the evolu-

tion and aging of the cement paste. This is particularly relevant 

at the level of C-S-H, where classical molecular simulations 

indicate that water is confi ned in nanopores.  17   This nanopore 

region is hydrophilic because the nonbridging oxygen atoms 

on the disordered silicate chains act as hydrogen-bond-acceptor 

sites, orienting the hydrogen atoms of the interfacial water 

molecules toward the calcium silicate layers. Furthermore, the 

volume and mechanical properties of C-S-H vary strongly with 

ambient humidity,  50   and shrinkage is governed by water-fi lled 

pores at multiple length scales. 

 Exploration of silicate chain lengths as a function of water 

content is underway, comparing advanced techniques such as 

solid-state  29 Si NMR spectroscopy ( Figure 6d ), which indicates 

the extent of silicate linkages and chain length, with molecular 

simulations of C-S-H.  50   Nanopore water dynamics (reported as 

relaxation times) are also accessible with  1 H nuclear spin relax-

ation NMR spectroscopy.  51   Bridging this microscale–macroscale 

gap has direct implications for concrete durability, as the motion 

of water among pores relates directly to the cohesion of the bind-

ing phase as a function of humidity and temperature and the phys-

ical state of water within pores affects durability under extreme 

changes in humidity, temperature, and mechanical strain. Here, 

predictable shrinkage and durability of the cement paste within 

concrete has an immediate impact on sustainability, for example, 
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as relates to decreased replacement demands for new raw mate-

rials in pavements and buildings and to improved performance 

in extreme weather, heating rates, or loading environments that 

currently cause warping, cracking, or phase changes.    

 A view of mechanism-based concrete 
sustainability 
 An increasing reliance on a mechanism-based approach to con-

crete sustainability refl ects the general belief that more funda-

mental understanding of a phenomenon can translate into ways 

to reduce its impact. Thus, insights into clinker grinding and 

dissolution, C-S-H precipitation and setting, and the structure 

and durability of hardened paste could contribute to the devel-

opment of alternative processing routes. For example, these 

insights could enable cement production at lower kiln tem-

peratures and/or lower grinding energies, both of which would 

lower associated CO 2  production. Additionally, correlation of 

C-S-H structure and multiscale mechanical and thermal prop-

erties will allow tailoring of such properties to infrastructure 

applications, potentially resulting in lowered demand for raw 

materials (and associated CO 2  production). We have indicated 

a number of current examples of focused research that serve 

only as illustrations of the vast research opportunities avail-

able to the materials community. Indeed, one important trend 

in improving concrete sustainability is partial replacement of 

cement paste with recycled materials such as fl y ash or fumed 

silica. However, the effects of such incorporation on reaction 

kinetics and achievable strength of such mixes add further com-

plexity that can be addressed best by predictive understanding 

of cement paste. It should be clear that a decisive impact cannot 

be achieved without the active collaboration of industry, the 

end users of concrete science and technology who will make, 

modify, and innovate new applications for this amazing material 

called “liquid stone” that holds the world together.     
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                Introduction 
 The term “energy-critical elements” (ECEs) was coined by 

a joint committee of the American Physical Society (APS) 

and Materials Research Society (MRS) assembled in 2009 to 

investigate the material resources available to support emerging 

energy technologies  1   (see   Figure 1  ). By the time the APS–MRS 

study was published in 2011, several countries had already 

started acting on concerns about the supply risk of critical 

minerals and materials.  2

 In the United States, congressional committee hearings, 

legislation, and administration studies were initiated. The U.S. 

Department of Energy released an important report in late 2010  3

and a comprehensive follow-up in late 2011  4   that identifi ed 14 

critical elements: cerium, cobalt, dysprosium, europium, gal-

lium, indium, lanthanum, lithium, neodymium, praseodymium, 

samarium, tellurium, terbium, and yttrium (see  Figure 1 ). These 

materials were selected based on supply risk factors, includ-

ing small global market, lack of supply diversity, and market 

complexities caused by coproduction and geopolitical risks. The 

APS–MRS and Department of Energy reports are foundational 

to U.S. policy and legislative fl ow. 

 Also in 2010, Korea and Japan undertook broad programs in 

research and recycling of rare metals,  5   and the European Union 

(EU) issued memoranda establishing a critical-materials list.  6

 The sudden concern over ECEs was touched off by inter-

national events occurring over at least a decade. As described 

below, the United States lost its leadership of the rare-earth 

markets and by 2002 was effectively out of the business. In 

its place, China rapidly fi lled the market niche by tapping 

underutilized deposits using new mining technology. However, 

on July 8, 2010, China formally announced a 40% reduction in its 

export quota for rare-earth (RE) elements, which sent a shock 

wave through the markets. By that time, China accounted 

for more than 95% of worldwide production of rare-earth 

oxides. Within weeks, the export price of neodymium, a rare-

earth metal used in high-strength magnets for windmills and 

electric-car motors, nearly tripled, and in November 2011, it 

was some seven times higher than it had been in July 2010 
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(see   Figure 2  ). Regardless of the reason for China’s quota 

action, its effect was to reinforce international concerns about 

rare-earth elements.     

 In the wake of these events, the APS–MRS committee pub-

lished its report on the raw-materials supply risk to emerging 

energy technologies, including recommended actions. This 

article reviews that APS–MRS report and others, as well as 

responses by governments to ECE supply risks. (The article by 

Graedel and Erdmann in this issue also discusses supply limita-

tions, but of a broader spectrum of metals for manufacturing 

technologies.) After defi ning ECEs, we discuss some aspects of 

their supply chains and markets, U.S. and international policy 

developments, factors specifi c to REs and helium, critical-materials 

lists from selected countries, and the recommendations of the 

APS–MRS study.   

 Energy-critical elements are not just 
rare earths 
 As noted earlier in this issue by Graedel and 

Erdmann, there are many defi nitions of critical 

materials or elements. We confi ne our com-

ments to  energy -critical elements as defi ned in 

the APS–MRS study,  1   unless stated otherwise. 

ECEs are chemical elements that are necessary 

for emerging or transformative energy tech-

nologies but whose supply risk could limit 

research, development, or deployment of a 

technology. Typically, ECEs have not been 

widely extracted, traded, or utilized in the 

past and lack a well-established, regulated, or 

stable market. Non-rare-earth examples include 

indium for solar cells and energy-effi cient dis-

plays, tellurium for solar cells and detectors, 

platinum for novel catalysts, and rhenium for 

energy-saving superalloys. It is important 

to appreciate the study’s inclusive scope for 

energy research: research materials such as 

helium for cryogenics can also be “critical” because they are 

required to develop transformative energy technologies. 

 ECE lists are neither universal nor constant over time. In 

1940, the emerging energy technology was nuclear fi ssion; 

hence, the ECEs of the day were natural uranium, deuterium, 

and highly purifi ed graphite, the last two for neutron modera-

tion. Indeed, at that time, committees recommended policies for 

these then-ECEs, but world events prompted the classifi cation 

of nuclear policies as national secrets.  8   Today, uranium, car-

bon, and deuterium are still critical elements, but they are  not  

energy-critical elements, as they are now governed by highly 

regulated markets, national security considerations, and public 

concerns. By 2050, one hopes that progress on sustainable 

development will likewise have moved some elements off 

today’s ECE lists, perhaps to be replaced by other elements. 

 By analogy to nuclear power in 1940, 

today’s new or anticipated markets in sus-

tainable energy involving hydro, wind, sea, 

geothermal, and solar power require a new set 

of raw materials. Not to be forgotten, however, 

advanced nuclear reactors are considered 

by many as a sustainable technology. (See 

the article in this issue by Englert et al.) Low 

environmental impact throughout a material’s 

life cycle is a key to sustainability for any 

ECE supply.  

 Rare earths 
 Despite their name, rare-earth elements are 

not rare; they are just rarely used. If society 

is able to adopt new, contemplated energy 

infrastructure, as well as improved processes 

for extracting and recovering rare earths, this 

will change. 

  
 Figure 1.      Critical elements chosen by the American Physical Society (APS)–Materials 

Research Society (MRS) energy-critical element study panel  1   and by the U.S. Department 

of Energy Offi ce of Energy Policy.  3   ,   4   Selection criteria differed in the two studies, leading to 

29 elements for the APS–MRS and 14 elements for the U.S. Department of Energy.    

  
 Figure 2.      Recent price history of neodymium oxide (2007–2011), as an example of 

supply risk. Chinese domestic prices (blue line) are less than the Chinese export price for 

customers outside of China. (From Reference  7  courtesy of the U.S. Geological Survey.)    
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 The special electronic and optical properties that make 

REs useful derive from their unique 4 f  electrons, which cause 

the “lanthanide contraction” of ionic radii due to compara-

tively ineffective screening of the nuclear charge. Because the 

4 f  electrons hug the nucleus, higher-shell electrons in the 5 s  

and 6 s  orbitals are left to interact with other atoms. Therein 

lie the complex electronic behaviors that endow neodymium 

with powerful magnetism and europium with unique optical 

interactions, indispensible for lightweight electric motors and 

energy-effi cient lighting, respectively. 

 Crustal abundance is one factor in the economics of ele-

ment extraction, and enrichment into ore bodies is another 

(see   Figure 3  ). Owing to their unique chemistry, rare earths 

are not effi ciently mineralized by geological processes into 

concentrated ores. However, when geologically concentrated, 

they occur together (often partitioned into “light” and “heavy” 

rare-earth ore bodies) and sometimes with more lucrative com-

modity metals, such as iron, uranium, and niobium; therefore, 

they are mostly coproduced as byproducts of the mining of 

those metals. Because they are diffi cult to separate from host 

minerals, often including radioactive uranium and thorium, REs 

can have high environmental impacts in mining and extraction.     

 The near-monopoly in RE mining achieved by China by 

2009 was enabled in part by the invention of an innovative 

separation technique requiring low capitalization that opened 

low-grade ion-absorbed clays to economic production.  9   Numer-

ous small mines practiced this hydraulic mining process under 

previous regulations, and even now, it accounts for about 35% 

of China’s RE production.  10   Using hydraulic water pressure in 

vegetation-cleared hills, the whitish-colored clay is washed into 

pits lined with plastic. Sulfuric acid or ammonium sulfate is 

added to dissolve the desired minerals, and then the fl uids are 

siphoned downhill into a concrete pool where they are treated 

with oxalic acid. Rare-earth oxalates precipitate out and are cal-

cined to oxides in a kiln. In an important fi nal step, the depleted 

fl uids are washed into rivers (in unregulated operations). Thus, 

river contamination and erosion are two impacts of mining 

ion-absorbed clays.  9   Minimizing environmental impacts was 

a contributing factor in China’s revised RE export policy, as 

noted in the section Actions in Europe and Asia. 

 Afghanistan reportedly contains rich sources of REs.  11   Pros-

pecting by Soviet geologists during their intervention in the 

early 1980s established several promising sites in the country’s 

rugged interior. Over the period from 2004 to 2011, under heavy 

security provided by the U.S. Armed Forces, geologists from 

the U.S. Geological Survey confi rmed the Russian fi ndings and 

estimated resources when possible. A Chinese company had 

already contracted in 2011 to invest $2.4 billion in a copper mine 

in Afghanistan and associated transportation infrastructure. Fur-

ther development by mining entities awaits political stabilization.   

 Helium 
 Because helium has utterly unique physical attributes, it could 

be considered an ECE solely by virtue of its value to energy 

research as a cryogenic fl uid. Helium has technological uses 

important to emerging energy technologies as well. In some 

advanced nuclear reactor concepts, helium offers unmatched 

heat conduction while resisting nuclear activation. It serves as 

a shroud gas for welding, an inert processing 

gas in semiconductor manufacturing, a cryogen 

for medical magnetic resonance imaging, and an 

indispensible fl ushing agent for liquid-oxygen 

lines in rocket motors. 

 Contradictorily, helium is the second most 

common atom in the universe, but it is among the 

rarest (by weight) of all elements in the Earth’s 

crust. It has been stockpiled by the United States 

since 1925, yet helium is so inexpensive that it 

fi lls party balloons. The APS–MRS study panel 

concluded, however, that the helium supply is 

dangerously at-risk within the time frame for 

attaining global energy sustainability. In addi-

tion, helium serves as a useful cautionary tale of 

government market interventions. Hence, it was 

identifi ed as an ECE by the panel even though 

no other similar study considered it in the energy 

context.  1   ,   12   ,   13   

 The issue with helium is that it is not gravita-

tionally bound to Earth. Generated as a radioac-

tive decay product in Earth’s interior, helium is 

mobile enough to collect, conveniently for our 

uses, in natural gas reservoirs. However, once 

released to the atmosphere, helium escapes into 

space and is essentially lost to humanity. Most 

  
 Figure 3.      Price–abundance plot for many elements, specifi cally those for which 

there is a market. Energy-critical elements are circled in red. (From J. Price, personal 

communication, who derived the data from various sources, including the  CRC Handbook 

of Chemistry and Physics , the U.S. Geological Survey, and the U.S. Energy Information 

Administration.)    

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


408 MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

ENERGY & WATER • CRITICAL ELEMENTS

of the time, it is simply released during natural gas recovery 

processes as unwanted waste. 

 In 1925, anticipating strategic military uses such as diri-

gibles, the United States created the Federal Helium Reserve 

in a natural structural dome under Amarillo, TX. During the 

Cold War, the U.S. strategic-missile fl eet required ample 

helium fl ushing gas to be ready at all times. By 1970, the 

stockpile exceeded one billion cubic meters—a projected 

50-year supply—hence, the government ceased buying more 

gas. After the demise of the Soviet Union, the U.S. Congress 

decided in 1996 that the full reserve was no longer needed, 

so it enacted legislation to sell off almost all federally owned 

helium gas by 2015 to repay the costs of the reserve itself. 

Unexpectedly, prices rose after the federal selloff began owing 

to unanticipated demand from the high-technology sector in 

developing countries and to increased production and compli-

ance costs in the United States. The selling of federal helium, 

even at prices signifi cantly higher than private helium stocks, 

depressed U.S. helium prices relative to foreign gas and, in 

combination with higher production costs, disadvantaged 

U.S. producers. 

 The helium case was the prime stockpiling example the 

APS–MRS study panel encountered in which government 

market intervention created market instabilities. Because of 

this example, the panel recommended against market inter-

ventions in general, including stockpiling. However, because 

helium has unique physical properties that are indispensible 

in research, medicine, and, for now, in national security, the 

panel felt that helium should be stockpiled despite market 

instabilities. 

 At this writing, a bill is working through U.S. Senate 

committees to prescribe steps for a sustainable future in 

U.S. helium supplies. The bill encourages private devel-

opment of new sources while ensuring ample supplies for 

research needs.    

 Actions taken by governments 
 Even before China formally announced its intent to cut exports 

of REs in the summer of 2010, U.S. government agencies were 

monitoring the supply risk. The heightened attention to REs in 

energy, defense, and electronic applications increased aware-

ness by the public and the press of U.S. dependency on other 

countries for specifi c critical elements. 

 The APS–MRS energy-critical elements policy study panel 

convened workshops and interviews with stakeholders in 

the fi eld. Meanwhile, the Washington, DC, offi ces of both 

APS and MRS monitored, and later directly participated in, 

the development of some of the legislative bills, and these 

offi ces provided their respective society’s federal interface. 

 This section also discusses actions taken by several Euro-

pean and Asian countries.  

 U.S. legislation 
 During 2011, a variety of related bills were drafted and intro-

duced to relevant congressional committees for consideration. 

At this writing, none of these bills have passed their full 

respective chambers. This pattern is very common when more 

than one congressional cycle is required to pass authoriza-

tion bills. 

 Of the various minerals- and materials-related bills to be 

drafted and considered by Congress, RE legislation is the most 

common type. The issues covered by the broad term “critical 

minerals and materials” have not yet been fully recognized as a 

high priority. In part, this is because the media have discussed 

concerns regarding price, availability, and foreign control pri-

marily with respect to REs without noting that ECEs of all types 

face similar supply risks.  

 Broad diff erences in bills 

 Some of the proposed legislation calls for studies for addi-

tional information, for example, H.R. 1314 and H.R. 2011. 

A few of the bills support a particular interest by a member 

of Congress on behalf of his or her constituents and, in some 

cases, the desire to impact the mining or rare-earth industry, 

including H.R.1388, H.R.618, S.383, and S.1113. The closest 

bill that contains a legislative agenda similar to the recom-

mendations of the APS–MRS energy-critical elements study is 

H.R.2090. A broader bill, H.R.952, addresses a previous min-

erals and materials act while adding updates that are needed 

to address current concerns. Interested readers can review the 

details in any of these specifi c bills by going to the Library of 

Congress “Thomas” web site  14   and searching for the 2011 bills 

by their respective numbers. Each of the bills will need to be 

reintroduced with a new bill number in 2012 and essentially 

restarted through the legislative process. 

 Some of the bills emphasize substitution research, recy-

cling, and improved information gathering and dissemination 

for ECEs and REs. Other bills or components of some bills are 

focused on revitalizing the mining industry in specialty miner-

als and materials. Some of the legislative efforts are directed 

at encouraging investment by government and industry in the 

value-added chain of products that use ECEs and REs such as 

magnets, solar cells, wind turbine blades, and batteries. 

 Legislators have recognized that centers of expertise and 

professional talent in these diffi cult scientifi c areas are critical 

to sustainability success. The U.S. administration has proposed 

an energy center devoted to critical minerals and materials as 

a portion of its fi scal year 2012 Department of Energy budget 

request. As recommended in the APS–MRS study, a number 

of bills acknowledge the critical and unmet need of having 

the federal government more involved in providing credible 

information on the rapidly changing availability and applica-

tions for REs and ECEs. Which specifi c agency should purvey 

this information and expertise is a point of debate.   

 Interest in APS–MRS policy study and outlook for 2012 

 One of the most interesting outcomes of the APS–MRS study  1   

has been the attention paid to it by senior leaders in both the leg-

islative and executive branches of the U.S. federal government. 

In 2011, a number of briefi ngs and meetings were arranged 
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for the co-chairs of the policy study, Dr. Robert Jaffe of the 

Massachusetts Institute of Technology and Dr. Jonathan Price of 

the University of Reno, NV, who is also the State Geologist for 

Nevada. They testifi ed directly to House and Senate committees 

in hearings on REs and critical materials. Staff crafting legisla-

tion used the resources of professional societies and asked for 

input from the ECE study panel. Other members of the study 

panel provided congressional testimony, including Dr. Karl 

Gschneidner, of Ames Laboratory and Iowa State University, 

and one of us (Eggert). 

 Remarkably, one recommendation from the APS–MRS 

study was implemented within weeks of the study’s February 

2011 publication. The study recommended that a high-level 

formal group, beyond a task force, be established in the National 

Science and Technology Council to follow issues related to 

ECEs. 

 Members of the study panel also made presentations to the 

White House Offi ce of Science and Technology Policy, Depart-

ment of Defense, Department of Energy, and other groups 

within the administration interested in these topics. In addition 

to briefi ngs with staff from all of the relevant committees in 

the House and Senate, the ECE report gave MRS and APS an 

opportunity to interact with many groups in Washington that 

had policy interests in ECEs, including the MIT Washington 

Offi ce, American Enterprise Institute, TransAtlantic Business 

Dialogue, and Heritage Foundation. 

 The topic will continue to gain attention in Washington, 

DC, in 2012, even in an election year. As with many topics 

that are of interest to Congress and Washington, however, the 

amount of priority time given to the subject will depend on 

evolving market and global conditions, China–U.S. relations, 

and general export control of China’s REs. If producers and 

suppliers continue to make supply-risk mitigation a priority for 

the 112th Congress in the second session, the issue of ECEs 

will continue to gain momentum in 2012, and fi nal legislation 

will result.    

 Actions in Europe and Asia 
 China’s publicly stated motives for restricting exports of REs 

were to regulate domestic mines, to encourage development of 

foreign resources, to control illegal mining, to reduce environ-

mental impacts, and to evolve China from an external supplier 

to an internal supplier.  15   Some in the West have speculated 

that China also wishes to stockpile some ECEs.  16   

 The European Union established the Raw Materials Initia-

tive and named 14 mineral groups as critical.  6   Canada adopted 

the EU report as well. In addition to sharing most of the 

elements in the ECE list except helium, tellurium, silver, 

rhenium, and lithium, the EU list includes antimony, beryllium, 

magnesium, tungsten, tantalum, and niobium and the minerals 

fl uorspar (fl uorite, CaF 2 ) and graphite. The EU list is based on 

an analysis of projected demand for emerging technologies 

in 2030 compared to 2006. Gallium and indium are expected 

to exhibit the largest increases, according to the EU analysis. 

The EU initiative calls for updating the critical raw-materials 

list every fi ve years, improving statistical information about 

resources in an annual yearbook, and researching life-cycle 

assessments and demand for emerging technologies. Additional 

research is recommended in mineral engineering, exploration, 

and substitution. 

 A novel supply-risk analysis with an emphasis on insta-

bility underwrites South Korea’s list of 56 elements required 

for domestic use, microelectronics manufacturing, and energy 

technologies. This large list covers most of the ECEs, but like 

the EU report, it omits helium as critical. The South Korean 

analysis  5   considers rarity, geopolitical supply factors, and recent 

price variations. In 2007, the platinum-group metals were rated 

as most rare, REs as most unstable in supply, and selenium as 

most unstable in price. 

 The South Korean program emphasizes research in rare-

metal science; in fact, the Korea Institute for Rare Metals in 

Incheon was created for this very purpose. In addition, Korea 

has reached out to the international community to co-develop 

strategy and perspectives for rare metals. 

 In Japan, a comprehensive program of recycling, reuse, 

replacement, reduction in consumption, and stockpiling is 

underway. Having been the apparent targets of China’s reduced 

export quotas in 2010, Japan  5   emphasizes new sources of min-

erals and their concomitant diplomatic relationships.    

 Recommendations and outlook 
 This article draws on studies of critical materials and programs 

established by governments to ensure stable supplies of elements 

required to achieve global sustainability in energy. Because the 

necessary technologies require a great deal of research, we 

have adopted the APS–MRS study on energy-critical elements 

as a baseline. 

 The recommendations by the study panel, paraphrased 

below, speak to both governments and the international research 

community. 

     •       Federal agency coordination.  The Offi ce of Science and 

Technology Policy should create a subcommittee within the 

National Science and Technology Council to examine the 

production and use of ECEs within the United States and to 

coordinate the federal response. This action was completed 

in early 2011.  

     •       Information collection, analysis, and dissemination.  The 

U.S. government should gather, analyze, and disseminate 

information on ECEs across the mineral supply chain, from 

cradle to grave, as a “Principal Statistical Agency” with sur-

vey enforcement authority. The federal government should 

regularly survey emerging energy technologies to identify 

critical applications and shortfalls.  

     •       Research, development, and workforce enhancement.  

The federal government should establish a research 

and development effort focused on ECEs and possible 

substitutes.  

     •       Effi cient use of materials.  The government should establish 

a consumer-oriented “Critical Materials” designation for 

ECE-related products and a recycling program.  
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     •       Market interventions.  With the exception of helium, gov-

ernment should avoid interventions in markets including 

non-defense-related economic stockpiles.  

   Helium is unique even among ECEs. Measures should 

be adopted that will both conserve and enhance the nation’s 

helium reserves. Draft legislation for helium was circulated 

in October 2011. 

 Supply risks of ECEs involve geopolitical factors. 

China’s near-monopoly in 2011 and Afghanistan’s prom-

ise as a future supplier imply precarious supply for some 

consumers. Sustainable supply is not guaranteed to all soci-

eties involved in creating the future energy infrastructure. 

Publicly, at least, major stakeholder countries now strive to 

balance natural and urban mining to achieve approximate 

sustainability. 

 Although REs are far from the whole story of ECEs, 

society’s industrial pressure for REs has led to a useful 

paradigm in new supply-chain development as illustrated by 

California’s Mountain Pass mine (see   Figure 4  ). Although 

discovered as a uranium deposit in 1949, the Mountain Pass 

mine was opened as an RE mine in 1952 and was the domi-

nant RE producer through the 1980s. However, by 2002, 

the overwhelming price advantage of Chinese suppliers—

along with regulatory compliance issues associated with 

the mine’s faintly radioactive tailings and process water—

forced closure. By 2011, owner Molycorp became licensed 

to handle radioactive trace thorium and uranium associated 

  
 Figure 4.      Global production of rare-earth oxides. The Mountain Pass Mine in the U.S. 

state of California dominated world production of rare earths through 1985, when 

Chinese production, particularly at the Bayan Obo Mine in Inner Mongolia, became a 

factor. In 2010, China supplied 97% of the market. (From Reference  17  courtesy of the 

U.S. Geological Survey.)    

with the mine’s RE ores. Processing of leg-

acy tailings started in 2009, along with new 

mining production in 2011. Further, Molycorp 

plans to scale up production over the next year 

or so.     

 The reopening of the Mountain Pass mine 

is the result of changes in China—where the 

advantage of mining ion-adsorbed clays by 

environmentally damaging techniques is being 

reduced by Chinese policy—and in the United 

States. Molycorp has devoted significant 

effort to minimizing the environmental dam-

ages associated with RE mining and mineral 

processing. With this success as an example, 

other mines, including urban mines, promise a 

sustainable future pathway paved by materials 

research.     
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             Introduction 
 The availability of a material for technological purposes is, in 

practice, defi ned not only by its abundance in Earth’s crust, but 

also by the amount of energy necessary for its extraction from ores. 

The latter factor, although frequently overlooked, is often decisive. 

Therefore, in this article, we discuss the thesis that the energy costs 

of critical materials can severely limit the transition from existing 

technologies to new ones. This thesis includes three parts that we 

view as critical in considering materials–energy interdependence: 

     (1)      There is very little fl exibility in the ability to divert energy 

resources to new technologies.  

     (2)      Production of materials that are currently obtained as 

byproducts of other, more prominent materials cannot be 

increased rapidly, a fact that imposes severe restrictions on 

the rate of technology change.  

     (3)      Recycling can provide only partial relief of the demand for 

energy to produce materials, because many items that are 

energy-intensive to make and/or use (not just sophisticated 

items such as spectacles and contact lenses, but also rather 

basic high-volume items such as fertilizer and cement) can-

not be recycled. Moreover, recycling of some items might 

consume excessive amounts of energy.  

     Diffi  culties estimating the true energy cost 
of materials 
 The energy cost of a material is complicated, as it balances the 

amounts of energy used (or recovered) during the material’s 

production, use, and ultimate disposal or recycling. A steel-frame 

building provides a good illustration of this tradeoff. Use of a steel 

frame is one of the most energy-effi cient methods of construction; 

however, steel is a very good thermal conductor, which makes such a 

building more expensive to heat and cool. *  ,1–5   Calculating the energy 

cost of production of materials is not easy, but a methodology based 

on the general principle of conservation of energy and matter is 

available, because it has been “inherited” from chemical engineering 

calculations and is actively used for life-cycle assessment and net 

energy analysis (see, for example, References  6  and  7 ). In contrast, 

calculating or measuring the energy consumed during use is not 

trivial because there are many contributions that are diffi cult or even 

impossible to estimate correctly. Therefore, the total energy cost of 

a certain material cannot be determined very accurately, at least at 

present. However, even if reliable estimates were available, their 

use in material–energy effi ciency planning would be possible only 

after one considered the fl exibility of allocation of energy resources.   

 Five “major” energy-consuming materials and 
the fl exibility of energy consumption 
 More than half ( ∼ 55%)  8   of global energy consumption is by 

industry and transportation ( ∼ 27.5% each).  8,9   The other half 

     Energy limitations on materials 
availability 
     Igor     Lubomirsky        and     David     Cahen     

        Rapid changes in energy availability lead to the question of whether the sustainable 

availability of energy implies the sustainable availability of materials and vice versa. In 

particular, many researchers assume that materials can be produced from any resource 

type, irrespective of scarcity, by providing enough energy. We revisit this issue here for 

two reasons: (1) To avoid signifi cant disruptions in daily life, no more than a few percent 

of total energy production and materials usage can be diverted to support a transition 

to new energy sources. (2) Such a transition could also be problematic if it requires large 

quantities of materials that are byproducts of other large-scale production cycles, as 

any increase in the production of a byproduct typically requires an almost proportional 

increase in the production of the primary product. In turn, increased production of the 

primary product could require materials and energy expenditures that are too large to be 

practical. Both limitations have to be taken into account in future energy planning.   
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 *     It should be noted that signifi cant portions of the data discussed here were obtained from 

the websites of various governmental and commercial/industrial organizations, as such 

data are often not published in any more standard resources, such as journal articles. 
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is by services, residential consumers, and infrastructure. The 

energy used by industry is mostly for materials processing. 

Remarkably, comparison of the energy costs of materials 

production shows that more than half of all industrial energy 

use goes to a very small number of materials, namely, steel 

( ∼ 6%),  10   ,   11   cement ( ∼ 3%; see the article by Van Vliet et al. in 

this issue),  12   ammonia  13   ,   14   by the Haber–Bosch process (1–2%), 

aluminum by the Hall–Héroult process ( ∼ 1.8%),  10   ,   11   and plastics 

(2–4%).  11   ,   15   It is also important to emphasize that, although 

new “high-tech” materials have penetrated almost all parts of 

modern technologies (e.g., titanium, magnesium, tungsten 

carbide, mu-metal, industrial diamond, conducting and antistatic 

plastics), they account for a very small fraction of the materials 

used in everyday life. 

 These fi ve major energy-consuming materials are, together 

with the other top energy consumer, transportation, vital for 

daily life, and therefore, their production (and consumption) 

cannot be restricted without an immediate and drastic drop in 

living standards. This implies that, at the current stage, society 

has restricted its ability to divert energy resources anywhere else 

on a large scale, leaving only residential use (24% of the total) 

and commercial services (<10%) as major sources for such a 

diversion, should it become necessary. One could also expect 

some contribution from transportation. However, unless there 

is a mass transition from private cars to public transport or a 

dramatic drop in cargo shipments, transportation will not be 

able to contribute signifi cantly. Therefore, based on the varia-

tions in materials and energy consumptions that have occurred 

during periods of economic crisis, when people tend to cut the 

least essential expenditures, one can “guesstimate” that at most 

 ∼ 10% of these energy uses (i.e., about 3.5% of total global 

energy production) can be diverted to a transition to alternative 

technologies without disrupting living standards in a major way.   

 How can sustainable energy availability aff ect 
sustainable materials availability? 
 The very close connection between materials and energy suggests 

that changes in the availability of one energy source will immedi-

ately cause changes in the availability of all other energy sources 

and, in that way, cause a ripple throughout the system, affecting all 

materials. At the same time, the analysis in the preceding section 

indicates that diversion of a few percent of total energy resources 

for “transition purposes” is very likely possible. Because the range 

of materials in practical use is restricted by the amount of energy 

required for their production, a rapid rise in energy costs will inevi-

tably be accompanied by a reduction in (or even the complete elim-

ination of) the use of materials with high energy costs. If changes are 

suffi ciently gradual, as many economists (and others) predict, then 

the adaptation of materials production to changes in energy sources 

will also be smooth, and the materials in use will adapt to the new 

restrictions on energy availability. Examples of such smooth 

transitions include the replacements of blubber by kerosene for 

lighting in the late 19th century and of Bakelite by modern 

polyethylene-based plastics after the development of the latter in 

the 1950s. 

   Methanol versus gasoline 

prices 

 Price of methanol on 3 August 2011: US$459/t 

 Density of methanol: 0.79 g/cm 3  

 Ratio of methanol to gasoline energy content (w/w): 

0.55 

 Cost of the amount of methanol equivalent to 1 gal 

(U.S.) of gasoline: 

 

( ) ( ) ( )6 3 3 3459 10  US$/g 0.79 g/cm 3.785 10  cm /gal
cost

0.55

US$2.50

−× × × ×
=

=
  

 Cost  †   of 1 gal (U.S.) of gasoline before taxes on 3 

August 2011: US$3.20  

   †      Includes the costs of crude oil (US$2.56/gal) and refi ning (US$0.64/gal).     

 If changes were rapid, which could happen if, for example, 

oil supply dropped by 50% within a few months, then many 

materials would rapidly disappear from use because of the 

jump in energy prices, causing severe disruptions. The degree 

of these disruptions would depend on how fast an alternative 

energy source could be deployed. In some cases, such alterna-

tives exist now, but their deployment is obstructed for various 

reasons. An example of such a case is the possible replacement 

of gasoline by methanol (see the sidebar).  16   ,   17   Although such a 

replacement seems to be viable already with the current whole-

sale prices, it has not yet taken place for political reasons that 

are beyond the scope of this article and issue. Similar economi-

cally feasible or almost feasible alternatives exist for many (if 

not all) energy-production technologies. Thus, even with rapid 

changes and severe disruptions, one can expect that adaptation 

will eventually take place. 

 However, the example with methanol involves two hidden 

assumptions: that the changes in energy availability will be 

on a scale of a few percent of the actual energy consump-

tion and that the materials necessary for a transition to a new 

energy-generation technology will be available. Although the 

fi rst condition is almost guaranteed because oil wells will not 

go dry instantaneously and coal fi elds will not be exhausted 

at once, the second condition is questionable, as discussed in 

detail in the next section.   

 Availability of materials produced as byproducts 
 Apart from a relatively large but fi nite list of materials that are 

produced and extracted directly from ores (so-called primary 

products, such as iron, copper, aluminum, and tin), many 

materials are extracted as byproducts of a primary product. 
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For instance, selenium and tellurium are byproducts of the 

electrolytic refi ning of copper, during which they accumulate 

in anode residues. The total annual production is  ∼ 2300–2500 t 

of selenium (2009) and  ∼ 150 t of tellurium (2010).  10   Signifi -

cantly increasing the production of these two elements using the 

existing technological route is not an option in the short term 

(a few years), because it would require a many-fold increase 

of copper production, which is not viable, either practically 

or economically. Production of refi ned copper, excluding its 

transport, has an energy price of  ∼ 23 GJ/t,  18   which is increas-

ing steadily as high-grade ores become exhausted and haul-

ing distances increase. One can expect rising prices to be an 

incentive for more effi cient extraction, but even in the best 

scenarios, increased effi ciency is unlikely to increase the pro-

duction several-fold. 

 The case of photovoltaics illustrates the dilemma of 

depending on materials that are byproducts. Whereas the 

article by Fthenakis in this issue discusses the availability 

of materials for new solar cells, we focus here on the energy 

required to acquire the materials. For the sake of argument, 

assume that we want to achieve a 100-fold increase in materi-

als supply, from today’s 0.07 TW p  (terawatt-peak) installed 

generating capacity to 7 TW p , which corresponds to ~1.15 TW c  

(terawatt-continuous, assuming optimal use of the generat-

ing capacity). 

 For the increasingly popular CdTe solar cell, this increased 

energy production would require a 100-fold increase in tel-

lurium production, assuming current effi ciencies. In the 

following discussion, for the sake of simplicity, we assume 

that all of the new tellurium goes to CdTe solar cell produc-

tion. In that case, a 100-fold increase in copper production 

would be required. In 2009, copper production ( ∼ 16 Mt)  10   ,   18   

used about 0.08% of all global energy. Increasing this value 

100-fold is hardly realistic, because it would consume all 

of the “fl exible” part of the available energy defi ned in the 

preceding section. Furthermore, it would require construc-

tion for primary copper ore treatment on a huge scale, which 

is not a realistic proposition, especially within a period of 

a few years. 

 The situation is very similar for gallium and indium, required 

for Cu(In,Ga)Se 2  (CIGS) solar cells. Both of these elements 

are byproducts of the production of other elements. Gallium 

is mostly produced from residues of bauxite (aluminum ore) 

or extracted from zinc-processing residues. In both cases, the 

gallium content does not exceed 50 ppm, and its annual total 

production is  ∼ 180 t (2008). Furthermore, even though the 

total content of gallium in known deposits of bauxites and zinc 

ores is  ∼ 1 Mt, a 100-fold increase of gallium production would 

require that  all  energy currently used for industrial consumption 

be directed to gallium production. To install 0.01 TW c  capacity 

based on CIGS solar cells would require more than 10 5  t of 

gallium, so that a 100-fold increase might not suffi ce (again, 

assuming that all new gallium went to CIGS cell production). 

The value of this example is that it demonstrates a material 

(gallium) that is known to exist and to have an accessible 

extraction technology, but for which the extraction energy 

requirements are prohibitively high. In answer to the ques-

tion posed at the beginning of this article, then, this implies 

that sustainable energy availability and sustainable materials 

availability are not equivalent. In practice, the term “energy 

availability” always refers to some reference value, which is 

typically the current level of consumption. One of the most 

obvious consequences of this conclusion is that, as things 

stand now, the world in  ∼ 2040 will not be able to rely on 

these compound solar cells for, say, 5% of global electricity 

generation ( ∼ 1–2 TW c , which requires a global average of 

6–12 TW p ) with present types of cells and present mining 

and extraction technologies. 

 Now consider the energetic viability of crystalline-silicon 

solar cells. In contrast to the thin-fi lm cells just discussed, in 

these cells, the raw material is plentiful and is obtained as a 

primary product. For crystalline-silicon solar cells, the energy 

payback time, which is the time required for the cells to pro-

duce the amount of energy needed to make them, is still several 

years.  19   

 Because of this long payback time, one can expect that, 

even if 1% of all energy for industrial use (0.25% of the total 

use) were diverted to create silicon solar cells, issues such as 

borrowing costs and return-on-investment times would impede 

the rapid manufacturing of all of the cells needed for this extent 

of electrical power generation. Also, even if ways are found to 

decrease the energy payback time (e.g., metallurgical refi ne-

ment of silicon in place of silane-based purifi cation), it will 

take decades for silicon cells to make a signifi cant contribution 

to total global energy production. Nevertheless, this shows 

that, after a few decades, a transition to solar power based on 

crystalline silicon is energetically feasible. (Other problems 

associated with the technology, such as land availability and 

dust control, will also need to be solved.) 

 As a fi nal example, consider the production of hydrogen 

through water electrolysis using platinum-based electrodes. 

The total amount of platinum produced each year from ores 

(not recycled) is  ∼ 180 t.  10   Assume that one-tenth of this total 

production is diverted to water electrolysis. Then, running a 

cell at a most optimistic 1.5 V potential (82% effi ciency), using 

100-nm-thick electrodes and restricting the current to 0.1 A/cm 2  

to minimize platinum gas erosion, one could convert 135 GW 

of electrical energy into hydrogen. This is less than 0.3% of 

the energy required for transportation. Even if such a diversion 

of platinum continued for 50 years, which is unlikely because 

platinum is needed for other purposes, hydrogen would still 

not be an important transportation fuel. The scale of platinum 

extraction that would be needed to support a major portion of 

global fuel needs would require prohibitively high energy diver-

sion. Nickel-based catalysts can be used instead of platinum, 

but at present, their use exacts a signifi cant increase in energy 

price. Moreover, a sizable increase in platinum production is 

not feasible at present, because the platinum content of the 

richest known ore (Buchveld, South Africa, responsible for 

more than 75% of world production) is only  ∼ 8–9 g/t (4–7 g/t 
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is more common for platinum ores).  ‡   Surely, one can use 

electrodes other than platinum; however, this would result in 

a considerable effi ciency loss (more than a factor of two) and 

require correspondingly higher amounts of energy. 

 Even for common materials, energy availability must be 

considered, as a sudden increase in usage could cause signifi -

cant upheaval. For instance, if cement production had to be 

increased by one-third, a 1% increase in total world energy 

production would be required. Although possible, this increase 

would be hard to achieve within a short time and would severely 

strain society’s ability to undertake other large-scale projects. 

 Two conclusions can be drawn from the analyses in this 

section: (1) The idea that sustainable availability of energy is 

equivalent to sustainable availability of materials is true only in 

the long run. In the short run of a few years, any increase in the 

production of byproducts (secondary mining products) is essen-

tially impossible. (2) Some materials are physically unavailable 

at any energy price in the quantity needed or desired.   

 Energy effi  ciency and the potential of recycling 
 One often hears that, with time, production becomes less 

materials- and energy-intensive, because of the introduction of 

increasingly effi cient processes. Although this trend is generally 

valid, production of materials might prove to be an exception 

for a number of reasons, the most obvious of which is the 

depletion of rich ores (although there are different opinions on 

this matter  21   ,   22  ). Increased hauling distances are also a factor, 

as is becoming increasingly evident, for instance, for copper 

production.  18   In this view, the impact of energy costs on mate-

rials availability results from more than one trend. Therefore, 

the question of whether consumption of materials will continue 

to grow or stabilize becomes clearly linked to the monetary 

cost of energy (and to the energy cost of the forms of energy 

needed). As noted by Krausmann et al., global materials extrac-

tion increased rapidly (close to exponentially) during the past 

100 years (although much of this increase comes from increas-

ing population; the increase in materials use per capita was 

much more modest),  23   as shown in   Figure 1  . Therefore, both 

the total amount of energy used by industry and the industrial 

fraction of total energy consumption have increased steadily 

and will continue to do so.     

 One of the main, and probably most effi cient, ways to alle-

viate this trend is recycling. (See the article in this issue by 

Gaines.) Currently, metals are recycled at reasonable rates, 

with the following fractions of recycled metals in new products: 

lead, >90%; iron, 55–65%; aluminum, 40–50%; tin, >50%; 

  
 Figure 1.      (a) Total annual materials use per year and (b) annual 

materials use per capita. Data and fi gure used with permission 

from Reference  23 . © 2009, Elsevier.    

  ‡      The presently used dye-sensitized solar cells use tiny amounts of a ruthenium dye. 

Can 1 TW c  of electrical power be generated from large-scale use of these cells? 

Assuming 10% effi ciency, a factor of 5 to account for peak versus continuous power, 

and at least 0.02 g/m 2  of ruthenium (estimate for full dye coverage), we fi nd that the 

required 5 × 10 10  m 2  area would use some 1000 t of ruthenium. Given today’s yearly 

production of ruthenium ( ~ 12 t according to Reference  20 ), this becomes a diffi cult 

proposition and explains the intense search for ruthenium-free alternatives. 

magnesium, >40%; and copper, >25%.  24   Naturally, these are 

materials with high to very high energy price tags, and one 

can expect their degrees of recycling to continue to increase, 

although it will never reach 100%. However, two large 

contributors to industrial energy use cannot be effi ciently 

recycled, even in theory, namely, cement and fertilizer. Taken 

together, these materials comprise about 4–5% of global energy 

consumption and about 20–25% of global industrial energy 

consumption (see the section Five “major” energy-consuming 

materials and the fl exibility of energy consumption). With 

continuing increases in standard of living, production and con-

sumption ( Figure 1 )  23   of these materials will continue to rise, 

and according to current trends, within the next few decades, 

one can expect these materials to become even more dominant 

energy consumers than they are now. Furthermore, as natural 

(as opposed to cultivated) food resources dwindle (for instance, 

caught rather than farmed fi sh) and the number of cultivated 

products increases, the amount of energy required for engi-

neered replacements will continue to grow.  25   Thus, although 
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extremely important, recycling will not be a universal cure for 

energy savings, and the price of energy will continue to infl uence 

everyday life signifi cantly. 

 In conclusion, materials availability is indeed limited by 

energy availability. However, because the amount of energy 

that can be diverted for transitioning to new technologies 

at any given moment is limited, sustainable availability is 

not equivalent for these two entities. This thesis is of the 

utmost importance for making decisions about which types 

of alternative technologies are to be adopted, because cur-

rent prices and current energy expenditures might not refl ect 

those that will be relevant if even a small increase in demand 

occurs. Indeed, it is possible that, even after a transition is 

initiated, materials unavailability could render its completion 

impossible.         
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                   Introduction 
 Nuclear power could ease the transition to a more sustainable 

energy economy, if it can substitute for enough fossil fuel. Key 

to evaluating the potential of nuclear energy to meet future 

demands are the amounts of uranium and thorium economi-

cally available. Estimates are necessarily speculative, as they 

require knowledge of the abundance, quality, and distribu-

tion of the metals in ore deposits, as well as the costs of 

extraction (mining and milling). In addition, the potential 

energy production is profoundly affected by the choice of 

nuclear fuel cycle. 

 For the  open fuel cycle , which entails direct disposal of used 

nuclear fuel, nuclear power capacity depends directly on the 

amounts of uranium and thorium available. Today’s estimates 

of uranium resources have identifi ed 6300 kilotonnes (kt) 

(at a price of up to US$260/kg of uranium), which would sus-

tain the current demand of roughly 63 kt/yr until the end of 

this century. If nuclear power generation were to double or 

triple by the end of the century, the currently estimated 10,400 kt 

of undiscovered resources would have to be brought into pro-

duction as well. 

 The open fuel cycle uses less than 1% of the energy content 

of the uranium fuel. In contrast, the  closed fuel cycle , with 

reprocessing to reclaim fi ssile nuclides such as plutonium, can 

extend the uranium resource by breeding fi ssile   239  Pu from the 

much more abundant   238  U or fi ssile   233  U from   232  Th. The  fully 

closed fuel cycle  requires advanced processing technologies 

that can effi ciently separate fi ssile actinides, as well as the 

development and use of fast reactors that employ higher-energy 

neutrons that fi ssion actinides more effi ciently. Such fully closed 

systems could use as much as 70% of the energy content of 

the nuclear fuel. In addition to effi ciency, however, the sustain-

ability of nuclear power also depends on how each type of fuel 

cycle affects the risk of nuclear proliferation and the disposal 

of nuclear waste.   

 Uranium as a reactor fuel 
 Mined uranium ore, mainly UO 2  and USiO 4 , is chemically 

concentrated in the form of so-called yellowcake (U 3 O 8 ). This 

natural uranium produced from mines contains only 0.72% 

fi ssile   235  U; the remainder is   238  U. It can be directly used only in 

reactors that use heavy water (>99% deuterium) or graphite as 

a moderator to slow the high-energy neutrons released 

in a fi ssion event. For use in light-water-moderated reac-

tors (LWRs), yellowcake is converted to gaseous uranium 

hexafl uoride (UF 6 ) and enriched, typically to 3.5–5%   235  U, by 

either centrifuge or gaseous-diffusion technologies. In most 

of today’s reactors, the fi nal fuel is UO 2 , although some use 

metallic uranium. Some advanced designs envision the use 

of ceramic or molten-salt uranium fuels. 
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 Most nuclear power plants today use the uranium/pluto-

nium fuel cycle. The world’s 440 or so reactors produce 375 GW 

of electricity (GW e ),  
1   about 14% of the global supply.  2   Most reac-

tors are LWRs. A typical core contains 100 t of fuel, in the form 

of   235  U-enriched UO 2 , and generates approximately 20–30 t of 

spent fuel per year. Together, the world’s reactors require the 

production of approximately 63 kt of natural uranium each year.  3    

 Uranium resource estimates 
 Every two years, the International Atomic Energy Agency 

(IAEA) and the Nuclear Energy Agency of the Organiza-

tion for Economic Co-operation and Development jointly 

publish global estimates of the uranium available in vari-

ous categories of resources in the “Red Book”  4   (  Table I  ), 

based on mining-company estimates. In 2009,  ∼ 4000 kt of 

uranium was classifi ed as being 

in  reasonably assured resources  

(RAR), for which there is direct 

geological evidence. Knowledge 

of existing deposits leads with 

high confi dence to the location 

and size of an additional 2300 kt 

in  inferred resources  (IR). 

Together, these two classes con-

stitute  identifi ed resources , and 

their distribution is shown in 

  Figure 1  . The world’s largest 

known deposit, Olympic Dam in 

South Australia, is estimated to 

have 1447 kt of uranium in RAR 

   
 Figure 1.      Worldwide distribution of reasonably assured resources (RAR) and inferred resources (IR) in 12 countries in 2009. These countries 

together have 90% of worldwide identifi ed resources and produced  ∼ 98% of the world uranium production of 51 kt of uranium in 2009.  4   ,   5   

Whereas Canada and Australia have most of the present resources and active mines, Russia and Kazakhstan have the greatest potential 

for increased production. This map does not include information on either price or undiscovered resources.    

  Table I.      Classifi cation and estimates of uranium resources.              

   Identifi ed resources (6306 kt total)  Undiscovered resources (10,400 kt total)   

 Commodity price for 
extraction feasibility 

(US$/lb of U 3 O 8 ) 

 Reasonably 
assured (kt) 

 Inferred (kt)  Prognosticated (kt)  Speculative (kt)     

 <40  570  226   

 <80  2516  1226  1702   

 <130  3525  1879  2815  3738   

 <260  4004  2302  2905  3902   

 Unassigned  3594   

   Note:       Data from the International Atomic Energy Agency (IAEA) “Red Book.”  6   As of June 2011, yellowcake (U 3 O 8 ) was 
priced at US$56/lb.    
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and 625 kt in IR (2010).  6   Other deposits are much smaller, 

some having IR of 100–300 kt of uranium and many more 

with less than 100 kt.         

 Beyond these identifi ed resources, the Red Book estimates 

an additional 10,400 kt of uranium in  undiscovered  resources. 

Extrapolations concerning the existence of these deposits are 

based on evidence in known uranium provinces where there is 

either some direct evidence ( prognosticated ) or similarities in 

geologic occurrence ( speculative ). 

 In addition, there are unconventional sources of uranium, 

such as the tailings left behind at gold or uranium mines. 

Elevated uranium concentrations also occur in phosphate 

deposits and black shales. Uranium resources in phosphates 

are estimated to be more extensive than conventional uranium 

deposits. Extracting uranium as a byproduct of the production 

of phosphate-based fertilizers could yield up to roughly 10 kt 

per year, depending on the average ore concentration and 

world fertilizer demand. Finally, uranium could be extracted 

from seawater, where it constitutes about 3 ppb by weight, but 

technological advances are still required to make large-scale 

extraction economical.  7   

 A key issue in estimating the size of a resource is the inter-

play between the ore grade and the costs of exploration and 

extraction. The market price of uranium and the exploration 

activity are strongly correlated (  Figure 2  ). Because increas-

ing price (or more effi cient extraction technology) makes it 

economical to mine lower concentrations, a higher price makes 

more resources economically attractive, as shown in  Table I . 

The past 40 years of reported uranium resources are summa-

rized in  Figure 2 . The resource estimates for identifi ed and 

prognosticated resources have remained constant or increased 

despite the total cumulative production of 2500 kt.       

 Uranium production and secondary sources 
of uranium 
 During the past 20 years, the amount of uranium mined glob-

ally has been less than the global demand for nuclear reactors 

(  Figure 3  ). Up to 50% of the demand has been satisfi ed from 

stockpiles built up in the 1970s and from secondary sources. 

The latter include highly enriched uranium (HEU) from nuclear 

weapons that have been dismantled and blended down for use 

in reactor fuels as part of the U.S.–Russian Megatons-to-

Megawatts collaboration.  12   By the end of 2013, this program 

will have blended down a total of 500 t of HEU (>90%   235  U) 

from Russian nuclear weapons to low-enriched reactor-grade 

fuel. The low-enriched uranium has been used in civilian reac-

tors since 1993, displacing 5–7 kt of natural uranium per year.     

 Excess plutonium from weapons and separated plutonium 

from civilian power-production reactors can also be used to 

fabricate a fuel that is a mixed oxide of uranium and plutonium 

(MOX). As a rule, roughly 1 t of HEU or separated plutonium 

will support the operation of a 1 GW e  reactor for one year. 

The global HEU stockpile of ~1700 t and stocks of separated 

plutonium of ~500 t can provide nuclear fuel for 5–6 years 

of global demand, assuming the present consumption level.  13   

 Another secondary source of uranium is the waste streams 

from enrichment plants. Depleted uranium, usually regarded as 

waste, still contains 0.2–0.4%   235  U. The world stockpile of 1900 kt 

of depleted uranium could provide the equivalent of about 

500 kt of natural uranium, 7–8 years of today’s global demand. 

 Because of the scheduled end of the Megatons-to-Mega-

watts program in 2013 and some technical, political, and 

fi nancial diffi culties in mine openings and operations, there 

have been predictions in the past several years that the stra-

tegic gap between supply and demand could increase after 

2013. Despite a substantial increase in uranium production 

between 2003 and 2010 from 35 kt to 53 kt, current produc-

tion is still short of the global demand. Nevertheless, the min-

ing industry has already reacted, and more mining projects or 

extensions are scheduled to begin operation within the next 

5–10 years.  4   Most current projections now show a probable 

overproduction of uranium during the next 15 years.  4   How-

ever, a tight supply situation might develop if some of the 

new projects do not develop as expected, leading to increased 

uranium prices but also to opportunities for uranium produc-

ers with new projects.   

   
 Figure 2.      World uranium spot prices and exploration expenditures, 

as reported in the “Red Book” of the International Atomic 

Energy Agency (IAEA).  4   Uranium prices and expenditures 

are infl ation-adjusted and reported in 2010 U.S. dollars. 

Reported undiscovered resources fl uctuated substantially, 

partly because of the failure of some countries to report.   4   ,   8   –   11      

   
 Figure 3.      Historical annual uranium production and demand. 

Because early uranium mining was mainly for military purposes, 

peak production occurred in the 1970s because of high uranium 

prices and military needs.  10      

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


420 MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

ENERGY & WATER • NUCLEAR FISSION

 Scenarios for demand and consumption 
 Most studies that envision increasing nuclear power to reduce 

greenhouse gas emissions project a two- to tenfold expan-

sion during the 21st century, although increases by a factor of 

two or three are the most that can reasonably be expected by 

2050.  14   As an example, the BLUE Map scenario from the Inter-

national Energy Agency (IEA) aims to decrease CO 2  emissions 

to 50% of the 2005 level by 2050. In this scenario, nuclear 

power would more than 

triple, to 1200 GW e , by 

2050.  15   Such an effort 

could increase the global 

nuclear share of electric-

ity production to  ∼ 24% 

by 2050, contributing 

 ∼ 6% to the total reduc-

tion in global CO 2  emis-

sions. In addition to the 

necessary replacement 

of the current fleet of 

reactors, 362 of which 

will have surpassed 

a 60-year lifetime by 

2050,  1   more than 1000 

new reactors would have 

to be constructed world-

wide, a very demanding 

task. 

 Based on the IEA 

BLUE Map scenario, a 

once-through open cycle 

would consume all present 

RAR by 2045 (  Figure 4  ). 

IR would satisfy demand 

until 2055, when the annual uranium demand is projected to be 

about 210 kt/yr. Before this time, substantial uranium resources 

must be discovered to meet the demand for the rest of the cen-

tury, even with the projected threefold increase.     

 Although such projections of future energy utilization are 

highly speculative, they show that current identifi ed resources 

by themselves cannot sustain a threefold increase in nuclear 

power from LWRs. Rather, to satisfy an extrapolated con-

stant demand until 2100 (obtained by extending the BLUE 

Map scenario beyond 2050), all of today’s prognosticated and 

speculative uranium resources that are projected to cost less 

than US$130/kg must be discovered and brought into produc-

tion, and lower-grade ores must be more effi ciently extracted. 

Changes in the fuel cycle to extend uranium supply can help 

meet these requirements, but the advantages and disadvantages 

of each approach must be weighed carefully.   

 Higher-effi  ciency nuclear fuel cycles 
 To extend uranium resources, fi ssile nuclides can be reclaimed 

from spent nuclear fuel (SNF). In addition to the residual   235  U 

in SNF, neutron captures by   238  U and subsequent  β -decay create 

  239  Pu. Even in present-day LWRs,   239  Pu accounts for about one-

third of the fi ssion energy produced. Different fuel cycles refl ect 

different strategies for utilizing   235  U and   239  Pu, with important 

implications for uranium demand. 

 The once-through open cycle treats SNF as a waste that is 

directly discarded in a geological repository (  Figure 5  ). This 

is the present strategy in the United States, Germany, Canada, 

Finland, and Sweden.     

   
 Figure 4.      Estimated usage of uranium resources in different 

categories  4   according to different scenarios. The solid (orange) 

line shows the demand for uranium from the International 

Energy Agency (IEA) BLUE Map scenario.  15   The dashed (red) 

line shows the demand for continued use of nuclear power 

at the current level (375 GW e ) throughout the 21st century. 

For comparison, the dotted (black) line shows the IAEA 

low-demand scenario until 2035.  4   This plot extends the BLUE 

Map and the low-demand scenarios to 2100 assuming constant 

total power generation.    

   
 Figure 5.      Fissile material fl ow in once-through and closed fuel cycles [mixed oxide of uranium and plutonium 

(MOX), fast breeder]. The fi gure shows generic fuel cycles; actual numbers and paths will vary by reactor type. 

Some paths, such as seed materials for some fast reactor designs, are not included.    
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 In contrast, France, Japan, and Russia consider the plu-

tonium ( ∼ 1 atom %) and residual uranium in SNF as a recy-

clable resource. A closed fuel cycle with reprocessing retrieves 

approximately 99% of the fi ssile nuclides. Reusing reprocessed 

uranium in fresh fuel reduces an LWR’s demand for natural 

uranium by up to 10%. The separated plutonium can be com-

bined with natural uranium to make MOX, reducing uranium 

demand by another 15%.  16   

 A detailed analysis  17   of the cost of reprocessing suggests 

that an open fuel cycle using LWRs will prevail as long as the 

price of new uranium fuel is lower than the cost of reprocessing 

and MOX fuel fabrication. However, several countries (e.g., 

France, United Kingdom, and Japan) reprocess used civilian 

fuel. Today, about 30 LWRs in Europe and several in Japan use 

MOX fuel, accounting for 2% of the total fuel used per year.  18   

 Plutonium can also be used in MOX fuel in fully closed fuel 

cycles with fast reactors ( Figure 5 ), which use higher-energy 

(fast) neutrons. A fast “breeder” reactor can be designed that 

actually produces more fi ssile material in the SNF than in the 

original fuel, which allows multiple cycles of reprocessing. 

 A scarcity of uranium resources would argue for reprocessing 

to reclaim fi ssile material. A closed fuel cycle can signifi cantly 

reduce demand for fresh ore. In the long term, when the new 

breeder fuel cycle reaches steady state, it could even become 

almost fi ssile self-suffi cient.  19   In the near term, uranium sav-

ings in a closed fuel cycle depend on the scale and speed of fast 

reactor deployment and on the number of fi ssile atoms produced 

per destruction of a fi ssile atom (the breeding ratio). According 

to a recent study performed at the Massachusetts Institute of 

Technology (MIT),  16   natural uranium usage could be reduced 

by 13% by 2050 and by up to 45% by 2100 through large-scale 

deployment of breeder reactors, but such deployment is not 

expected before 2040. Indeed, no fast breeder reactor has yet 

been operated commercially.  20   

 For both the open and closed fuel cycles, uranium- and 

thorium-based fuels can be used in other new reactor types, 

such as advanced heavy-water reactors (AHWRs), supercritical 

water-cooled reactors (SCWRs), high-temperature gas-cooled 

reactors (HTGRs) [also called very high-temperature reactors 

(VHTRs)], and molten salt reactors (MSRs).  19   However, new 

fuels, new reactors, and advanced fuel cycles will require con-

siderable resources and experience prior to deployment, so 

none of these reactors is likely to play a major role in energy 

production during the next 40 years. 

 Another method to extend uranium resources is using higher 

enrichments to more effi ciently utilize the fi ssile   235  U. The effi -

ciency of fuel use is usually expressed as the “burnup,” in gigawatt 

days per ton of heavy metal (GWd/tHM). Raising the burnup 

above the 40–50 GWd/tHM that is typical for LWRs could 

reduce uranium requirements by 4–5%.  21   To take advantage of 

even higher burnup, however, new fuel-assembly materials must 

be developed to withstand the higher cumulative irradiation.  22   

 Another candidate design using high burnup is the travelling 

wave reactor (TWR), a type of fast reactor. After starting the 

reactor with a fi ssile material, fresh natural or even depleted 

uranium fuel assemblies are inserted and periodically shuffl ed 

to breed and burn plutonium  in situ . Such a reactor could run for 

decades without reprocessing or refueling with fi ssile material.   

 Environmental impacts of different nuclear 
fuel cycles 
 The selection of a fuel cycle is complicated and depends on each 

country’s environmental, proliferation, economic, and energy 

policies.  23   For all fuel cycles, the local environmental impacts 

of mining directly scale with the uranium consumption. The 

major issue is the voluminous mine and mill tailings from open 

pits or underground workings that contain radioactive uranium 

and thorium decay products, such as   222  Rn, as well as toxic met-

als, such as arsenic. Mining techniques used from the 1950s 

through the early 1970s led to contamination of near-surface 

water and soil.  24   More recently,  in situ  leaching has been used 

to dissolve and extract uranium. Mildly oxidizing carbonated 

water (1 g/l NH 4 HCO 3 ) or more aggressive concentrations of 

sulfuric acid (2–5 g/l H 2 SO 4 )  
25   is circulated through porous, 

uranium-bearing rock confi ned between impermeable layers 

of clay or shale. The fl uids are treated at the surface to remove 

uranium. This technique economically recovers lower concen-

trations of uranium, and the radioactive decay products remain 

underground. An important concern, however, is the impact of 

these circulating fl uids on local aquifers.  25   

 With regard to nuclear weapons proliferation and nuclear 

waste disposal, two recent MIT studies compared generic fuel 

cycles for a two- or threefold global-growth scenario  16   ,   26   and 

came to the following conclusions: The once-through cycle 

followed by direct geological disposal generates the largest 

volumes of SNF that contains substantial quantities of pluto-

nium. The short-term proliferation risks are reduced because the 

plutonium is not separated from the SNF and is protected from 

diversion by the strong radiation generated by fi ssion products.  27   

A closed fuel cycle (MOX with one recycle) generates lower 

SNF volumes but has similar repository requirements because 

the vitrifi ed waste releases more heat. Plutonium, which can 

be viewed as either a source of energy or an environmental 

hazard, causes acute and long-term health effects upon ingestion 

or inhalation,  28   which is an important public health concern. 

 Any closed fuel cycle will result in the separation of hun-

dreds of tonnes of plutonium, exacerbating existing prolifera-

tion concerns. Since plutonium was fi rst isolated in microgram 

quantities in 1941, more than 2000 t has been created in civilian 

reactors around the world, generally left in SNF. However, 

roughly 250 t has been separated from commercially generated 

SNF. In addition, approximately 70–80 t of new plutonium is 

added to the global inventory each year, and 10–20 t is sepa-

rated. Depending on the sophistication of the design, almost 

all isotopic compositions of separated plutonium are potential 

weapons material.  29   A nuclear device can be made with less 

than 5 kg (0.005 t) of   239  Pu.  30   

 The use of fast reactors without breeding can signifi cantly 

reduce the inventories of plutonium and minor actinides in the 

fi nal waste stream, transmuting the actinides to shorter-lived 
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radionuclides. In this scheme, actinides produced in thermal 

reactors would be recycled and incorporated into MOX fuels for 

fast reactors. The amount of plutonium can be further reduced 

by burning the actinides in inert-matrix fuels (IMFs) that do not 

contain fertile   238  U, for example, zirconia (ZrO 2 ).  
31   ,   32   Reactors 

would probably use a mixture of MOX and IMF, and irradiation 

would substantially reduce the plutonium and minor actinide 

contents of the IMF.  33   ZrO 2  is recognized as a durable, radiation-

resistant waste form for direct disposal.  34      

 Thorium fuel cycle and resources 
 Thorium, although itself not fi ssile, is an alternative to uranium 

as a nuclear fuel. Specifi cally, through neutron capture and 

subsequent  β -decay reactions,   232  Th is transmuted to fi ssile   233  U, 

in the same way that   239  Pu is created from   238  U. 

 Thorium has only one naturally occurring isotope,   232  Th, but is 

three times more abundant in Earth’s crust than uranium. However, 

thorium is less often concentrated into economical ore deposits, 

because there are few geochemical processes for its concentration.  

 Thorium resource estimates 
   Figure 6   shows the distribution of identifi ed thorium resources 

by country and type of deposit. In all countries, for a cost below 

US$80/kg, there are 829 kt of RAR and 1400 kt of IR, with 

another 1387 kt in prognosticated resources. Information on tho-

rium reserves is limited (just one of the Red Book’s 457 pages),  4   

and some of the data are more than 20 years old,  10   so estimates 

are much less certain than for uranium. Nevertheless, Australia, 

Brazil, India, the United States, and Venezuela have signifi cant 

identifi ed resources of thorium, of between 300 and 450 kt.  4       

 Because the current market for thorium is modest, it is pro-

duced only as a byproduct of rare-earth (RE) recovery, largely 

from monazite (CePO 4 ). This mineral contains an average 

of 8–10 wt% thorium, so its processing theoretically recovers 

500–740 t of thorium metal per year worldwide.  36   Some coun-

tries, such as India, stockpile this excess inventory for future 

nuclear fuel applications, whereas others dispose of it. For 

example, the United States disposed of 3220 t of thorium nitrate 

as low-level radioactive waste at the Nevada Test Site in 2005.  37   

Thorium disposal costs are partially responsible for the decrease 

in the production of REs in the United States. If the thorium 

were instead used in a nuclear fuel cycle, it would limit the 

need for expensive disposal.  36   ,   38   

 Because of the modest market for thorium, there has been 

little incentive to explore for new deposits or to survey known 

deposits. Most resources have been discovered and evalu-

ated during exploration for uranium and REs. If thorium were 

exploited for commercial nuclear fuel applications, the minerals 

bastnaesite [(Ce,Th,La,Y,Ca)CO 3 F] and thorite (ThSiO 4 ), which 

have higher thorium contents, would likely be exploited.  35     

 Thorium fuel cycle 
 Any thorium fuel cycle will need a neutron source, such as 

fi ssion of   239  Pu or   235  U to breed fi ssile   233  U from   232  Th. Reactors 

   
 Figure 6.      Distribution of thorium resources by the type of deposit and country, specifi ed as either reasonably assured resources (RAR) or 

inferred resources (IR). The deposits include all identifi ed resources, whereas the country data include only thorium recoverable for less 

than $US80/kg. The RAR or IR data were not available for countries that indicate only IR or RAR, respectively.  4   ,   35      
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and fuel cycles using thorium have been investigated since 

the 1950s. From the mid-1950s to the mid-1970s, several 

experimental and prototype reactors were operated. However, 

thorium fuels and fuel cycles have not received the attention 

required for their development because uranium reserves 

have thus far been judged to be adequate for the uranium/

plutonium fuel cycle. A fuel cycle that reduces uranium 

demand is most important to countries with extensive thorium 

resources. India and China are actively developing the thorium 

fuel-cycle technology. 

 Like uranium, thorium can be used in either an open once-

through cycle or a closed fuel cycle with reprocessing to reclaim 

the fi ssile   233  U. In an open fuel cycle using LWRs,   235  U or   239  Pu 

can be used as a neutron source to generate   233  U from   232  Th. 

Because the nuclear reactions build up   233  U, less   235  U is needed 

during burnup. One simple fuel is a homogeneous 3:1 mix-

ture of thorium and enriched uranium (20%   235  U).  16   ,   39   A more 

effi cient approach involves the use of a heterogeneous fuel, 

in which either the core of a fuel assembly or even each fuel 

pin is a uranium “seed” of 20% enriched   235  U surrounded by a 

(Th,U)O 2  “blanket.” 

 A preliminary reference design using heterogeneous 

thorium fuel assemblies is the Radkowsky Thorium Reac-

tor (RTR), proposed for the Russian VVER-1000 pressur-

ized water reactor (PWR). This design would consume 20% 

less natural uranium than using standard uranium fuel and 

was shown to be economically feasible.  40   The RTR is more 

proliferation-resistant than an LWR, because it produces 80% 

less plutonium with an isotopic mixture that is less usable for 

weapons. 

 For the initial neutron investment of thorium-based fuels to 

break even with those of uranium-based fuels, a burnup of more 

than 100 GWd/tHM, more than double that typical for LWRs, 

will be required.  16   A major challenge for thorium-based fuels 

is that new materials would have to be developed to withstand 

long irradiation times, just as for high-burnup uranium/pluto-

nium fuel cycles. 

 One early study of thorium-recycling options in a closed 

fuel cycle compared resource utilization of various reactor fuel 

cycles in the Canadian heavy-water (CANDU) reactors. The 

thorium cycles considered only homogeneous fuel whose 

initial fi ssile material was either   235  U or Pu and assumed that 

  233  U and remaining fi ssile materials were recycled from the SNF 

whereas new fi ssile material was added to maintain burnup. 

At steady state, the analysis found a savings of up to 90% in 

natural-uranium usage compared with a once-through fueling 

with natural uranium.  35   

 India has greater thorium than uranium resources, which 

has led to a unique nuclear strategy employing (1) uranium-

fueled pressurized heavy-water reactors (PHWRs) that produce 

plutonium, (2) plutonium-fueled fast breeder reactors (FBRs) 

that breed   239  Pu and   233  U, and (3) AHWRs that will enable a self-

sustained   232  Th-/ 233 U-based fuel cycle and obtain 65% of their 

power from thorium.  41   Full commercialization of the AHWRs 

is not expected before 2030.  42   

 Although a thorium-based fuel cycle produces no plutonium, 

fi ssile   233  U bred from   232  Th is still very attractive for weapons 

purposes. However, accumulation of other radioactive isotopes, 

notably   212  Bi, which is a daughter product of   232  U, and gamma-

emitting   208  Tl, which accumulates during irradiation of   232  Th, 

increase proliferation resistance.  43      

 Conclusions 
 Identifi ed uranium resources can sustain the present scale of 

nuclear energy production until the end of the 21st century. 

However, pursuing a two- to threefold increase in nuclear 

power generation would require development of presently 

undiscovered uranium resources, both prognosticated and 

speculative. Even with such a tripling of nuclear power gen-

eration, the reduction of CO 2  emissions would be modest, some 

6% as compared to the reductions that are required for limiting 

atmospheric CO 2  levels to no more than twice preindustrial 

levels by 2050.  15   

 Uranium resources can be extended to a certain extent for 

either open or closed fuel cycles. For closed fuel cycles, fi s-

sile nuclides,   235  U and   239  Pu, can be reclaimed and utilized in 

MOX fuel or IMF in current LWRs. More effi cient utilization 

of fi ssile actinides can be attained by the use of advanced fast 

reactors that employ higher-energy neutrons. However, closed 

fuel cycles with reprocessing pose the risk of diversion of fi s-

sile material to weapons production. Whether one follows a 

strategy of direct disposal of spent nuclear fuel or reprocessing 

and some combination of LWRs or advanced reactors, geologic 

disposal of used nuclear fuel and/or highly radioactive waste is 

always required. Present uranium resources are large enough 

that the development of new nuclear fuel cycle strategies is not 

immediately required. 

 The thorium fuel cycle offers some enhancements for expan-

sion of nuclear power generation. Nuclear fuels that use both 

uranium and thorium can extend the resources available to 

support nuclear power production. In addition, the thorium/

uranium fuel cycle has some advantages over the plutonium/

uranium fuel cycle in terms of geologic disposal. As an example, 

thorium-based fuels are remarkably durable, because of the 

single oxidation state of thorium, and could be disposed of in a 

number of different types of geology. For some countries with 

substantial thorium resources, the thorium fuel cycle might be 

a viable option. However, few countries actively develop this 

technology, and as long as natural uranium is not scarce, it is 

unlikely that a thorium-based fuel cycle will be implemented 

on a global scale.     
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                 Introduction 
 As discussed throughout this issue, sustainable development 

is development that “meets the needs of the present without 

compromising the ability of future generations to meet their 

own needs.”  1   Photovoltaic devices, as fuel-free energy sources, 

are inherently sustainable unless they are too expensive to pro-

duce, are manufactured using materials that are depletable, or 

are environmentally unsafe. 

 Assessing the sustainability of continued rapid growth of 

photovoltaic use requires the investigation of three measurable 

aspects: cost, resource availability, and environmental impact. 

The question of cost concerns the affordability of solar energy 

compared to other energy sources throughout the world. Envi-

ronmental impacts include local, regional, and global effects, 

including land use, that must be considered over a long time 

horizon. Finally, availability of material resources matters to 

current and future generations under the constraint of afford-

ability. More concisely, photovoltaics (PV) must meet the need 

for generating abundant electricity at competitive costs while 

conserving resources for future generations and having envi-

ronmental impacts lower than those of current modes of power 

generation and preferably also lower than those of alternative 

future energy options. 

 The challenges vary among different photovoltaic technolo-

gies. For example, fi rst-generation crystalline-silicon photovol-

taics relies on abundant silicon, but its costs are relatively high. 

By comparison, second-generation technologies are cheaper but 

less effi cient. Cadmium telluride thin-fi lm modules, for exam-

ple, have the lowest production costs, but there are concerns 

about the availability of tellurium and the toxicity of cadmium 

used as a precursor to CdS and CdTe. Similarly, copper indium 

gallium (di)selenide (CIGS) technologies share these concerns 

about materials availability (i.e., gallium, indium), and some 

high-performance silicon technologies use potent greenhouse 

gases (e.g., NF 3 ). 

 This article discusses the factors that determine whether photo-

voltaics can be sustainably expanded to supply a large fraction of 

the world’s energy needs, focusing on three second-generation 

PV technologies: cadmium telluride (CdTe), copper indium 

gallium selenide (CIGS), and amorphous silicon–germanium 

(a-SiGe). These technologies combine reasonable effi ciencies 

with low costs and, because they require only thin fi lms of 

semiconductor material, modest materials demands. Nonethe-

less, each of them uses some elements (tellurium, indium and 

gallium, and germanium, respectively) of constrained availabil-

ity that could limit their application on a large scale. Increases 

     Sustainability metrics for extending 
thin-fi lm photovoltaics to terawatt 
levels 
     Vasilis     Fthenakis     
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in effi ciency and reductions in thin-fi lm layer thickness will 

ease some of this burden, as described in   Table I  , which lists a 

range of plausible scenarios for these improvements. The most 

likely scenarios therein correspond to module effi ciencies in 

2020 of 80% of the current record cell effi ciencies for each of 

the thin-fi lm technologies.  2         

 Economics 
 Photovoltaics currently enjoys rapid growth in a subsidized 

market, as many countries offer fi nancial incentives for 

installing and using solar power. However, such funding 

will not last forever, and to be sustainable, the expense of PV 

power must reach parity with the direct cost of grid electricity. 

On the other hand, arguably, subsidies should continue on the 

basis that photovoltaics received much lower subsidies during 

its fi rst stage of deployment than other electricity-generation 

technologies.  3   For example, starting in the 1950s, nuclear 

power in the United States garnered support worth US$3.3 

billion per year in today’s dollars (viz., 1% of the 1965 fed-

eral budget) during its fi rst 15 years. Nuclear power plants 

in the United States still benefi t from the Price–Anderson 

Act (which partially indemnifi es nonmilitary nuclear facili-

ties against liability claims arising from nuclear incidents) 

and cannot break ground without loan guarantees from the 

U.S. federal government.  3   Oil and gas received an average 

of US$1.8 billion per year, or 0.5% of the federal budget, in 

their fi rst 15 years.  3   In contrast, the total subsidies to solar 

and wind power averaged less than US$0.4 billion/year (i.e., 

0.01% of the current federal budget) from 1994 to 2009.  3   

 The issue of cost and affordability demands a full account-

ing of the price of electricity. To its direct cost should be added 

the external costs assumed by society at large, such as impacts 

on ecosystem and human health, food supply, and land use. 

A recent study from the Harvard School of Public Health esti-

mated that coal costs the U.S. public an additional US$300–500 

million annually.  4   Including these damages would double or 

triple the price per kilowatt-hour of electricity generated from 

coal, making photovoltaics economically competitive. 

 In 2011, PV electricity from utility installations under 

irradiation conditions equivalent to those in the southwestern 

United States cost US$0.12–0.14/kWh (alternating current). 

This is already competitive with peak rates for grid electricity 

in California but about three times more expensive than aver-

age wholesale electricity prices (  Figure 1  ). Industry forecasts 

suggest that, by 2020, the expense of producing modules for 

thin-fi lm photovoltaics will fall to US$0.50–0.70/W p  (watt-peak) 

with system prices of US$1.5–2.5/W p , assuming suffi cient market 

incentives to maintain technology progress throughout this 

period. The U.S. Department of Energy (DOE) SunShot Initiative 

is even more ambitious, targeting system costs of US$1/W p  by 

2020.  7   At a cost of US$2.50/W p  per system, the price of electricity 

from the U.S. southwest is  ∼ US$0.08/kWh, in parity with global 

averages of utility-scale electrical power generation without 

carbon mitigation.  6   Further reductions toward US$1.50/W p  could 

cover the expenses of storing electricity from the sunniest regions, 

thereby transforming photovoltaics into a continuous source that 

can be easily deployed on demand.  8   These reductions will be 

driven by economies of scale, improved production, and higher 

module effi ciencies.  8   However, these scales will be attained 

only by the maintenance of fi nancial incentives and stability 

in the outlook for incentives and markets for solar electricity.       

 Environmental impacts  
 Land use 
 Photovoltaics offers advantages for distributed power genera-

tion, and rooftop installations represent 66% of today’s world 

market. Concerns have been raised about the land requirements 

for installing large-scale ground-mount PV systems, but these 

requirements should be examined within a life-cycle context. 

In fact, historical data show that ground-mount solar farms 

often use less land during their life cycle than does coal during 

its life cycle,  9   and there are plenty of desert lands and rooftops 

to support many terawatts of PV installations. The land use 

requirements for hydroelectric and biomass fuel life cycles are 

considerably larger.  9     

 Emissions and disposal 
 The operation of fossil-fuel-burning power plants is caus-

ing adverse health effects and increased atmospheric carbon 

dioxide concentrations. Although photovoltaic systems do 

not generate any toxic or greenhouse gases during operation, 

such emissions can occur during the production of the mate-

rials used for solar cells and systems. Recent assessments 

of the life-cycle emissions from photovoltaic systems showed 

that, under conditions equivalent to those in the south-

western United States, they emit about 17–39 g of CO 2 /kWh, 

in comparison to 500–1100 g of CO 2 /kWh from fossil-

fuel plants and 16–55 g of CO 2 /kWh from nuclear-power 

plant life cycles in the United States.  10   Some facilities produc-

ing tandem a-Si/multicrystalline silicon (mc-Si) cascade thin-

film or high-performance 

monocrystalline-silicon mod-

ules use potent greenhouse 

gases, such as NF 3 , as agents 

for reactor cleaning or textur-

ing, but such agents can be 

replaced or their emissions 

abated. 

 Similarly to greenhouse-

gas emissions, releases of 

 Table I.      Assumptions for thin-fi lm photovoltaic (PV) effi ciencies and layer thicknesses discussed in the text.                      

   PV type  Effi ciency (%)  Layer thickness (  μ  m)   

 2010  2020  2010  2020   

 Conservative  Most likely  Optimistic  Conservative  Most likely  Optimistic     

 CdTe  11.7  13  13.2  14  3  2.5  1.5  1   

 CIGS  11.5  14  15.9  16.3  1.6  1.2  1  0.8   

 a-SiGe  6.8  9  9.7  10  1.2  1.2  1.1  1   
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priority pollutants (e.g., SO 2 , NO  x  , particulates) from photo-

voltaic life cycles comprise only 2–4% of those from fossil-fuel 

plants. Heavy-metal emissions deserve special consideration, 

as certain thin-fi lm solar cells use such metals (e.g., cadmium 

in CdTe and CdS, selenium in CIGS). An experimental inves-

tigation of the potential for liberating cadmium from solar 

cells during residential fi res demonstrated that 99.5–99.96% 

of the cadmium would be safely encapsulated in the molten 

glass.  11   Direct cadmium emissions in the life cycle of CdTe 

solar cells amount to 0.016 g per gigawatt-hour of energy pro-

duced under average U.S. conditions.  11   On the other hand, a 

typical coal-burning plant in the United States, equipped with 

electrostatic precipitators or baghouses (fabric fi lters) operating 

at 98.6% cadmium removal effi ciency, emits 2 g of cadmium 

per gigawatt-hour.  12   Replacing grid electricity with PV systems 

would result in 89–98% reductions in the emissions of green-

house gases, criteria pollutants, heavy metals, and radioactive 

species.  13   

 Although these results offer a comparative picture of the 

environmental benefi ts from employing thin-fi lm photovoltaics, 

the potential risks from PV modules at the end of their useful life 

merit further discussion. For example, there are concerns about 

the cadmium and selenium components in CdTe and CIGS/CdS 

thin-fi lm solar cells. However, the potential for harm to humans or 

the environment is related not to the quantity of toxic compounds 

in a module but rather to their potential for leaking out. Release 

scenarios that have been tested include leaching from modules 

abandoned in landfi lls and emissions during fi res. The fi rst 

problem, addressed by the toxicity characteristic leaching 

procedure (TCLP),  14   which simulates the leach-

ing of wastes, substantiates module safety under 

controlled conditions. Emissions of cadmium 

from current-vintage double-glass photovolta-

ics were shown to be extremely small.  14   Nev-

ertheless, there could be other pathways for 

uncontrolled releases in extreme situations, and 

therefore, every effort should be made to collect 

the modules and recycle the contained metals 

at the end of their useful lifetimes. The greatest 

challenge might lie in ensuring a high recovery 

rate of spent modules from dispersed residential 

installations. Also, the cost of infrastructure for 

both collection and recycling must be optimized 

to ensure affordability. Processes for separat-

ing polymeric materials such as ethylene vinyl 

acetate from glass must be improved so that the 

purity of recovered glass is suffi cient for reuse 

in soda-lime glass manufacturing. Estimates of 

residual risks should be compared with the risks 

inherent over the life cycles of alternative systems 

and of conventional power-generation systems 

that photovoltaics would replace. Toxic emis-

sions are much lower in the life cycle of thin-fi lm 

photovoltaics than in the life cycles of alternative 

photovoltaic and conventional power systems.  13     

 Material use 
 The availability of materials for very large growth in the use 

of photovoltaics is of some concern. (For an overview of 

metal element availability, see the article by Graedel et al. 

in this issue.) A recent European Commission report  15   lists 

four elements as critical in terms of supply risk and economic 

importance to the European Union markets: germanium, 

gallium, indium, and tellurium. A U.S. DOE report focusing 

on U.S. and global markets also deems the last three as critical, 

but does not include germanium.  16   Indium is considered as 

having the highest short-term criticality in the DOE report. 

 Most sources agree that gallium, indium, and tellurium use 

in photovoltaics will increase because the entire PV industry is 

experiencing high growth. Furthermore, beyond photovoltaics, 

the usage of gallium in integrated circuits and optoelectronics 

and of indium in fl at-panel displays is expected to rise. 

 These materials are limited in supply because they are minor 

byproducts of aluminum, zinc, copper, and lead production; 

accordingly, their production is inherently linked to that of 

the base metals, and thus, the rate of production of these base 

metals must be examined. The energy to extract the elements 

might pose an additional limitation. (See the article in this issue 

by Lubomirsky and Cahen.)   

 Base metals: Copper, zinc, lead, and aluminum 
 Copper is the parent metal for tellurium; zinc for indium, ger-

manium, and gallium; lead for tellurium, cadmium, and indium; 

and aluminum for gallium. The demand for copper is expected 

  
 Figure 1.      Projections of levelized costs of energy (LCOE) for utility-scale photovoltaic 

electricity and grid electricity in the United States, assuming a 10% investment tax 

credit (ITC) for photovoltaics. The width of the photovoltaics (green) band refl ects the 

differences between high (Phoenix, AZ) and low (New York) solar radiation levels and 

between low (8.2%) and high (9.9%) fi nancing interest rates. The vertical line at 2010 

denotes rates at the time of the analysis, and the crosses show when the two electricity 

sources will become cost-competitive for some conditions (left cross) and for typical 

conditions (right cross). (Reproduced from Reference 5 courtesy of the U.S. Department 

of Energy.)    
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to reach a peak within 50 years, and those for zinc and lead are 

expected to peak in  ∼ 20 years, whereas the demand for aluminum 

is forecasted to increase through the end of the century.  17  –  19   

The U.S. Geological Survey  20   ,   21   predicted a rate of growth in 

global demand for copper of 3.1% per year between 2000 and 

2020; so far, this prediction has been correct. Although primary 

production in the world’s metal smelters fl uctuates highly,  22   

the average production is in line with the average demand. 

Forecasts beyond 2020 are less certain. Ayres et al.  18   developed 

eight scenarios of future demand and growth rates for both 

primary and secondary production of copper until 2100, based 

on the economic growth models of the International Panel on 

Climate Change. Their model predicts a peak in copper produc-

tion in 2050–2055; thereafter, demand is expected to decrease 

gradually or remain about constant during the rest of the 21st 

century, as the role of recycling becomes more signifi cant. Zinc 

extraction grew by 3.2% annually between 1910 and 2002, and 

this trend has continued over the past 10 years.  23   ,   24   The growth 

in demand for zinc through 2030 is assumed to be the same as 

that for copper.   

 Tellurium 
 The assessment of tellurium resources is debatable.  25  –  27   The 

main sources of tellurium are the anode slimes from copper 

electrorefi ning operations, for which global tellurium recovery 

rates of 33–40% have been estimated. In contrast, the recovery 

rate of copper from the same ores was 80% or better, and that 

of gold was over 95%. Evidently, the market drives the rate of 

recovery, with a higher demand and price justifying additional 

processing. Nothing inherently prevents recovery rates for tel-

lurium from being as high as those for copper, or perhaps even 

gold, provided that the price is suffi ciently high. (Indeed, the 

concentration of gold in anode slimes typically is lower than that 

of tellurium.) However, there is a limit to the price of tellurium 

that will sustain affordable CdTe photovoltaics. At US$200/kg, 

the tellurium currently used in CdTe modules is  ∼ US$0.03/W p ; 

it will fall to US$0.01/W p  when the module effi ciency increases 

to 13.2% and the thickness of the CdTe layer drops to 1.5   μ  m. 

Thus, tellurium prices up to 5–10 times higher than current 

levels might not affect the goal for module production of 

US$0.50–0.70/W p .  
2   

 Several scenarios are suitable for assessing the future avail-

ability of tellurium. All are related to projected copper production 

because, with very few exceptions, the quantities and prices of the 

minor metals do not warrant the extraction and processing of ores 

without the simultaneous recovery of copper. Starting with the 

tellurium content in copper anodes of 1250 t/yr and assuming 

3.1% annual growth and a gradual increase to 80% recovery from 

anode slimes, by 2020, the annual primary production of metallur-

gical-grade tellurium would be 1450 t/yr. In line with this estimate, 

the U.S. DOE forecasts 1220 t of tellurium production in 2015.  16   

 In addition to tellurium from copper mines, there are other 

types of smaller reserves, including tellurium-rich mineral 

deposits in China and Mexico from which the near-term direct 

mining of tellurium is economically feasible. Over the longer 

term, tellurium recovery from mining tailings and from refi n-

ing of lead–zinc ores is also possible. In addition, massive 

resources of tellurium exist in ocean-fl oor ferromanganese 

nodules, reportedly as much as nine million tonnes at mean 

concentrations of 50 ppm.  28   However, because quantitative 

information is not available for the former and because the 

recovery of metals from deep ocean is not currently cost-effi -

cient, these resources were not included in the current analysis. 

 Presently, about 42% of tellurium (based on 2006 production) 

is used in iron and steel, and 23% is used in chemicals; recy-

cling of tellurium from these products is not currently practiced. 

However, the tellurium content in CdTe modules is relatively 

high ( ∼ 500 ppm), so that end-of-life modules are the obvious 

choice for extracting and recovering scarce metals. The techni-

cal and economic feasibility of recycling CdTe solar cells is 

well confi rmed. Small-scale operations have achieved 99.99% 

separation of tellurium and cadmium from end-of-life modules 

at an estimated cost of US$0.02/W p . On an industrial scale, a 

90% overall recovery rate is expected.  29   

 At the module level, with economic incentives and laws 

regulating disposal, the collection of spent modules can be 

expected to reach 100% from large utility installations and 

80% from residential installations. Accordingly, after 2045, 

recycling will become an increasingly signifi cant source of 

secondary tellurium (  Figure 2  ). This evaluation is incorporated 

into material constraints on CdTe PV growth.       

 CdTe PV production 
 Under these assumptions, the total annual production of CdTe 

photovoltaics that tellurium availability in copper smelting can 

support is constrained to 16–24 GW p  in 2020, 44–106 GW p  in 

2050, and 60–161 GW p  in 2075 (  Figure 3  a). The tellurium-

based limit of cumulative global production of CdTe photovol-

taics ( Figure 3b ) is 120 GW p  by 2020, rising to 0.9–1.8 TW p  

  
 Figure 2.      Projections of tellurium availability for photovoltaics 

from copper smelters (dashed lines; peaking in  ∼ 2055) and total 

from copper smelters and recycling of end-of-life photovoltaic 

modules (solid lines; continuing upward trend until 2095). The 

red and blue curves in each pair correspond to high and low 

projections, respectively.  Note:  A tellurium demand of 322 t/yr 

for non-photovoltaic uses was subtracted. Reproduced from 

Reference 30 courtesy of Brookhaven National Laboratory.    
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by 2050 and 3.8–10 TW p  by 2100. These limits are based strictly 

on tellurium coproduction during copper production from 

known resources and do not include the potential for direct 

mining or the discovery of additional resources.     

 For the production of CdTe photovoltaics to continue grow-

ing by 40% per year, tellurium recovery from anode slimes must 

increase to 80%, for which there is already a technological basis. 

In addition, the CdTe fi lm thickness must decrease by a factor 

of two from the current thickness of fi lms formed by vapor-

transport deposition, as assumed in the “most likely” scenario in 

 Table I , which will require additional research and engineering.   

 Indium 
 The supply of indium is tied to the production of zinc and is 

likely to remain so in the future. The price of indium reached a 

high of US$1,000/kg in 2005, but is currently about US$600/kg. 

In 2010, the estimated production of indium was 1345 t, of 

which 480 t came from mining and another 865 t came from 

recycling of used indium sputtering targets. The main use of 

indium today is in liquid-crystal displays (LCDs), accounting 

for 65% of current consumption; photovoltaics uses an esti-

mated 5% of the primary production of indium. Competing 

applications of indium present extra challenges to PV growth, 

and further, its recovery from the zinc circuit is already high 

( ∼ 70–80%), leaving little room for enhancement. The estimated 

production for 2015 is only 1612 t, a large fraction of which is 

expected to be used in LCDs.   

 Gallium 
 Most gallium is produced as a byproduct of treating bauxite ore 

to extract aluminum; about 10% originates in sphalerite, and it 

is produced during the purifi cation stages of the zinc produc-

tion circuit. The world resources of gallium in bauxite ore are 

estimated to be about one million tonnes, but evaluations of the 

reserves (deposits that currently can be mined economically) 

are lacking. Most gallium is extracted electrolytically from a 

solution of crude aluminum hydroxide in the Bayer process for 

producing alumina and aluminum. In 2010, the production of 

gallium was estimated to be 207 t, of which 100 t was derived 

from mining and the rest from recycling scrap.  16   ,   31   Only  ∼ 10% of 

alumina producers extracted gallium, with the others not fi nding 

it economical. The price of gallium reached a peak of US$2,500/kg 

in early 2015 and is currently US$500–600/kg. Presently, almost 

all of the gallium produced is used in integrated circuits (67%) 

and optoelectronics (31%), with both usages exhibiting upward 

trends.  19   The estimated 2015 supply is 325 t.   

 CIGS production 
 Under the listed assumptions on indium and gallium avail-

ability, the material-constrained growth potential of CIGS 

photovoltaics has been calculated as 13–22 GW p /yr in 2020, 

17–106 GW p /yr in 2050, and 17–152 GW p /yr in 2075.  2   These 

estimates assume 80% extraction recoveries and use of only 

50% of the growth in the supply of indium for CIGS photovolta-

ics, as well as improvements in module effi ciency and material 

requirements, as shown in  Table I . Note that the estimates for 

midcentury and beyond are based on the presumption that the 

growth of zinc extraction will follow that of copper; this is 

questionable because the depletion time of zinc might be shorter 

than that of copper. Furthermore, recovering indium and gal-

lium from CIGS is more challenging than recouping tellurium 

from CdTe, as their respective concentrations are lower and 

their separations are more diffi cult.   

 Germanium 
 Zinc mineral deposits are also the main source for germanium. In 

2006, germanium production was estimated to be  ∼ 100 t. Estimates 

of germanium availability carry higher uncertainty than those 

for indium because of the dearth of resource data for germanium.   

 a-SiGe production 
 The germanium-related constraints of amorphous silicon–

germanium (a-SiGe) photovoltaics are estimated to be 3–11 

GW p /yr in 2020, 5–49 GW p /yr in 2050, and 10–120 GW p /yr 

in 2100 (  Table II  ). Tellurium, gallium, and indium cannot be 

replaced in current technologies because of their particular 

functions. However, germanium can be superseded by nano-

structured layers of mc-Si and in tandem a-Si/mc-Si cascade 

thin-fi lm modules.        

  
 Figure 3.      Projections of CdTe photovoltaics (a) annual and 

(b) cumulative production limits under tellurium production 

constraints shown in  Figure 2 . The red, pink, and blue curves 

correspond to the optimistic, most likely, and conservative 

scenarios, respectively, listed in  Table I . Reproduced from 

Reference 30 courtesy of Brookhaven National Laboratory.    
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 Conclusions 
 Current-generation thin-fi lm PV technologies (i.e., CdTe, CIGS, 

and a-SiGe) use elements (i.e., tellurium, indium, gallium, and 

germanium) whose availabilities are constrained by the rates of 

production of the corresponding base metals (i.e., copper, zinc, 

and aluminum). Nevertheless, such coproduction is suffi cient 

for each of the thin-fi lm technologies to continue its current 

growth rate (i.e.,  ∼ 40–50%/yr) through 2020. Aggressive sce-

narios of continuing high growth rates to midcentury prescribe 

2.8 TW by 2050 for the United States, to support 70% electricity 

generation from renewable energy for current uses and hybrid 

plug-in electric cars.  8   A global plan of the same proportions will 

need at least three times more capacity. A single thin-fi lm PV 

technology might not achieve this goal, but it can be supported 

by a combination of the three PV technologies discussed herein. 

 Photovoltaics are following a path of cost reduction and mar-

ket growth that should enable them to become major players in 

global energy markets, providing terawatts of renewable energy. 

The sustainability of very large scales of market penetration, 

however, depends on cost, resource availability, and potential 

environmental impacts. It is likely that target costs will make 

photovoltaics cost-competitive in large parts of the world, but for 

this to happen, incentives that open new markets should remain 

in place. A full accounting of the cost of electricity that includes 

externalities shows that photovoltaics is already cost-competitive 

with coal in the United States. The issue of land resources is even 

less problematic: During their life cycles, PV technologies often 

use less land than the conventional power-generation systems 

they displace, and they are not constrained by the large con-

sumption of water that thermoelectric power generation requires. 

 The availability of some elements employed in thin-fi lm PV 

technologies (i.e., gallium, germanium, indium, and tellurium) is 

constrained by the annual production of the corresponding base 

metals. Among these, indium apparently has the greatest critical-

ity in the short and medium terms. Increases in the production of 

tellurium to sustain the dynamic growth of CdTe photovoltaics 

appear to be in place, as the leading company is investing in 

direct mining of tellurium that can increase its availability in the 

near term. Materials-related sustainability defi cits will be eased 

with enhanced recovery during primary production, reductions of 

the thickness of semiconductor layers, increases in the effi ciency 

and life expectancy of modules, and recycling of spent mod-

ules. Recycling is especially important as it pertains to the three 

basic sustainability criteria 

(i.e., low cost, resource avail-

ability, and minimum envi-

ronmental impact): it will 

lower the cost of materials 

while increasing their supply 

and resolving environmen-

tal concerns associated with 

end-of-life modules. Thus, 

current PV technologies 

appear to be sustainable in 

very large growth scenarios, 

supporting the cumulative 

deployment of several terawatts by midcentury or earlier.     
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 Table II.      Limits on annual production of various thin-fi lm photovoltaic (PV) technologies due to constraints 
of metal availability.                  

   PV type  Restricted 
metal 

 Baseline 2010  Expected 2020   

 Metal requirement 
(t/GW) 

 Refi nery 
production (t) 

 Metal requirement 
(t/GW) 

 Refi nery 
production (t) 

 PV production 
(GW/yr)     

 CdTe  Te  106  480  38–74  1412 a   16–24 a    

 CIGS  In  83  545  11–20  797  13–22   

 a-SiGe  Ge  73  95  36–48  153  3–11   

  a  Estimates based only on coproduction with copper; direct tellurium mining is not included.  
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                 Introduction 
 Reducing greenhouse gas emissions from the power generation 

and industrial sectors is an important component of environ-

mental sustainability. The large volume of CO 2  emissions from 

these point sources and their stationary nature makes them 

particularly attractive targets. The complex global challenge 

is to reduce CO 2  emissions while simultaneously generating 

energy, products, services, buildings, and public infrastructure 

for the continuously rising population worldwide, estimated to 

surpass nine billion by 2050.  1

 Global efforts to stabilize the atmospheric CO 2  concentration 

require continual advances in carbon-mitigation technologies to 

reduce carbon sources and increase carbon sinks. Approaches 

to reduce carbon sources include increasing the effi ciency of 

energy conversion and utilization; improving building insula-

tion for energy conservation; and adopting more alternative, 

non-carbon energy sources such as nuclear energy and renew-

able fuels. In addition, natural carbon sinks, such as forests and 

soils, can be expanded to enhance their CO 2 -absorption capac-

ities, and artifi cial carbon sinks can be engineered in oceans 

and underground geological formations for long-term storage 

of CO 2  through a process called carbon sequestration.  2

 The life cycle for a fossil fuel, including proposed car-

bon capture and storage (CCS) in underground geological 

formations, is illustrated in   Figure 1  . The fossil fuel extracted 

during mining (step 1) is used for power generation by a 

thermochemical conversion process, which produces CO 2
emissions. The exciting mitigation opportunities for a materi-

als scientist begin at the smokestack (step 2), where signifi cant 

advances in solvent, solid-sorbent, and membrane materials 

are needed to cost-effi ciently capture signifi cant amounts of 

CO 2  before it spreads into the atmosphere. Once the CO 2  is 

captured, the role of a materials scientist continues down-

stream. For example, low-cost corrosion-resistant pipelines are 

needed to transport CO 2  (step 3) to a suitable site for injection 

(step 4) and storage (step 5) underground, where the interac-

tions between fl uids (e.g., CO 2 , water, oil) and natural and 

engineered materials (e.g., minerals, cement, steel) are very 

important. In the present article, we survey research opportu-

nities for materials scientists in the development of carbon-

mitigation technologies for energy and other industrial sectors. 

We emphasize storage of captured carbon in underground geo-

logical formations, which can lower emissions from large, 

stationary, point sources.       

 Carbon dioxide sources and fl ue-gas types 
 A “large” source is defi ned as one that emits more than 0.1 Mt 

of CO 2  per year. Approximately 8000 large CO 2  sources have 

been identifi ed worldwide, including coal-fi red power plants, 

oil refi neries, and cement manufacturers, together emitting 18 

Gt of CO 2  per year.  2,4   The purpose of CO 2  capture from a station-

ary or point source is to produce a stream of concentrated CO 2

     Materials challenges in carbon-
mitigation technologies 
     Laura     Espinal        and     Bryan D.     Morreale     

        Given the increasing size of CO 2 -generating industries and the mounting awareness of 

their environmental impact, carbon-management technologies are expected to play an 

important role in curtailing environmental emissions in coming years. A major challenge in 

carbon management is the development of cost-effective, technologically compatible, and 

effi cient CO 2  capture and storage technologies. The development of energy-effi cient solvent, 

solid-sorbent, and membrane materials to capture CO 2  from industrial exhaust streams can 

take improvements in process effi ciency one step further. Also, the permanent storage of 

CO 2  in geologic formations is critical to the success of carbon-management technologies 

and requires better understanding of interactions of CO 2  with underground materials. 

These and other materials challenges must be solved to make carbon capture and storage 

an economically viable and reliable technology to be adopted by the power and product 

manufacturing industries.   

  Laura Espinal,    National Institute of Standards and Technology ;  laura.espinal@nist.gov  
  Bryan D. Morreale,    National Energy Technology Laboratory ;  bryan.morreale@netl.doe.gov  
 DOI: 10.1557/mrs.2012.10 

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


432 MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

ENERGY & WATER • CARBON MITIGATION

that can be pressurized and transported to a suitable location 

for permanent storage. The extra cost depends on many details 

about the source, especially the partial pressure of CO 2 . 

 In conventional fossil-fuel combustion, the primary fuel 

is burned in air to produce heat, which generates steam and 

power. The effl uent, referred to as “fl ue gas,” typically has a 

CO 2  concentration on the order of 15 vol% for air-fi red, coal-

based processes.  2   The temperature and pressure 

of the fl ue gas depend on process conditions 

including feedstock, oxidant, and gas-process-

ing steps, but are typically  ∼ 65°C and  ∼ 2 bar, 

respectively. Such dilute, low-pressure streams 

of CO 2  present a challenge for cost-effective 

gas separation. Advanced energy-conversion 

technologies are under development to increase 

the energy-conversion effi ciency and facilitate 

carbon capture. These include the use of coal 

with indigenous or carbon-neutral “opportunity 

fuels” such as biomass.  5   

 Industrial processes employ similar fossil-

fuel-based conversion technologies to meet 

process-related energy requirements and supply 

chemical feeds.   Figure 2   shows an example of an 

industrial source of CO 2 : iron and steel produc-

tion. Depending on the specifi cs of the process, 

chemical reactions and material transformations 

might be deployed in combination with the 

combustion step, producing a fl ue gas distinct 

from that of power plants. For example, the 

extraction of metals from ores uses carbon as a 

reducing agent and produces a fl ue gas with a 

CO 2  concentration between 15 vol% and 27 vol% 

and partial pressures between 0.3 bar and 0.6 bar.  2   ,   4   

Although fermentation, natural-gas processing, 

and gasifi cation emit less than 2% of the CO 2  

from large, stationary sources, their high CO 2  

partial pressures make them promising for early 

deployment of CCS systems.  2         

 Carbon dioxide capture systems 
and technologies 
 The main approaches to CO 2  capture from 

power plants and industrial emissions are classi-

fi ed according to the fuel conversion process, as 

illustrated in   Figure 3  .  Post-combustion  refers 

to the separation of CO 2  from fl ue gas produced 

by conventional complete oxidation of the pri-

mary fuel—coal, natural gas, oil, or biomass—

in air.  Oxy-combustion , a technology that is still 

under development, instead uses high-purity O 2  

as the oxidizing agent. This makes recovery 

of CO 2  easier, because the resultant fl ue gas is 

mainly H 2 O and CO 2 .  Pre-combustion  starts 

with the partial oxidation of the primary carbon 

fuel to produce synthesis gas, or “syngas,” com-

posed of CO and H 2 . The carbon monoxide is further oxidized 

with steam in the catalyzed water–gas shift reaction to produce 

a mixture of hydrogen with CO 2 , which is then captured.  2   Each 

option poses a different gas-separation problem: CO 2  from N 2  

at atmospheric pressure for post-combustion, O 2  from N 2  in 

air (or O 2  generation) for oxy-combustion, and CO 2  from H 2  

at elevated pressure for pre-combustion.     

  
 Figure 1.      Schematic representation of the life-cycle chain of a fossil fuel with carbon 

capture and storage into underground geological formations. (Reproduced with permission 

from Reference  3 . © 2009, American Association for the Advancement of Science.)    

  
 Figure 2.      Major sources of CO 2  include iron and steel production, shown here, as well 

as coal-fi red power generation, cement manufacturing, and ammonia production, each 

emitting fl ue gas with distinct properties. (Image obtained from CO2CRC, Cooperative 

Research Centre for Greenhouse Gas Technologies, Canberra, Australia. © 2011, 

CO2CRC.)    
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 Each of these CO 2  capture systems can employ any of the 

known technologies for gas separation (  Figure 4  ). In the most 

mature method, a gas mixture is placed in close contact with a 

liquid  solvent , and one component separates from the others as 

a result of differences in solubility. The differential solubility 

can be physical in origin, but it is often chemical. Gas separation 

can also be achieved by preferential adsorption on the surface 

of a  solid sorbent , followed by desorption driven by changes 

in pressure or temperature. Another method uses a  membrane , 

where components of the gas mixture permeate 

through the membrane at different rates because 

of their physical and chemical interactions with 

the membrane. In  cryogenic  distillation, a gas 

mixture is liquefi ed through a series of com-

pression, cooling, and expansion steps, and the 

gas components are separated by distillation.     

 The best currently available capture technol-

ogy is based on chemical solvent absorption in 

a post-combustion system. This technology is 

expensive and energy-intensive, in great part 

because of the energy required to regenerate 

the capture material.  7   Incorporating such cap-

ture technology into a supercritical coal power 

plant is estimated to increase electricity cost 

by 70% relative to a similar plant without 

capture.  8   The major contributors are equip-

ment and materials ( ∼ 27% of the increase); 

capture-material regeneration ( ∼ 44%); process 

pumping and compression ( ∼ 6%); CO 2  com-

pression ( ∼ 13%); and CO 2  transport, storage, 

and monitoring ( ∼ 9%).  9   Given the substantial 

costs associated with current technology, great 

opportunities exist for materials scientists to 

develop improved carbon-capture materials. 

The following sections describe the materials 

challenges for the different combustion systems. 

 The CO 2 -capture research and development 

(R&D) program at the National Energy Technol-

ogy Laboratory (NETL) of the U.S. Department 

of Energy (DOE) established overall targets for 

capture technologies of 90% CO 2  capture effi -

ciency, with an associated increase in electricity 

costs of less than 10% for pre-combustion capture 

and less than 30% for post- and oxy-combustion 

capture.  6   ,   10   Near- and long-term strategies for 

improving carbon capture through advanced 

materials science research have also been high-

lighted in recent reports summarizing carbon-

capture workshops.  11   ,   12    

 Materials for post-combustion capture 
 The state of the art for post-combustion carbon 

capture is CO 2  separation by chemical absorp-

tion, with solvents consisting of aqueous amine 

solutions that provide high absorption rates and 

high CO 2  absorption capacities.  2   ,   13   However, the commercial 

viability of CCS is hindered by the substantial capital and oper-

ating costs of the solvent technology. In addition, amine-based 

solvents must contain 70 wt% water to minimize corrosion; 

have high heats of absorption; and are prone to thermal and 

oxidative degradation in the presence of common fl ue-gas com-

ponents including O 2 , SO  x  , and NO  x  . 

 Improved solvent formulations could overcome these chal-

lenges. For example, blending the most widely used primary 

  
 Figure 3.      CO 2 -capture systems for coal-based power generation can be classifi ed according 

to the fuel conversion processes: post-combustion, oxy-combustion, and pre-combustion, as 

described in the text. Each process poses a different CO 2  gas separation problem. Acronyms: 

ASU, air separation unit; HRSG, heat-recovery steam generator; ID, induced draft; PC, 

pulverized coal. (Reproduced from Reference  6  courtesy of the U.S. Department of Energy.)    
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alkanolamine, monoethanolamine (MEA), with sterically hin-

dered amines could reduce the amount of steam needed for 

regeneration.  14   ,   15   Incorporation of promoters such as piperazine 

could accelerate the absorption of CO 2  and minimize the 

required concentration of amine.  15   –   17   Corrosion could also be 

inhibited by adding, for example, scavengers for binding with 

oxygen and other reaction intermediates, chelating agents for 

reacting with dissolved metals that take part in degradation, 

or heavy-metal salts that increase the ionic strength and thus 

decrease the oxygen solubility.  18   Researchers are also seeking 

alternative solvents, including CO 2 -philic ionic liquids,  19   –   21   

amine-neutralized amino-acid salts,  22   and solvents whose vis-

cosity and polarity change upon contact with CO 2 .  
23   ,   24   

 Solid sorbents are also being explored as a way to reduce 

costs by avoiding the volatility and corrosion problems of 

aqueous amine solvents. Some of the key desired solid-sorbent 

properties include large surface area, strong affi nity toward CO 2  

compared to other gas constituents, low energy consumption 

during CO 2  desorption (sorbent regeneration), and high stability 

to moisture. A recent cost analysis of a vacuum-swing process 

suggested that an adsorbent with a working capacity of 4.3 mmol/g 

(millimoles of CO 2  per gram of sorbent) and a CO 2 /N 2  selectivity 

of 150 would reduce the capture cost to US$30 per tonne of 

post-combustion CO 2  avoided.  25   

 There are several candidate materials with uptakes and 

selectivities that are competitive with those of liquid solvents. 

Activated carbons have CO 2  uptakes up to 4 mmol/g and CO 2 /N 2  

selectivities near 10 at atmospheric conditions (1 bar and room 

temperature).  26   Zeolitic materials offer CO 2  adsorption uptakes 

up to 4.5 mmol/g and much larger selectivities than activated 

carbon.  27   However, zeolites require higher regen-

eration temperatures because of their sensitivity 

to moisture and higher heats of CO 2  adsorption.  28   ,   29   

For increased capacities and selectivities, hybrid 

materials are being developed by amine func-

tionalization of pore walls in activated carbons 

and porous silica,  30   –   33   although further understand-

ing of the interaction between CO 2  and functional 

amine groups is needed. Some hyperbranched 

aminosilicas can adsorb up to 5.5 mmol of 

CO 2  per gram at atmospheric pressure.  34   

 An emerging class of materials called metal–

organic frameworks (MOFs), constructed by 

bridging transition-metal nodes with organic 

ligands, have considerable potential as CO 2  sor-

bents, with some exhibiting CO 2  uptakes up to 

33 mmol/g at 32 bar.  35   However, MOF uptakes 

surpass those of zeolites only at pressures higher 

than 10 bar. To enhance their uptake and selec-

tivity for post-combustion-like gas streams 

with low CO 2  partial pressures, functionaliza-

tion is being pursued through incorporation of 

CO 2 -philic ligands (e.g., amine-functionalized 

ligands)  36   ,   37   or coordination to unsaturated metal 

centers.  38   ,   39   Further details on current and emerg-

ing CO 2  adsorbent materials, including the issues of thermal 

degradation, poisoning, attrition, and thermal management, can 

be found in recent review articles.  40   ,   41   

 Passive CO 2  separation using membranes is attractive because 

it eliminates the need for thermal or pressure cycling for regen-

eration.  42   However, membrane separation requires a pressure 

differential, which can be costly in atmospheric-pressure post-

combustion streams with CO 2  concentrations below 15 vol%. The 

CO 2 -capture capability of a membrane is governed by the CO 2  

permeability, which determines the rate at which CO 2  is removed 

from the feed gas, and the CO 2 /N 2  selectivity, which affects the 

purity of the CO 2 -containing effl uent. One study found that a 

membrane with a CO 2  permeability of 300 barrer and a CO 2 /N 2  

selectivity of 250 costing US$10/m 2  would reduce the capture 

cost below US$25 per tonne of post-combustion CO 2  avoided.  43   

 Several inorganic and organic membrane materials are being 

considered for post-combustion capture. Molecular-size siev-

ing is a common mechanism for gas separation, but the similar 

kinetic diameters of CO 2  (3.30 Å) and N 2  (3.64 Å)  44   make this 

approach very challenging. Another diffi culty is the design of 

chemically stable membranes compatible with large-scale fab-

rication. Although large-area polymeric membranes are easily 

fabricated, their size-sieving ability can be reduced by polymer 

swelling when CO 2  is present.  45   Inorganic membranes are more 

chemically stable in the presence of CO 2 , but they are hard to 

fabricate at a large scale. One approach that could combine the 

strengths of the two technologies is the dispersion of inorganic 

particles into a continuous polymeric base membrane. 

 Functionalization of pore walls with CO 2 -philic compounds 

is also being evaluated to increase CO 2 /N 2  selectivity.  46   Amine 

  
 Figure 4.      CO 2 -capture technologies include solvents, solid sorbents, membranes, and 

cryogenic distillation. (Image for solvents obtained from CO2CRC, Cooperative Research 

Centre for Greenhouse Gas Technologies, Canberra, Australia. © 2011, CO2CRC.)    
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functionalization of some zeolite-based membranes can increase 

the CO 2  separation index (a measure that combines selectivity 

and permeability) by more than 150%  47   and can raise the CO 2 /N 2  

selectivity of the bare polymeric membrane.  48   Introduction of 

magnesia into alumina-based membranes has been explored 

to induce the preferential surface diffusion of CO 2 .  
49   Beyond 

molecular-size sieving, research is also exploring the separation 

of gas molecules based on their relative solubilities in mem-

branes, where gas molecules can cross the membrane through 

a solution–diffusion transport mechanism.  50   ,   51   Incorporation 

of CO 2 -philic ionic liquids into membrane assemblies is being 

used to facilitate the transport of CO 2  molecules.  52   A recent 

topical report on CO 2 -selective membranes provides further 

details on a wide range of membrane materials.  53     

 Materials for oxy-combustion capture 
 Oxygen separation from air by cryogenic distillation is a mature 

technology. However, alternative materials and approaches are 

being explored to inexpensively produce the vast quantities of 

pure O 2  needed for CCS. For O 2  sorbents, for example, efforts 

center on increasing the framework stability and decreasing the 

energy required for oxygen desorption. 

 For solid sorbents, O 2  separation from N 2  using molecular-size 

sieves is challenging because of the similar kinetic diameters of 

these molecules, 3.46 Å (O 2 ) and 3.64 Å (N 2 ).  
44   Hybrid com-

posite materials provide additional separation mechanisms, for 

example, through the incorporation of transition-metal complexes 

that reversibly bind to O 2  with high specifi city.  54   –   56   The intrinsic 

exposed metal sites in some MOFs, such as Cr(II)-based MOFs, 

also allow for selective binding to O 2  over N 2 .  
57   

 Ceramic- and polymer-based oxygen-capture materials are 

also being considered in membrane confi gurations. The most 

commonly used polymeric membranes exhibit physical aging, 

which reduces overall gas permeability but increases O 2  sensi-

tivity.  58   Hemoglobin-inspired polymeric membranes contain-

ing cobalt complexes are being explored to increase the O 2 /N 2  

selectivity by reversibly binding with molecular oxygen.  59   

Metal complexes have also been incorporated into alumina–

zeolite composite membranes to improve oxygen selectivity.  60   

 Mixed metal oxide membranes are also being used to separate 

oxygen from air by virtue of oxygen ion conduction,  61   ,   62   which 

could enable the integration of oxygen separation and combustion 

in one unit. As an alternative to oxygen extraction from air, tran-

sition-metal oxide particles can be employed as oxygen carriers, 

in a process known as chemical-looping combustion, in which 

the metal oxide goes through oxidation/reduction cycles between 

two reactors. Deposition of the active metal oxides onto inert 

supports made of silica and alumina is being studied to increase 

the reactivity and durability of the metal oxide particles.  63     

 Materials for pre-combustion capture 
 To separate CO 2  from H 2 -rich gasifi cation-derived gas streams, 

absorption using physical solvents based on methanol or mix-

tures of dimethyl ethers of polyethylene glycol has been the 

most common method. Physical solvents are highly effi cient 

in capturing CO 2  at high partial pressures and temperatures 

between –60°C and 40°C, depending on the nature of the sol-

vent.  6   Research efforts are focused on developing solvents 

that can operate closer to the 200–400°C temperatures of the 

water–gas shift reaction and thus reduce the energy penalties 

associated with temperature cycling.  64   

 Apart from solvents, several solid sorbents and membranes 

are being considered for pre-combustion. Porous materials 

containing CO 2 -philic functional groups have shown great 

promise for CO 2 /H 2  separation. For example, MOFs with sur-

faces containing exposed metal-cation sites outperform the CO 2  

uptakes of zeolite 13X (a common molecular sieve) at pressures 

between 5 bar and 40 bar, while retaining comparable heats of 

adsorption.  65   

 CO 2  can also be separated from a CO 2 /H 2  mixture through 

solution–diffusion in dense membranes. Integration of specifi c 

ionic liquids into polymeric membranes has been reported to 

preferentially facilitate the transport of CO 2  over H 2 . The low 

vapor pressure and high thermal stability of ionic liquids make 

them suitable for high-temperature applications,  52   ,   66   but support 

materials with higher thermal stability than porous polymers 

will be needed. For high-temperature applications, adsorption 

of CO 2  onto basic sites in alkaline-earth oxides (e.g., CaO, 

MgO) is being explored. Although the CO 2  adsorption uptake 

of CaO ( ∼ 1.092 g of CO 2  per gram of sorbent) is larger than 

that of MgO ( ∼ 0.785 g/g) at high temperatures, regeneration 

of MgO requires less energy.  67   

 The anionic clays known as hydrotalcites represent another 

class of materials suitable for CO 2  adsorption at temperatures 

of 400–500°C. Impregnation with K 2 CO 3  has been reported to 

enhance the CO 2  uptakes in these materials.  68   ,   69   Both alkaline-

earth oxides and hydrotalcites degrade after several cycles, 

but the regeneration ability of hydrotalcites can be improved 

through variations in the calcination step.  70   Lithium-containing 

oxides, such as Li 2 ZrO 3  and Li 4 SiO 4 , have also gained consider-

able attention for high-temperature CO 2  sorption.  71   ,   72   Further 

details on sorbent materials for pre-combustion can be found 

in References  40  and  41 . 

 An alternative to extracting the CO 2  from gasifi cation-based 

streams is removing the H 2 . Such processes already produce 

clean streams of hydrogen for use as fuel in integrated gasifi -

cation combined cycle (IGCC) plants or as a feedstock in the 

production of chemicals. They leave behind a CO 2 -rich gas 

under high pressure, which would facilitate the CO 2  compres-

sion needed for transport and storage. Because of the slightly 

smaller kinetic diameter of H 2  ( ∼ 2.89 Å) compared to CO 2  

( ∼ 3.30 Å), molecular-size sieving has been used for H 2 /CO 2  

separation. Porous amorphous silica and zeolite membranes 

have shown good H 2  selectivity with respect to other gases.  73   

Progress is being made to avoid structural defects, reduce 

fabrication costs, and increase operational stability. Zeolitic 

imidazole frameworks, a subset of MOFs, supported on porous 

alumina substrates have been reported to have adequate 

H 2 /CO 2  selectivities and exceptional hydrothermal stability 

up to 500°C.  74   
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 To facilitate membrane fabrication with inorganic com-

ponents and overcome the selectivity/permeability tradeoffs 

imposed by bare polymeric membranes, hybrid membrane 

composites are being evaluated.  75   ,   76   Integration of layered 

silicate into a porous polymeric substrate doubles the H 2 /CO 2  

selectivity compared to that of the bare substrate at 35°C.  77   

Other materials used commonly for hydrogen separation are 

dense (nonporous) inorganic membranes that can selectively 

separate hydrogen through a solution–diffusion mechanism and 

withstand elevated temperatures.  78   High-purity hydrogen can 

be obtained with dense palladium-based membranes. However, 

because of the high cost of pure bulk palladium membranes, 

efforts have focused on developing composites through the 

deposition of a thin layer of palladium or palladium alloy onto a 

porous support.  79  –  81   Further information on membrane materials 

can be found in Reference  53 .   

 Prospects for capture materials 
 Solvent-free technologies such as solid sorbents and membrane 

materials for post-, oxy-, and pre-combustion applications can, 

in principle, be engineered with specifi c physical and chemical 

functionalities to meet carbon-capture performance targets. 

Systematic approaches to the rapid design and assessment of 

these materials with respect to gas selectivity, regeneration abil-

ity (for sorbents), gas permeance (for membranes), and scale-up 

potential are essential. One challenge relates to the complex 

dynamic response of some of these materials to stimuli such 

as temperature, pressure, and gas composition, which makes 

characterization of the interaction between a particular gas and 

solid material “in action” very diffi cult. A multidisciplinary 

team of scientists at the National Institute of Standards and 

Technology (NIST), in collaboration with NETL, has begun 

to develop sophisticated  in situ  measurements to address this 

issue.  82      

 Compression, transportation, and geological 
storage 
 Once the capture step has been completed, the CO 2 -rich gas 

must be compressed to approximately 100 bar to reach a liquid 

or dense state. This compression facilitates its transportation by 

pipelines or ships to a suitable location for long-term storage.  

 Compression and transportation materials 
 As mentioned earlier, almost one-quarter of the increase in elec-

tricity costs from post-combustion capture comes from com-

pression, transportation, and storage of CO 2  and post-injection 

monitoring.  9   The energy required for compressing and pumping 

CO 2  depends on its thermodynamic and fl ow properties, which 

are affected by any impurities remaining after capture (e.g., O 2 , 

water, SO  x  , and NO  x  ).  
3   Water and oxygen in the CO 2  stream 

restrict the range of suitable compressor and pipeline materials, 

because they increase corrosion. CO 2  pipelines, typically made 

of carbon steel, have already been extensively used to transport 

clean, dry CO 2  for enhanced oil recovery applications,  3   ,   83   but 

the corrosion rate increases signifi cantly as CO 2  dissolves and 

ionizes in water to form a weak acid. Using corrosion-resistant 

alloys or purifying the CO 2  stream can be very expensive. The 

relationship between impurity levels, materials performance, 

and cost must be understood to design the large networks 

of compression equipment and pipelines needed for carbon 

mitigation.  84     

 Materials for geologic storage 
 Geologic storage of CO 2  entails injection of dense or supercriti-

cal CO 2  into deep underground formations, such as depleted 

oil and gas fi elds, saline formations, and deep coal seams, for 

permanent storage. Effi cient CO 2  storage can be achieved in 

the pores of sedimentary rocks because CO 2  has a liquid-like 

density at depths of 800–1000 m, depending on the vertical 

temperature gradient.  85   

 Geologic storage of anthropogenic CO 2  builds on a funda-

mental understanding of earth science, decades of oil and gas 

industry practice, and extensive experience with injecting CO 2  

underground for enhanced oil recovery. Injection at scales of 

6 Mt of CO 2  per year from non-power-plant sources has been 

demonstrated, and larger projects storing CO 2  from fossil-fuel 

power plants are underway. More than eight projects currently 

store CO 2  from pilot-scale (<80 MW) fossil-fuel power plants 

worldwide, and about 20 large-scale projects will come online 

over the next decade to store CO 2  from power plants generating 

up to 1200 MW each, on the order of 10 Mt of CO 2  per year.  86   

 From the materials perspective, there is a great need to 

understand the kinetics of geochemical trapping, the long-term 

impact of CO 2  on pore fl uids and mineral rocks, and the effects 

of CO 2  adsorption and CH 4  desorption on coal seams. Further, 

solid plugs made of steel and cement, typically used to seal 

boreholes drilled through the cap rock, can degrade in the acidic 

CO 2  storage environment over the extensive lifetimes of CO 2  

wells. For example, details such as curing conditions affect the 

chemical stability of cement upon exposure to a simulated CO 2  

storage environment.   Figure 5  a shows backscattered-electron 

scanning electron microscope images of cement samples cured 

at different temperatures and pressures and then exposed to 

aqueous CO 2  under high-pressure and high-temperature condi-

tions (50°C and 30.3 MPa) for nine days. The extent of cement 

degradation, as indicated by the dashed lines, depends on the 

curing conditions prior to exposure to the simulated CO 2  storage 

conditions.  Figure 5b  illustrates the proposed cement degrada-

tion mechanism, involving dissolution of CO 2  and calcium 

migration.  87       

 Developing low-cost corrosion-resistant cements and pip-

ing materials and improving  in situ  methods for characterizing 

their conditions over time are critical for controlling the risk of 

leakage. Mechanistic studies of the interactions between CO 2 , 

surrounding fl uids, and wellbore materials under geological 

storage conditions are of great importance.  88   Impurities such as 

H 2 S, SO 2 , and O 2  in the CO 2  stream change its behavior. They 

can increase the risk of formation plugging and jeopardize 

well integrity by supporting precipitation, mineral dissolution, 

or biofouling, and they also present an environmental risk if 
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contamination of an underground source of drinking water 

occurs. 

 Studies under the NETL R&D program on carbon-storage 

technologies consider 11 types of geologic formations and two 

classes of geologic seals. They will investigate the effects of 

CO 2  injection on fl uids, minerals, seals, and faults or fractures 

in the formations; improve understanding of cap-rock integrity; 

refi ne predictive models of CO 2  movement after injection; and 

evaluate the prospects of permanently storing CO 2  through 

mineralization.  10   A multiyear information-exchange program 

at the Electric Power Research Institute (EPRI) aims to deter-

mine the purity level of CO 2  required for maximum injection 

rate and capacity in a particular basin that avoids potential 

contamination of underground sources of drinking water by 

storage operations.  84      

 Conclusions 
 Several opportunities are available for materials scientists to 

help manage atmospheric CO 2  through reduction of CO 2  emis-

sions from point sources. Cost-effi cient solvents, sorbents, and 

membranes with better carbon-capture performance will have 

a profound impact on the sustainable use of fossil-fuel-based 

energy and the fabrication of products. Although the manu-

facture and operating costs of sorbents and membranes can be 

improved through advances in materials science, widespread 

adoption will take time.  89   Predicting how improvements at the 

laboratory scale will translate into overall savings in electricity 

and/or product manufacturing costs is an enormous challenge. 

 Beyond CO 2  capture, materials optimization is needed to 

extend the lifetime of compression equipment and pipelines that 

contact CO 2  from power plants or industry. Reliable assessment 

of geological locations for long-term CO 2  storage worldwide 

requires extensive data on geological sites and 

the geochemical interactions between impure 

CO 2  and the natural and engineered materials 

in the intended storage media. 

 Research and development efforts in multiple 

laboratories worldwide are underway to reduce 

the costs of CCS technologies for commercial 

development. Advancing materials in this chal-

lenging fi eld presents an exciting opportunity for 

the scientifi c community to put manufacturing 

and fossil-fuel energy generation on a more sus-

tainable path.     
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                   Introduction 
 Global electricity demand is projected to increase strongly over 

the next several decades. Efforts to build the energy infrastruc-

ture needed to meet this demand must refl ect (1) regional 

differences in economic growth rates and energy resources, 

(2) policy and social considerations such as safety, (3) environ-

mental concerns such as ecosystem health and climate change, 

(4) the technological maturity of various options, and (5) the 

availability of suffi cient supplies of water.  1   This article focuses 

on the last aspect, as many forms of power generation, includ-

ing the dominant modes used today, require copious amounts 

of water. The largest use of water in power generation, by far, 

is for the removal of waste heat. 

 Currently, global water use in power generation ranks 

second only to that in agriculture, although there is wide 

variation between countries. The challenges posed by water 

scarcity are expected to grow more acute because of increas-

ing demand from the power generation, agriculture, industrial, 

and municipal sectors. Indeed, in the past decade, drought 

conditions have forced nuclear power plants in France and 

the southeastern United States to curtail power generation on 

several occasions.  2   Managing the competition for water will 

be one of the major challenges facing policy makers, industry 

leaders, and technologists as they work toward the goal of 

sustainable development.  3

 The research and development (R&D) needs at the interface 

between energy  4,5   and water treatment  6   present a wide range of 

opportunities that can be addressed by the materials research 

community. This article provides a framework for prioritizing 

materials R&D efforts in water use for electricity generation. 

The discussion is divided into three parts. The fi rst section 

reviews trends in power generation and water use and intro-

duces a metric for comparing different technologies. The second 

section focuses on water use in power plants and considers 

ways in which materials innovations can reduce water demand. 

These include improving the effi ciency of gas and steam tur-

bines through the development of next-generation superalloys, 

high-temperature materials such as ceramic matrix composites, 

and hydrophobic condenser surfaces. Because cooling accounts 

for the majority of water use in thermal systems, lower-cost 

heat-transfer materials can improve the economic competitive-

ness of air-cooled condensers and other low-water-demand 

cooling options. The fi nal section addresses ways in which 

materials R&D can help to expand the supply of water suitable 

for power-generation use, particularly for cooling in thermal 

plants. Nontraditional water sources such as brackish aquifers 

and produced water from oil and gas operations have a higher 

tendency to foul equipment, and materials advances such as 

biofi lm resistance coatings and membranes have the potential 

to enable the use of these water resources for cooling.   

     The energy–water nexus: Water use 
trends in sustainable energy and 
opportunities for materials research 
and development 
     Anthony Y.     Ku        and     Andrew P.     Shapiro     

        Over the next few decades, the challenge of water scarcity is expected to grow more acute 

as water demands from the power generation, agriculture, industrial, and municipal sectors 
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 Water use trends and metrics 
   Figure 1   provides a snapshot of global power generation and 

its associated water footprint. Thermal processes, which 

generate electricity from heat, account for almost 80% of total 

generating capacity—including fossil-fuel, nuclear, geothermal, 

solar-thermal, and biomass sources. A necessary step in these 

cycles is the rejection of lower-grade waste heat to the envi-

ronment, for which water-based methods are among the most 

effective. As discussed in the next section, water use for cooling 

is the major driver for demand.  8   ,   9       

 The sidebar provides a detailed look at water demands 

from power generation and how they could evolve over 

the next few decades. Water usage is expected to increase 

because of increased power generation. According to U.S. 

Energy Information Administration (EIA) projections, the 

single largest driver will be the growth of coal-fi red capacity 

in Asia, especially China.  9   ,   12   Improvements in plant effi ciency 

through new technology and consolidation could drive down 

specifi c water use, as would the maturation and adoption 

of less-water-demanding renewable energy technologies 

such as wind and solar. Conversely, the widespread adoption 

of carbon capture technologies for fossil-fuel-based power 

could increase specifi c water use. 

 The most signifi cant distinction in water use is between 

thermal and nonthermal systems. Among thermal modes, 

water consumption further depends on how the water is used 

for cooling. In once-through (or open-loop) cooling, water is 

withdrawn from a source and returned at a higher tempera-

ture. In contrast, cooling-tower-based approaches require much 

lower withdrawal rates, because a signifi cant amount of heat 

is removed by evaporation. Both cooling modes are discussed 

in detail in the next section. 

 Among nonthermal processes, hydroelectric power has 

the largest installed capacity, ranking third among the power 

modes. There is debate as to the ultimate rates of water usage by 

hydroelectric power: Some reports focus on the higher evapora-

tion rates from reservoirs created by dams, whereas others note 

that most of the water is returned for downstream use.  8   Wind is 

the next-largest nonthermal generation mode, accounting for 

about 2% of global capacity. Installed capacity for photovoltaic 

solar generation is currently small but growing rapidly. Both 

wind and solar power use water for cleaning of equipment during 

operation, but their largest water footprints are associated with 

manufacturing.  8   

 Several metrics are used to track water use in power genera-

tion:  Water withdrawal rate  refers to all water removed from 

a source, some of which could be returned, whereas  water 

consumption rate  refers to the fraction of withdrawn water that 

is not available after use. Some authors also calculate  energy 

return on water invested  from a life-cycle assessment of 

water use.  13   In this article, we compare alternate technologies 

using a monetary metric, the  cost of conserved water (CCW) , 

defi ned as  14  

   ( ) ( )
( )

3

3

ΔLCOE $ MWh
CCW $ m ,

ΔWD m MWh
=  (1)  

 where  Δ LCOE is the difference in the levelized cost of elec-

tricity (LCOE) between the alternate power generation system 

and a baseline pulverized-coal plant employing cooling towers 

that withdraw surface water and  Δ WD is the reduction in spe-

cifi c water withdrawal rate between the same two systems. 

The LCOE accounts for the cost of power generation over 

the lifetime of the power plant, including both initial capital 

investments and fuel costs. The cost of conserved water is a simple 

way to rate the economic impact of adopting less-water-intensive 

technology against the local cost of water. If water is relatively 

abundant and inexpensive, it makes economic sense to simply 

use it for evaporative or once-through cooling. In regions where 

water is scarce, the higher cost of water can justify the deployment 

of alternatives. 

 Several approaches can improve water utilization in power 

production. This article focuses solely on thermal processes, 

because of their dominant share of electricity generation;  15   

nonthermal processes are discussed in Reference  8 . On 

the demand side, this means reducing the cost of conserved 

  
 Figure 1.      (a) Current global installed capacity for different 

modes of power generation and (b) average specifi c water 

withdrawal and consumption rates for power generation modes. 

(Consumed water refers to the fraction of withdrawn water that 

is not available after use.) For a more detailed breakdown of 

the ranges for water use rates, see Reference  7 . Abbreviations: 

Geo, geothermal; Liq, liquids (e.g., oil); NG, natural gas; NG-CC, 

natural gas combined cycle; PV, photovoltaics. The water 

footprint of hydroelectric power is not shown, as there is some 

debate as to the exact nature of the water use.    
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water by decreasing specifi c water use through (1) the use 

of alternate cooling fl uids such as air and (2) increased 

power-plant effi ciency. A complementary approach is to 

tap nontraditional water resources. Seawater, brackish 

aquifers, processed municipal wastewater, produced water 

from hydrocarbon extraction, and abandoned mine drain-

age are all potential sources that could conserve fresh-

water for other uses. Materials breakthroughs can help in 

each of these areas, but it is necessary to critically evaluate 

where investment is justifi ed, as not all opportunities have 

equal potential impacts. 

 As a concrete example of how the cost of conserved water 

can be used to benchmark the competitiveness of a water-

saving technology, consider air-cooled condensers (ACCs), 

which are being deployed as an alternative to wet cooling. 

The U.S. Department of Energy (DOE) estimated that, for 

a 500-MW subcritical pulverized-coal plant, this technol-

ogy increases the LCOE by $3.50/MWh, while eliminating 

 ∼ 90% of water withdrawals (2300 l/MWh).  14   Substituting 

these values into Equation  1  gives a CCW of about $1.50/m 3 , 

so dry cooling becomes economically competitive where the 

cost of available water is more than this. Put another way, 

ACC technologies have the potential to reduce water use in 

coal plants by up to 90% but result in an increase of about 

5% in the LCOE.  16   

   Table I   compares water costs from the United States and 

China and provides context for the economic competitiveness 

of the alternate cooling technology. ACC water “costs” are at 

the high end of the range for both U.S. and Chinese water sup-

plies. The economics become more favorable in arid regions 

and can also be improved through technology innovation. 

U.S. DOE R&D programs call for a reduction in the cost of 

alternate cooling for existing plants by 25% to $1.15/m 3  of 

water conserved by 2015 and by 50% to $0.75/m 3  of water 

conserved by 2020.  14   Success in achieving these targets 

would signifi cantly improve the economic competitiveness 

of non-water-based cooling technologies.       

 Options for reducing water demand 
 Any survey of options for reducing water demand must begin 

with the drivers for water use. Given the dominant role of 

thermal processes in electricity generation, a useful starting 

point is the thermodynamics of power plants. Thermal pro-

cesses used for power production require a heat source and a 

lower-temperature heat sink. The maximum effi ciency,     η    , of 

any thermal cycle is the Carnot effi ciency,

   
h c

h

work produced
η ,

thermal energy input

−= = T T

T
 (2)  

 where  T  h  is the temperature of the heat source and  T  c  is the tem-

perature of the heat sink. The Carnot effi ciency is maximized 

by high-temperature sources and low-temperature sinks. Heat-

source temperatures are usually limited by material constraints 

(e.g., maximum temperature for combustors and turbine blades 

in gas turbines). Heat-sink temperatures are set by local climate 

and water availability. 

 In practice, about 80% of all electricity is produced using 

steam turbines confi gured in a Rankine cycle. In a Rankine 

cycle, the heat-sink temperature is governed by the steam 

condenser. For maximum power output and effi ciency, the 

condenser should be as cool 

as possible. In a typical steam-

turbine system, the condenser 

is cooled to about 40°C, so 

the condensed steam is under 

a vacuum ( ∼ 0.1 bar absolute). 

This low condenser pressure is 

transmitted to the last stage of 

the steam turbine and governs 

how much power can be pro-

duced. The heat at 40°C is truly 

waste heat, as it is presently 

uneconomical to extract more 

work from it. 

 Condensers are cooled 

by water or air. The choice 

depends on the local climatic, 

environmental, and regula-

tory conditions. Water-cooled 

condensers are smaller and 

less expensive, and they pro-

vide lower, more stable tem-

peratures than air-cooled 

condensers, but their water 

requirements are greater. 

 Table I.      Costs of water from various sources in the United States and China.              

   Water option  Cost of water  Notes  Reference     

  Air-cooled condensers: Cost of conserved water    

 Baseline  US$1.50/m 3   U.S. Department of Energy estimate, 2008  14   

 Target for 2015  US$1.15/m 3   25% savings versus baseline  14   

 Target for 2020  US$0.75/m 3   50% savings versus baseline  14   

  North America: U.S. supply (2007)    

 Municipal  US$0.30–2.30/m 3   17   

 Industry  US$0.30–1.80/m 3   17   

 Agriculture  US$0.01–1.50/m 3   17   

  Asia: China supply (2008)   a     

 Municipal  US$0.15–1.00/m 3   1–6.9 RMB/m 3   18   

 Industry  US$0.22–1.00/m 3   1.5–6.9 RMB/m 3   18   

 Agriculture  US$0.01–0.07/m 3   0.1–0.5 RMB/m 3   18   

  Water treatment    

 Desalination (brackish)  US$0.45/m 3   Total dissolved solids of 8000–1000 ppm  17   

 Desalination (seawater)  US$0.53–0.65/m 3   Reverse-osmosis membrane  17   

 Desalination (seawater)  US$0.77–1.14/m 3   Multistage fl ash  17   

     a      Conversion from U.S. dollars (US$) to Chinese renminbi (RMB) based on average 2008 exchange rate of US$1 = 6.9 RMB.    
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 When surface water is available and regulations allow, once-

through water cooling is usually the most cost-effective solu-

tion.  19   In once-through cooling systems, water is withdrawn 

from the source, pumped through the condenser, and returned to 

the source at a higher temperature (typically 10–15°C warmer). 

For a 33% effi cient Rankine cycle, each megawatt of power 

production requires approximately 30 l/s of water withdrawals. 

A 500-MW plant withdraws nearly 1.4 × 10 6  m 3 /day [250,000 

gallons per minute (gpm)] of water. 

 Plants that use cooling towers withdraw less water but 

consume more, relative to once-through systems. Cooling 

towers remove heat primarily through evaporation after the 

water has been heated in the condenser. A typical cooling 

tower evaporates 0.5 l/s of water per megawatt of generated 

power. To prevent salts from building up in the cooling water, 

a “blowdown” stream comprising concentrated salts is also 

removed from the cooling loop. This blowdown typically 

accounts for 10–20% of the total water consumption. A 500-

MW plant consumes approximately 26,000 m 3 /day (4800 

gpm) of water. 

 The two main themes for reducing water demand for 

power-plant cooling through materials innovations are 

developing alternate cooling fluids to replace water and 

improving thermal efficiency in the turbine. Following the 

first approach, air or hybrid cooling can eliminate most of 

the water demand, but progress is needed to make these 

approaches economical. To increase power-plant efficiency, 

specific materials needs include next-generation superal-

loys and coatings for higher-temperature gas and steam 

turbines.  

 Air cooling 
 Air-cooled condensers (ACCs) work by blowing ambient air 

over a set of fi nned condenser coils. Because of the lower heat 

capacity and density of air compared to water, the heat-transfer 

area of an ACC is 20–50 times larger than that 

of a water-cooled condenser. In addition, ACCs 

penalize power-plant performance more than 

water-cooled condensers, because the air is 

usually much warmer than local water. This 

problem is particularly acute in warm locations, 

where the power demand peaks during the hot-

test part of the day. 

 As discussed in the previous section, cost 

reductions on the order of 25–50% are needed 

for ACCs to become economically competitive 

in most regions of the world. The footprints 

and heights of current ACC confi gurations are 

about twice those of conventional cooling tow-

ers, leading to twice the capital cost.  14   ,   20   R&D 

efforts are progressing on several fronts, includ-

ing more compact designs that use less material 

and the development of wind-guide technology 

to better manage performance under changing 

ambient conditions.  19     

 Improved effi  ciency in the steam cycle 
 Increasing the thermal effi ciency of power plants is another way 

to reduce water demand. In a Rankine-cycle plant (see   Figure 2  ), 

the working fl uid (usually water) is pumped to high pressure in 

the liquid state and heated in a boiler to create high-pressure, 

high-temperature vapor. The vapor expands through a turbine, 

generating power, and then condenses back to a liquid by reject-

ing heat to the environment in a condenser, which is where most 

of the water is used. The cooled liquid is then pumped back to 

high pressure, completing the cycle.     

 Thermal effi ciencies over 45% have been achieved by 

increasing the steam temperature and pressure to supercriti-

cal (600°C, 250 bar) and ultrasupercritical (720–760°C, 340 

bar) conditions. Because water usage in a thermal power plant 

scales inversely with effi ciency, shifting to supercritical plants 

could reduce water usage by 27% compared to the installed 

base.  21   Materials are needed for next-generation turbine com-

ponents, because advanced 9–12Cr martensitic–ferritic steels 

approach their operating limit at around 620°C.  22   Nickel and 

nickel–cobalt superalloys offer the necessary creep strength 

and steam oxidation resistance for steam turbine blades and 

heat-transfer surfaces that operate near and above 700°C, but 

development is needed to bring down manufacturing costs. 

Austenitic stainless steels and alloys offer designers an inter-

mediate option, with temperature capabilities between those 

of existing steels and nickel-based superalloys but at lower 

cost than superalloys. 

 Materials advances can also improve the operation of 

condensers in steam cycles, leading to both economic ben-

efi ts and reductions in water use. Laboratory studies have 

shown that hydrophobic and superhydrophobic surfaces 

improve heat-transfer rates by promoting dropwise conden-

sation over fi lm condensation.  23   The benefi ts of higher heat-

transfer coeffi cients would be accrued mainly through cost 

savings due to smaller heat exchangers. Savings in water use 

  
 Figure 2.      Steam cycle for a power plant, showing the two main areas for reducing water use: 

improving the thermal effi ciency of the turbine (for example, through high-temperature-

tolerant turbines, combined cycles, or solid-oxide fuel cells) and using alternative cooling 

fl uids (such as nontraditional water, air, or a combination of water and air).    
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are possible if the improved heat transfer leads to lower tem-

peratures and pressures on the vapor side of the condenser. 

This would increase the power and effi ciency of the plant. To 

date, most studies have used organic coatings, and work is 

needed to move to more robust materials for energy applica-

tions. Efforts to develop inorganic coatings with hydrophobic 

properties are still at a relatively early stage.  24     

 Gas-turbine and combined-cycle plants 
 Further water savings can be achieved by using power cycles 

that do not require cooling water. After steam turbines, gas 

turbines are the most productive power-generation method. 

They operate with much higher heat-source temperatures than 

steam turbines and, therefore, higher effi ciencies. In a simple 

gas-turbine, or Brayton, cycle, the exhaust is released to the 

environment after passing through the turbine and a recupera-

tive heat exchanger. No cooling water is required, although 

water is often used to cool the inlet air for power augmentation 

and to provide a diluent for combustion to control NO  x   forma-

tion. As examples, wet NO  x   control uses approximately 0.05 l/s 

of water per megawatt of generated power, and steam injection 

for power augmentation uses about 0.1–0.2 l/s per megawatt 

of generated power.  25   ,   26   

 In a combined-cycle power plant, the exhaust from the gas 

turbine is used to generate steam that runs a steam turbine. Ther-

mal effi ciency in combined-cycle systems approaches 60%, 

with the gas turbines accounting for about 65% of the total 

electrical generating capacity. Because most of the water use 

is for cooling the steam-turbine condenser, the specifi c water 

usage of combined-cycle plants is about 35% that of a simple 

steam turbine plant (see   Figure 3  ). For a 500-MW plant, this 

is about 9300 m 3 /day (1700 gpm).       

 Materials opportunities 
 As with steam turbines, an important path toward increased 

effi ciency in gas turbines is the use of turbine blades and 

other hot-path components capable of operating at higher 

temperatures and pressures. Today’s most advanced blades 

comprise single-crystal, directionally solidifi ed nickel-based 

superalloys containing rhenium.  16   Through the use of ceramic 

thermal-barrier coatings and advanced designs capable of 

delivering appropriate cooling, these blades can function at 

gas temperatures above the melting point of the superalloy, 

or about 1300°C.  27   In addition to improved mechanical prop-

erties (e.g., creep strength, oxidation resistance, and hot cor-

rosion resistance), superalloy-related materials development 

efforts are focused on reducing manufacturing costs through 

improved process control and the formulation of alloys 

with reduced amounts of expensive elemental components 

such as rhenium (see the article in this issue by Konitzer 

et al.). An alternate path toward high-temperature-capability 

materials involves the use of ceramic matrix composites.  28   

As with superalloys, development efforts are split between 

improving mechanical properties and reducing manufactur-

ing costs. 

 In the longer term, further gains are possible using emerg-

ing technologies such as high-temperature fuel cells. Solid-

oxide fuel cells can be combined with gas turbines or other 

engines to achieve even higher thermal effi ciencies, further 

reducing the cooling water requirements.  29   Current R&D 

efforts in this area seek to increase current densities and 

improve reliability through engineering of the cell and stack 

components and to reduce costs by optimizing the manufac-

turing process.  30      

 Options for increasing water supply 
 An important feature of the supply-side dynamic is that water is 

sometimes available in the form of nontraditional sources that 

require treatment before use. Examples include brackish aqui-

fers, municipal wastewater, produced water from hydrocarbon 

extraction processes, and acidic mine-pool waters. In 2006, the 

U.S. DOE set a goal of increasing the current utilization rate 

of about 8% to 25% within 10 years and has funded a range 

of activities including cataloguing potential sources, develop-

ing treatment technologies, and evaluating system integration 

issues.  19   

 Materials innovations can contribute to expanded use of 

nontraditional water supplies in two ways. The fi rst involves 

upgrading the water quality to match that of existing fresh water 

supplies. This includes removing problematic components, 

reducing variability, and improving the robustness of treatment 

equipment to handle “impaired” water. A second approach is to 

improve the ability of cooling systems to directly use impaired 

water. In both cases, the goal is to make the cost of the treated 

water competitive with that of freshwater or alternate cooling 

technologies.  

 Upgrading nontraditional water quality 
 Water used for cooling in thermal systems must be treated 

to manage scale deposition, fouling through biofi lm forma-

tion, and corrosion. In freshwater systems, these challenges 

  
 Figure 3.      Allocations of energy in Rankine (steam turbine) and 

Brayton (gas turbine) thermodynamic cycles and in a combined 

cycle that uses the high-temperature exhaust from the Brayton 

cycle as input for the Rankine cycle.    
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are managed through chemical additives, along with careful 

operation of the cooling system. Nontraditional water resources 

present two challenges. First, they can contain elevated con-

centrations of components that can foul or damage equipment. 

Examples include (1) dissolved hardness or silica (brackish 

water) leading to enhanced scaling tendencies, (2) residual 

organics (municipal wastewater or produced water) leading 

to elevated microbiological activity, and (3) extremes in pH 

(acidic mine pools) leading to accelerated corrosion. Second, 

the water volumes and quality, especially from natural aquifers 

or hydrocarbon extraction operations, can vary with time, mak-

ing it diffi cult to achieve stable performance. Variability also 

increases maintenance requirements and, consequently, the 

cost of treatment.   Table II   summarizes typical water-quality 

requirements for cooling towers and the challenges posed by 

several nontraditional water resources.  28

 Multiple technologies exist for improving nontraditional 

water quality: 

     •      Chemical additives act in a variety of ways, including 

inhibiting precipitation and biological activity or altering 

interfacial properties.  

     •      Gravity-based separations, such as settling tanks and 

fl otation processes, separate particulate matter (includ-

ing chemically precipitated components) using density 

differences.  

     •      Membranes and fi lters physically exclude one or more 

components on the basis of size or solubility.  

     •      Electrical processes remove charged particles as well as 

dissolved ions.  

     •      Thermal evaporation processes such as distillation produce 

clean water through evaporation and condensation.  

   These technologies can be used individually or in concert. 

Field experience has shown that the most effective configu-

rations typically involve multiple treatment steps, selected 

based on local conditions.  31    Table II  also rates the water-

treatment options against the various nontraditional water 

sources. 

 Materials breakthroughs can improve the performance and 

economics of many of these technologies.   Figure 4   shows 

some recent examples for membranes. Membranes are typi-

cally classifi ed according to pore size. In general, reducing 

the pore size improves the selectivity but diminishes the fl ux. 

Membranes with pores in the range of micrometers to tens of 

nanometers are used to remove suspended solids, emulsifi ed 

oil, microbes, and colloidal material through microfi ltration 

or ultrafi ltration processes. Smaller pores, such as those in 

the nanometer range, can allow 

removal of multivalent ions 

and some biological molecules 

through a nanofi ltration process. 

Reverse-osmosis membranes 

are used to remove dissolved 

salts as part of a desalination 

process.     

 A wide range of activities are 

underway to improve the per-

meability of reverse-osmosis 

membranes.  32,33   One approach 

involves the modification of 

commercial membrane materi-

als to adjust their surface charge 

or to attach molecules that steri-

cally hinder the adsorption of 

foulants ( Figure 4a ). Another 

interesting direction involves 

new membrane materials based 

on carbon nanotubes or aquapo-

rin proteins. Laboratory stud-

ies suggest that these materials 

have the potential to increase 

permeability by up to two or 

three orders of magnitude over 

those of conventional poly-

mer materials ( Figure 4b ).  34–36

In both cases, the underlying 

idea is to incorporate the car-

bon nanotubes or protein into 

a polymer matrix to provide 

 Table II.      Summary of water quality requirements, issues, and treatment options.                  

   Suspended 
solids 

 Acidity 
(pH) 

 Hardness  Oils/
organics 

 Salinity  Silica     

Cooling tower specifi cation    

 Range  <300 mg/l 
(Total suspended 

solids) 

 6–8.4  <900 mg/l 
(CaCO 3 ) 

 Varies  <70,000 mg/l 
(Total dissolved 

solids) 

 <200 mg/l   

Nontraditional water resources    

 Brackish 
              

 Municipal waste 
              

 Produced water 
              

 Mine drainage 
              

Key:   = Consistently within acceptable range,  = Potentially above acceptable range,  = Consistently 
exceeds acceptable range   

Water treatment options    

 Chemicals 
              

 Gravity 
              

 Filtration 
              

 Electrical 
              

 Thermal 
              

Key:   = Conventional technology exists,  = Potential solution available (with technology development or 
in combination with another method),  = Signifi cant innovation required   
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pathways for water transport. A key challenge is to maximize 

the loading while also ensuring that the water-transport 

pathways are accessible. Further work is also needed to 

validate membrane performance under realistic operating 

conditions, improve the manufacturability of the materials, 

and develop integrated modules for field testing. Success 

could lower the cost of desalination by reverse-osmosis 

membranes, but further analysis is needed to quantify the 

potential benefits.   

 Improving the robustness of cooling equipment 
 An alternative approach to utilizing nontraditional water 

is to modify existing equipment to accept it. Over the past 

decade, there has been considerable work on coatings with 

modifi ed surface properties that could be useful for this 

application. For example, wet-surface air coolers are hybrid 

water-cooling systems that direct a co-current fl ow of air and 

water droplets over closed-loop cooling tubes. A uniform 

distribution of water over the tubes is essential to minimize 

scale deposition.  37   ,   38   To this end, surface-energy modifi ca-

tions through the use of hydrophilic or superhydrophilic coat-

ings could promote wetting to help manage scaling problems 

and prevent oil deposition. As with the hydrophobic and 

superhydrophobic surfaces discussed earlier for condensers, 

the primary materials issues relate to durability under fi eld 

conditions. 

 A second area of interest is developing heat-transfer materi-

als with improved resistance to biofouling and saltwater corro-

sion. Insights from work in marine applications could provide 

the basis for advanced coatings technologies that could be use-

ful for power-plant cooling.  39   Such coatings are typically poly-

meric surfaces intended to resist biofouling by resisting initial 

protein adsorption or by reducing the adhesion of biofi lms to 

the heat-transfer surfaces. For example, hydrophobic polymers 

such as polydimethylsiloxane (PDMS) have shown “fouling 

release” tendencies, and hydrophilic polymers resist protein 

adsorption. Work is needed to tailor materials for the specifi c 

extracellular polymeric substances secreted by microorganisms 

encountered in power-plant environments. Coating robustness 

is also an open question. 

 Finally, recent work with nontraditional materials of 

construction such as polymers or composites could also be 

promising.  40   Such materials offer different surface chemis-

tries that could prove benefi cial in reducing scale and biofi lm 

adhesion and increasing corrosion resistance. Although most 

nonmetallic materials lack the high thermal conductivity 

of traditional metal options, they open up the possibility 

of alternate confi gurations such as polymeric hollow-fi ber 

systems with heat-transfer coeffi cients that rival those of 

traditional heat exchangers.  41   As with the other materials 

innovations discussed in this section, the possibility of using 

nonmetallic heat exchangers in power generation is still in 

the early stages, and a sustained and focused R&D effort 

will be needed.    

 Conclusions 
 Water is, and will remain, a critical input to the power-generation 

process for the foreseeable future. Given the increasing demand 

on water resources from all sectors, signifi cant innovations will 

be required to ensure that adequate supplies are available to 

meet both global and regional needs. Opportunities for mate-

rials research that helps address this challenge are numerous 

and diverse. Superalloys and ceramic-matrix composites to 

improve gas-turbine effi ciency, hydrophobic and hydrophilic 

coatings to improve heat-exchanger performance, and low-

cost materials for compact air-cooled condensers are a few 

examples. This article has proposed a framework for evaluat-

ing different technology options for reducing water use in 

power production, namely, calculating the cost of conserved 

water based on the change in levelized cost of electricity and 

improved specifi c water usage. The hope is that this article 

has provided guidance to the materials research community in 

identifying some of the most pressing needs and opportunities 

for innovation in this area.    

  
 Figure 4.      Innovative concepts for improving fl ux in reverse-osmosis membranes: (a) modifi cation of conventional polymeric materials, 

(b) carbon nanotubes, (c) aquaporins and protein-based membranes. Parts a–c adapted with permission from References  33 ,  34 , and  32 , 

respectively.    
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      Projected water use for various modes of power generation, based on installed capacity. 

The calculation assumed 90% utilization for baseload modes (fossil fuel, hydroelectric, 

nuclear, geothermal, biomass), 30% utilization for intermittent modes (wind, solar), and 

the following distribution of cooling systems: for coal, 40% once-through cooling (OT), 

50% cooling tower (CT), 10% air cooling (AC); for natural gas combined cycle, 30% CT, 

10% OT, 60% dry cooling; for liquids, 50% OT, 50% CT; for nuclear, 50% OT, 50% CT; for 

geothermal, 25% OT, 25% CT, 50% AC; for solar, 50% AC.  8   ,   9   Graphic created using U.S. 

Energy Information Administration (EIA) statistics and literature estimates of the specifi c 

water use for each power generation mode.  7   –   9      

 A closer look at the global 

water footprint for electricity 

production 

 Here we present the relative water footprints of differ-

ent modes of electricity production and explore how 

the overall footprint could evolve in coming decades. 

In the   fi gure  , the area of each block corresponds to the 

projected water footprint for each power-generation mode. 

Separate blocks are shown for the footprint in 2007 and the 

projected increment by 2030, based on projections from the 

EIA base-case scenario.  9   The potential increment associ-

ated with adoption of carbon capture and storage (CCS) for 

coal and the projected reduction of liquid (oil) generation 

are also shown.     

 Several assumptions were used to construct this fi g-

ure. First, the specifi c water requirements are weighted 

averages for each fuel source, based on available data for 

different modes (open-loop versus closed-loop) of cool-

ing. Such data exist in detail only for fossil-fuel-based 

systems in the United States, so the U.S. distribution was 

assumed to apply globally. Because growth forecasts do 

not provide projections for changes in the distribution 

of cooling modes, current distributions were assumed to 

remain constant. Second, the utilization of the installed 

generating capacity ranges from 90% for baseload systems 

to 30% for intermittent sources, refl ecting the complex-

ity of matching real-time variations in demand. Finally, 

water requirements are sensitive to technology innova-

tions that reduce the specifi c water use, as well as policy 

decisions such as emissions controls. Without specifi c 

projections for how these capacity factors or technologies 

might change in the future, we simply extrapolated from 

current values. 

 Several major trends emerge from the fi gure: 

     •      Fossil-fuel-based generation (coal, natural gas, 

oil) dominates the overall water footprint and will 

continue to do so. Coal-based power comprises the 

single largest component of the installed base and is 

forecasted to grow significantly, primarily in China, 

where coal fuels 80% of power plants. Recent devel-

opments that can help manage the growing water 

demand in China include (1) consolidation of older, 

smaller units into larger, more thermally efficient 

plants; (2) use of lower-water-intensity designs 

(higher-efficiency pulverized-coal and integrated 

gasification combined-cycle plants); and (3) further 

deployment of air cooling in its arid northern regions 

(where air cooling had been installed on 35 GW of 

capacity by 2008).  10    

     •      Carbon-capture technologies can significantly 

increase the water footprint of fossil-fuel-based power 

generation (see the CCS scenario in the  fi gure ). Cur-

rently available technologies such as solvent capture 

can double the water requirements.  7   Some of this 

impact could be mitigated through the development 

of less water-intensive capture technologies.  

    •      There is considerable uncertainty regarding the 

deployment of nuclear power. Nuclear-based genera-

tion was projected to grow in the EIA base case, but 

the Fukushima Daiichi nuclear 

disaster in Japan following the 

earthquake and tsunami in March 

2011 has led to the shutdown of 

some existing facilities and the 

cancellation or postponement of 

others.  11    

    •      Renewable thermal (geo-

thermal, concentrated solar- 

thermal) power accounts for 

only a small part of the overall 

water footprint. The smaller 

scale of these systems (tens 

of megawatts) compared to 

fossil-fuel or nuclear plants 

results in more manage-

able heat rejection loads and 

allows for more extensive use 

of air cooling.    
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you won’t want to miss a moment. After all, it’s not called the “Happy Valley” for nothing!

Register by June 5 for discounted rates! 

2012 Electronic Materials Conference
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The Electronic Materials Conference (EMC) is the premier annual forum on the preparation and characterization of 
electronic materials. EMC 2012 held June 20–22, at scenic Pennsylvania State University, will feature plenary sessions, 
parallel topical sessions, poster sessions and an industrial exhibition. Papers submitted by students will be eligible for 
“Best Student Paper Awards.” Mark your calendars today and plan to attend!
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Scientific Program
The three-day conference will feature oral and poster presentations covering 31 topics in four categories:
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               Introduction 
 The challenges of sustainable development will require mate-

rials engineers and scientists to think beyond the current 

defi nition of what constitutes the “best” material for a given 

application. Increasingly, considerations of issues such as 

resources, toxicity, and life cycles will also be necessary. The 

question for engineering faculty is how to prepare students to 

meet these challenges. In this article, we describe some ways in 

which our separate institutions are currently teaching sustain-

able development to engineering students, especially materials 

scientists and engineers. Rather than providing a comprehensive 

review, we focus on three programs that can serve as examples 

of various pedagogical approaches. Before discussing these 

examples, however, we review some concepts that provide a 

basis for understanding sustainable development in a broader 

context. 

 The fi rst step in designing a curriculum in sustainable devel-

opment is to agree on a common defi nition of what is meant by 

the term. As noted in the introductory article to this issue, the 

United Nations’ Brundtland Commission defi ned sustainable 

development as development that “meets the needs of the 

present without compromising the ability of future generations 

to meet their own needs.”  1   Such a defi nition yields a broad and 

fl exible starting point for discussion. The advantage of a broad 

defi nition is that it does not restrict sustainable development 

to mean any specifi c technological or environmental topic but 

rather includes all current activities that could affect future 

generations. Thus, the defi nition can be refi ned accordingly 

for a specifi c course or project. 

 In the most general sense, the goal of sustainable develop-

ment is to create a sustainable global society, where society is 

viewed as a system. In the simplest version of this view, often 

called the “triple bottom line,” a society is considered as the 

union of environmental, economic, and social (cultural) sys-

tems,  2,3   that is, a system of rather complex subsystems. 

 A sustainable society is thus one that meets societal needs 

while maintaining the integrity of the environment and eco-

systems, the economy, and the social needs of individuals. 

Thinking of a society as a system is essential, because it implies 

that optimization of the system as a whole will not generally 

entail optimization of the individual subsystems; rather, tradeoffs 

between the constituent components are the norm. Thus, tradi-

tional linear, sequential optimization strategies are inadequate. 

Moreover, given the complexity and nonlinearity of the inter-

actions among the components, society is a complex system 

exhibiting emergent behavior that is not generally obvious from 
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the properties of its processes and parts. Consequently, the 

optimal technological solution in any situation might not be 

the best solution for society as a whole. 

 A course in sustainable development must thus teach students 

to recognize that engineering operates in a broad societal 

context and to take that context into account. This view is 

easily incorporated into the classic defi nition of engineering 

as “design under constraint,”  4   as sustainable development (in 

the broad sense discussed above) simply creates a new set of 

constraints. Indeed, future physical constraints on technology 

will be increasingly stringent with, for example, growing energy 

costs and requirements for low emissions of greenhouse gases. 

Equally demanding will be the societal and economic con-

straints. These additional constraints will require a different 

way to think about technology. 

 More specifi cally, these constraints might include limited 

availability of some materials, arising from their natural distri-

bution in the lithosphere or from geopolitical forces, materials 

toxicity, and the like. Resource limitations will likely require 

the replacement of materials, as well as the design of prod-

ucts for enhanced recyclability. The issues facing specifi c 

technologies, including materials, however, are all based on 

the basic system-level concepts of sustainable development 

described above. 

 The question, then, is how one introduces students to these 

ideas about sustainable development. Because sustainable 

development is a relatively new topic in higher education, there 

is no standard curriculum, and a great variety of approaches 

could be taken. Herein, we highlight three approaches that 

range from a common course for all fi rst-year students to an 

integrated set of courses to an entirely revamped curriculum that 

incorporates sustainable development throughout as a central 

theme. Although all programs have their own constraints and 

many other universities are working to establish such programs, 

it is our hope that these few examples will prompt discussion 

and generate new ideas.   

 Teaching sustainable development at Worcester 
Polytechnic Institute (WPI) 
 WPI started teaching sustainability-related courses for fi rst-

year students in 2007, in a series called the Great Problems 

Seminars.  5   The fi rst courses were called “Power the World” 

and “Feed the World.” The Great Problems Seminars were 

conceived to immerse fi rst-year students in societal issues and 

to inspire and engage them. They are offered to students in all 

fi elds (life sciences, humanities, business, and engineering), 

and as of 2010, about 40% of the fi rst-year students opted to 

enroll. At present (2011–2012 academic year), discussions 

about making the courses mandatory are ongoing. 

 In the development of this program, the faculty established 

several objectives: 

     •      to encourage critical thinking, information literacy, and 

evidence-based writing;  

     •      to engage fi rst-year students with current events, societal 

problems, and human needs;  

     •      to cultivate in each student a personal foundation for lifelong 

learning;  

     •      to contribute to a more intellectually stimulating environ-

ment at WPI; and  

     •     to promote civic engagement and community partnerships.  

   In addition, an interdisciplinary team (Engineering, Humani-

ties and Arts) developed a course called “Sustainable Develop-

ment for the 21st Century—Making Our World” that has been 

offered every year since 2008. This course emphasizes the role 

of materials science and engineering (MSE) as a vehicle for 

addressing many of the societal issues related to sustainable 

development, rather than focusing solely on the study of the 

physical and chemical nature of solids. Specifi cally, students 

learn about society’s burgeoning needs in the areas of energy 

resources, mobility/transportation, housing, food and water, 

resource recovery/recycling, and health care, not to mention 

climate change and environmental issues, and see how materials 

science is intertwined with each of these societal issues. The 

course thus provides a much larger and holistic context for MSE. 

 During the fi rst part of each of the above courses (a seven-

week period), students form teams of three or four and study the 

basic facts, write essays, and participate in active discussions 

on the above-mentioned societal issues, from both technical 

and public-policy perspectives. During the second part of the 

course, the student teams work on a specifi c project addressing 

one of these topics. At the end of the course, the teams present 

their work in a public forum, write a fi nal report, and make a 

poster that is judged externally. 

 Each course is designed to have the students grapple with 

real-world problems and develop skills of rigorous analysis, 

active engagement, and creative synthesis. They develop com-

munication skills to pursue inquiry-based work, to make con-

nections between disciplines, to explore current events and 

issues, and to consider the broader implications of science and 

technology. Specifi cally, the aim is for students to 

     •      learn about the concepts of sustainable development, cli-

mate change, energy sources, food and water issues, health 

concerns, and housing and transportation needs at the start 

of the 21st century in terms of both the MSE issues and the 

human/social aspects;  

     •      approach these issues proactively with an eye toward eco-

logically sound solutions;  

     •      experience the value of engaging different disciplinary per-

spectives—from materials science to statistics, environmen-

tal studies, history, and philosophy—in addressing real-life 

problems;  

     •      learn to formulate researchable questions based on mul-

tiple sources; and  

     •      participate in classroom debates and discussions on complex 

issues of sustainable development and contribute to teamwork.  

   The students in these courses have learned that sustainable 

development in the 21st century is attainable and that it will 

require innovation and the will to effect change. Some of the stu-

dents have taken these lessons much further afi eld, with projects in 

Kenya on water systems and soap making, for example (  Figure 1  ).     

https://doi.org/10.1557/mrs.2012.90 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2012.90


451MRS BULLETIN • VOLUME 37 • APRIL 2012 • www.mrs.org/bulletin

TEACHING SUSTAINABILITY • EDUCATION

 In 2008, The National Academy of Engineering (NAE) 

commissioned a study titled  Changing the Conversation: 

Messages for Improving Public Understanding of Engineering .  6   

The resulting report recommends that the engineering com-

munity begin immediately to plan and initiate a coordinated 

communications campaign to interest young people from all 

backgrounds in engineering careers by appealing to their desire 

to fi nd hands-on solutions to problems that can make a differ-

ence in the world and improve people’s lives. The courses at 

WPI are very much in line with the recommendations of this 

report.   

 Teaching sustainable development at Iowa 
State University 
 The Materials Science and Engineering Department at Iowa 

State University has partnered with the Mechanical Engineering 

Department to develop a series of three interrelated courses on 

sustainable development that incorporate a systems-level view, 

rather than centering on specifi c disciplines. The focus of these 

courses is, in part, on the developing world, largely because 

the systems there tend to be somewhat less complex and more 

amenable to analysis. Care is taken, however, to emphasize how 

these ideas also apply to the developed world. 

 Taken as a whole, these courses consider a wide range of 

technical and societal issues, with the balance between “engi-

neering” and “context” varying between the classes. Although 

the courses constitute an interconnected set, linking to and 

supplementing each other, they are independent and can thus 

serve the needs of a broad group of engineering students. 

 The course “Sustainable Engineering for International 

Development” is specifi cally geared toward presenting descrip-

tions of society and communities as systems and providing a 

broad view of sustainable development and appropriate tech-

nology to develop a picture of water, energy, and materials 

issues in communities at all stages of development. Although 

predominantly technical, this course contains a signifi cant 

focus on economics, anthropology, and other topics. Mate-

rials make up a large part of the class, with discussions on 

resource sustainability and how one chooses materials for spe-

cifi c sustainable technologies. Typically, around 30 students 

take this class. 

 The Mechanical Engineering course “Design for Appropriate 

Technology” offers a new take on the senior design course, with 

a focus on creating appropriate solutions for specifi c applica-

tions in the developing world. Students are asked to respond to 

defi ned needs of people in a poor village in Africa. They have 

access to both previous designs and assessments of how well 

those designs have worked in a practical application. Although 

this course is predominantly technical, its problems are motivated 

within a societal context. 

 The fi nal class in the sequence, “Applied Methods in Sustain-

able Engineering for International Development,” is a summer 

study-abroad class taught in a small village in Mali, in western 

sub-Saharan Africa.  7   The same village is visited each year, so 

projects implemented in one year can be assessed and improved 

in following years. Students spend three weeks in the village, in 

which most, if not all, villagers live on well under US$1.25/day 

(designated as extreme poverty by the World Bank). The students 

implement projects in the village, some of which 

originate in the senior design course discussed 

above. Owing to the complexities of travel to 

Mali, this course can accommodate only 10–12 

students at a time. 

 In this class, the use of materials is a critical 

part of the experience. In an isolated village 

with few resources, the students must rely on 

local materials, generally mud (for bricks and 

stoves), iron from the village blacksmith, and 

wood from the carpenter, to complete their 

projects. As an example, we introduced new 

cook stoves into the community, with the aim 

of reducing smoke and associated health haz-

ards, as well as improving effi ciency compared 

to open fi res. These stoves were of a simple 

design, made of local materials, so that the 

villagers could manufacture their own stoves, 

as purchasing stoves is generally beyond their 

fi nancial means. Over the fi rst three years of 

the class, we fi rst assessed the cooking needs 

of the village, which determined what form 

of stove to create, and then assessed, within 

the context of a wider-ranging evaluation of 

village energy needs, the effectiveness of the 

stove design. For example,   Figure 2   shows a 

   
 Figure 1.      Worcester Polytechnic Institute student Anna Chase (second from left) 

introducing women in the village of Malewa, Kenya, to the Better Water Maker (foreground). 

This portable device purifi es water with ultraviolet light generated using a hand crank. 

Photo by D. Apelian.    
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student learning how to separate grain as part of this assess-

ment of energy and cooking needs.     

 One outcome of this experience is a realization of how mate-

rials dominate our technology, as well as an appreciation of 

how much one can do with some basic materials understanding. 

Another part of the assignment is to create a report on some 

specifi c social, economic, or environmental aspect of the vil-

lage, to supplement the systems-level description. Students 

create these reports through data gathered, in part, by inter-

viewing people in the village. Among the goals for this class 

is the creation of an environment in which students can learn 

how to work effectively in a culture that is very different from 

their own. The major goal, however, is to change how students 

view the role of engineering in society, enabling them to have 

a fi rst-hand understanding of how context informs engineer-

ing solutions. The net result is also a change in how they view 

themselves as engineers. 

 It is also important to extend the discussion of sustainable 

development beyond engineering. To that end, Engineering 

and Economics faculty have co-created a course called “Glo-

balization and Sustainability” that teaches a systems-level 

view of sustainable development and is open to all under-

graduates. Taught in the “Technology and Social Change” 

program in the College of Liberal Arts and Sciences, this 

course includes students from all six undergraduate colleges 

and from all stages of their undergraduate experience, with 

enrollment of approximately 100 students. Materials make 

up an appreciable portion of this class, with a focus on the 

ubiquity of materials in technology, as well as the scarcity 

of some resources and how that scarcity can have an impact 

on future technological solutions for sustainable energy 

and products. This class is a core course in a new minor in 

sustainability.   

 Teaching principles of sustainability at California 
Polytechnic State University 
 The Materials Engineering department at the California 

Polytechnic State University (“Cal Poly”), San Luis Obispo, 

has taken the approach of infusing principles of sustainabil-

ity throughout its entire curriculum. That is, awareness and 

considerations of the social and environmental impacts are 

interwoven within several courses and have a prominent place 

in the program’s mission and culture. Through a National 

Science Foundation departmental-level reform grant awarded in 

2006, the department collectively transformed its curriculum to 

embrace sustainability and project-based learning.  8   ,   9   Although 

basic principles of materials science and engineering are still at 

the core, there has been a shift in the approach—from scientifi c 

analysis to project-based engineering design with realistic con-

straints. Central tenets of the new curriculum include systems 

thinking and the role of engineers in society. Problems have 

been reframed to show interconnectedness and to give greater 

context (e.g., new alloy systems must be developed to replace 

toxic, lead-based solders yet still provide equal or better ther-

mal and mechanical performance), in order to help develop 

engineers with the skills and mindset to effectively handle the 

complex, global issues of the future. 

 Sustainability themes are introduced in the freshmen year 

and continue throughout the students’ program of study in 

different courses and from different perspectives.  10   First-

year students design, build, and test solar water heaters in 

the context of impoverished communities. They then per-

form a service-learning project with local 

community partners and learn about user 

needs, engineering design, communication, 

and project management. As an example, a 

team of students worked with a local charter 

elementary school that did not have any hot 

water for hand washing or science experi-

ments. The Cal Poly students designed and 

installed a solar water system (  Figure 3  ) and 

created associated learning materials about 

their design for the children. User-centered 

design places the focus on people and can be 

a great motivator for learning.     

 The second year includes the courses “Materi-

als, Ethics & Society” and “Materials Selection 

for the Life Cycle.” CES Selector software with 

the Eco Audit tool  11   is employed to quantita-

tively assess the choices of different materials 

during different parts of the product life cycle. 

Students learn about the “triple bottom line” (as 

mentioned in the Introduction) and how the cost 

of a product involves many different factors 

such as labor, embodied energy, transportation, 

supply and demand, and politics (e.g., wars, 

   
 Figure 2.      Student working with women in a village in Mali to help determine energy and 

cooking needs. Photo by R. LeSar.    
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strikes, and embargos). Current news articles are used to 

emphasize the topics’ relevance, and directed reflection 

assignments and in-class discussions allow greater opportu-

nity for thought on the impact of engineering on people and 

the planet. For example, an assignment that has a signifi cant 

impact on students is a set of articles and photo gallery  12   on 

the electronic wastes that end up in developing countries. 

Students make the connection between their latest cell phone 

and young children exposed to toxic materials in other parts 

of the world. Likewise, the connection between the demand 

for rare-earth metals for renewable energy technologies and 

the devastation of farmland in China  13   requires broader views 

and systems thinking. 

 Processing, structure, and properties of materials fi nd new 

context in appropriate technology. For example, discussion of 

the organization Potters for Peace (  http :// www . pottersforpeace . 

org / ) provides great context for considering purposeful porosity 

in ceramics to fi lter water. Similarly, an introduction to the Euro-

pean RoHS regulations (Restriction of the Use of Certain Haz-

ardous Substances in Electrical and Electronic Equipment) and 

the search for lead-free solders drives the need to understand 

eutectic alloy systems and phase diagrams. Real-world contexts 

and realistic design constraints that involve environmental and 

societal impacts provide rich learning experiences for students. 

 Experience at Cal Poly has shown that students become 

more invested in their learning when topics relate to the 

“real world” and when engineering offers solutions to global 

problems. More students in this program are also choos-

ing senior projects that have a sustainability theme (e.g., 

bioresins for surfboards, degradation of nat-

ural fi ber composites, biochar as an energy 

source for developing countries), and several 

graduates have actively sought jobs in areas 

that pertain to sustainability (e.g., solar cells, 

electric vehicles).   

 Where do we go from here? 
 Thus far, this article has summarized our 

experiences in implementing educational 

programs in sustainable development at 

Worcester Polytechnic Institute, Iowa State 

University, and California Polytechnic State 

University. As we and others improve current 

courses and develop new learning opportuni-

ties in sustainable development, the central 

issue is how to provide the most meaningful 

and practical learning experiences for our 

students. Questions on the details of such 

programs remain, such as: 

    •      How should specialization in the materials 

fi eld be balanced with broader, multidisci-

plinary education?  

    •      How can different universities share their 

experiences in teaching sustainable devel-

opment?  

    •      What types of data should be collected to assess the teach-

ing of sustainable development? (e.g., How does one assess 

student ability to “systems think”?)  

     •     How can these programs impact all materials science 

students and encourage all practitioners to embrace sustainable 

development as part of our profession?  

   We feel that a clearinghouse or forum for educators to share 

ideas and experiences around the teaching of sustainable devel-

opment would be benefi cial for our community. Perhaps the 

University Materials Council, an organization of U.S. and 

Canadian materials science educators that serves as a forum 

for sharing best practices and discussing issues such as cur-

ricular improvements (  http :// www . umatcon . org / ), could take 

the lead in this domain.   

 Summary and conclusions 
 The educational system is still in the beginning stages of learn-

ing how to teach a broader view of sustainable engineering. In 

addition to the three institutions profi led, many other univer-

sities have also been developing new curricula and research 

based on these ideas, and indeed, a few have created centers 

focused on these issues.  14   –   16   The key point for all materials 

scientists is that the solutions that are being proposed for 

sustainable development, including green designs, renewable 

energy, and a host of others, cannot meet our future challenges 

unless we fi nd appropriate technologies and paths for our 

society and ourselves. Our job in the university is to ensure 

that we turn out scientists and engineers who are best prepared 

to do so.     

   
 Figure 3.      Freshman service learning project with a California K–6 charter school to install 

a solar water heater. Cal Poly students conducted a user needs assessment and identifi ed 

the engineering design constraints and requirements to provide hot water to school 

children to wash their hands and for the science teacher to conduct experiments. They 

then installed the system and still maintain it. Photo by K. Chen.    
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expected to demonstrate excellence in both teaching and research that 
include graduate and undergraduate students. 

Applications must include a cover letter, current resume including list of 
publications, a summary of research interests, and teaching interests/
philosophy, plus at least three references. This position will remain open 
until fi lled, but candidates are encouraged to apply by May 30, 2012 for full 
consideration. Apply to: New Mexico Institute of Mining and Technology, 
Human Resources, 801 Leroy Place, Brown Hall, Box 023, Socorro, NM 
87801. Questions regarding this position may be directed to Dr. Nikolai 
Kalugin at nkalugin@nmt.edu. For further information about New Mexico 
Tech and Socorro, New Mexico, go to our website at www.nmt.edu.

New Mexico Tech is an Equal Opportunity/Affi rmative Action Institution

FACULTY POSITIONS
Materials and Metallurgical Engineering Department 

bring it
Your talent. Your knowledge. Your imagination. Your best.

At Automotive Fuel Cell Cooperation, our talented team is driven 
fuel cell 

Be part of our team, as a:

To learn more and to apply online, please visit the Careers 
page on our website.

afcc-auto.com
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CAREER CENTRAL

Ningbo Institute of Material Technology and Engineering (NIMTE) is located in Ningbo, a prosperous port city in Zhejiang Province, 

China that enjoys both a rich cultural heritage and highly developed economy. NIMTE is the fi rst institute of CAS in Zhejiang Province. NIMTE 

was founded in 2004 with the core value to “Facilitate the application of scientifi c research achievements, and deliver innovative solutions for 

industry and society,” and with the vision to become a unique world-class research institute in materials science, technology, and engineering.

NIMTE is mainly engaged in the research on magnetic materials, polymer and composite materials, functional materials and nano-devices, 

surface engineering, and new energy materials. In March 2009, NIMTE launched the construction phase 2, in which NIMTE will be upgraded 

to the Ningbo Industrial Technology Research Institutes (NITRI), consisting of three subsidiary institutes respectively named the Institute of 

Materials Technology, the Institute of Advanced Manufacturing, and the Institute of New Energy Technology. 

NIMTE owns a public technical service platform with facilities valued at 120 million RMB. At present, NIMTE has 650 staff, including one 

academician and about 140 professors. NIMTE has undertaken more than 400 research projects with a total grant of 600 million RMB. In 

the past few years, NIMTE has fi led 494 patents and published over 590 scientifi c papers and proceedings. NIMTE focuses on the develop-

ment of new materials, new energy, and advanced manufacturing techniques. The research information can be found at www.nimte.ac.cn.

NIMTE invites outstanding applications in emerging fi elds for senior positions at all ranks, including the National “Qianren” candidate, the 

“Youth Qianren Talents,” the “Hundred Talents Program” of CAS, the “Qianren” of Zhejiang, and the Flagship Leader, Team Leader, and Young 

Leader of NIMTE. Appointments can be at the Chief Professor/Engineer, full, or associate professor rank commensurate with the candidate’s 

experience and accomplishments.

NIMTE offers generous and competitive start-up packages, including startup funds of 0.5-10 million RMB, house purchasing privilege and 

subsidies under the Talent Recruitment Programs, additional bonuses based on individual performance, and effective profi t distribution.

Applications and nominations enclosing an updated CV should be sent to:

Dr. Ruili Zhang, Department of Human Resources

Ningbo Institute of Material Technology and Engineering 

519 Zhuangshi Road, Zhenghai, Ningbo

Zhejiang, P. R. China 315201

Tel: (86) 574-87911123

E-mail: rlzhang@nimte.ac.cn

NIMTE will have a recruitment booth at the 2012 MRS Spring Meeting Career Center. Please contact Prof. Shang-Fen Ren at 

sfren@nimte.ac.cn or 408-431-0713 (cell) to arrange a face-to-face meeting. NIMTE will also host a reception on Tuesday, April 10, 

from 6:30 to 9:00 pm. All interested people and friends are invited to stop by the Club Room at the Marriott Marquis.

NINGBO INSTITUTE OF MATERIAL TECHNOLOGY AND ENGINEERING (NIMTE) • CHINESE ACADEMY OF SCIENCES (CAS)
Senior Positions Available

FIST is a large selective investment by XJTU in an eff ort to establish a world-class, multi-disciplin-
ary research institute. To achieve this goal, FIST is setting up 14 research centers of excellence in 
Mathematics, Physics, Chemistry, Bio-Science/Life-Science/Basic-medical-Science, and Materials 
Science, and adopts a new management system similar to that of most U.S. universities. Seven 
out of the 14 planned centers have been established recently, and FIST is now recruiting the 
remaining seven Center Directors (either full-time or honorary). In addition, FIST invites applica-
tions to fi ll its multiple, full-time tenure-track faculty positions at all levels (from lab director 
to group leader), as well as postdoctoral positions. See our Chinese ad at http://fi st.xjtu.edu.
cn/show.php?id=40 for details.

An eligible candidate for the Center Director position should be an internationally renowned 
scientist and established leader in his/her fi eld, with the ability and will to build his/her center 
into an internationally recognized center of excellence. Successful candidates will be provided 
with a sizable start-up package to establish a research center, together with a salary (500k-800k 
RMB annually for full-time directors) or an honorarium commensurate with the working days (for 
honorary directors). See our Chinese ad at http://fi st.xjtu.edu.cn/show.php?id=40 for details.

In addition to the Center Director positions, FIST also invites applications in the above-mentioned 
areas to fi ll its full-time, tenure-track faculty positions at all levels, from lab director to group 

CENTER DIRECTORSHIPS/TENURE-TRACK FACULTY 

POSITIONS/POSTDOCTORAL RESEARCH FELLOWS

Frontier Institute of Science and Technology (FIST)

Xi’an Jiaotong University (XJTU)

XJTU is an AA / EOE employer. 

leader. Applications for postdoctoral positions are also welcome. An eligible faculty candidate 
should have a track-record for excellence in research and the potential to lead a lab or a group to 
success. Successful candidates will be provided with a competitive start-up package including 
an annual salary of 100k-500k RMB, a 15-200m2 lab space, and enough start-up funds, together 
with many other benefi ts. Position level and start-up package will vary with the candidate’s 
qualifi cation. See our Chinese ad at http://fi st.xjtu.edu.cn/show.php?id=40 for details.

Interested individuals should set up their free ResearcherID webpage on http://www.
researcherid.com. Please send your ResearcherID citation information along with a cover 
letter, CV, and a list of ten representative publications to:

 Dr. Xiangli Meng
 Frontier Institute of Science and Technology (FIST)
 Xi’an Jiaotong University
 1 West Building, 99 Yanxiang Road
 Yanta District, Xi’an, Shaanxi Province
 P.R. China 710054 
 Tel/Fax: +86 29 83395131
 Email: fi st@mail.xjtu.edu.cn

Valid through June 30, 2012
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