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Abstract: Life cycle assessment (LCA) is based on the basic principles of sustainable development. LCA method demonstrated its
efficiency in providing a systematic environmental assessment approach of a product or a process. The effectiveness and efficiency of
these methods lies in the fact that they take into account all life cycle stages of a product, from the extraction of raw materials to end
of life treatment (recycling, ...) through an assessment covering different impact categories such as climate change, human health,
ecosystems and resources. Existing LCA indicators reflect different issues surrounding resource depletion, creating inconsistency and
moreover confusion among LCA practitioners. The evaluation of different life cycle impacts assessment (LCIA) methods done by EC
JRC showed that available models did not address the same parameters: short- vs long-term, stock vs backup technology, etc. It also
showed that if the correlation between the methods was sufficient for some resources, others such as rare earth elements showed a
high level of inconsistency between methods. It was therefore necessary to develop a relevant indicator and harmonized assessment of
impacts on resources in LCA. Furthermore, a resource strategy indicator based on the three pillars of sustainable development (eco-
nomic, environmental and social) would better address wider challenges and making it a more powerful decision making tool. This
study aimed to introduce an indicator for evaluating the strategy implications of metal resources for products and to compare different
ways of production resulting from extraction of raw materials or recycling, with a special focus on rare earth materials. The indicator
would assess the impacts based on a reserve-resource vision [BGS NERC] and the evolution over time and founded over three pa-
rameters: technical feasibility, economic viability and political stability (including social and environmental aspects) in representing

countries.
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Life cycle assessment (LCA) is based on the basic prin-
ciples of sustainable development”, They demonstrate
their efficiency in providing a systematic environmental
assessment approach of a product or a process. The ef-
fectiveness and efficiency of these methods lie in the fact
that they take into account all life cycle stages of a prod-
uct, from the extraction of raw materials to end of life
treatment through an assessment covering different im-
pact categories such as climate change, human health,
ecosystems and resources. By considering different stages
of life cycle of a product and different impact categories,
LCA can be used as a decision tool to help the innova-
tion process and avoid the problem of shifting environ-
mental impacts and minimize secondary effects.

In LCA, inputs and outputs as extracted resources and
emissions from different stages of life cycle are assessed
in terms of impacts called life cycle impact assessment
(LCIA). A variety of LCIA methods already exist and at
the same time new approaches are emerging due to lack
of consistency in providing widely acceptable indicators
particularly for impacts associated with resource use.

This article, therefore, aimed to analyze the methodo-
logical variability of LCIA methods for metals in general
and for Rare Earth Elements (REEs) in particular. By
doing so it also aimed to discover and suggest new areas
of improvement using the case study on REEs.

There is an increasing concern over the environ-
mental impacts of metals. These impacts are either due
to toxicity originating from the nature of their chemical
composition or due to the use of energy and resources
during their life cycle, from mining to final disposal.
Impacts associated with the production and consump-
tion of metals are dominated to a greater extent by
mining and refining stages as they are very energy in-
tensive processes”*. Raw materials production as-
sessments are then used to model the environmental
impacts of different products in which these materials
are used. Furthermore one should not forget the indirect
impacts of resources and their contribution in reducing
global impacts (e.g. REEs and transition to green
economy). This paper focused on the LCIA of resource
use of REEs.
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1 Resource issues in LCA: the case of rare
earths

Existing LCA indicators reflect different issues sur-
rounding resource depletion, creating inconsistency and
moreover confusion among LCA practitioners. The
evaluation of different LCIA methods was performed by
EC JRCP!. It shows that available models do not address
the same parameters: short- vs. long- term, stock vs.
backup technology, etc!®. There are more than 5 impact
assessment methods assessing resource use and yet Ber-
ger and Finkbeiner!” demonstrated lack of correlation
between them.

The methodological issues of metals depletion and
scarcity are treated controversially in LCA framework as
mentioned by different authors™. It was also suggested
by EC JRC that there is a need for improvements'™.
Generally the environmental impact associated with the
use of non-renewable resources such as mineral metals
had been addressed by using four main approaches as
categorized by Stewart and Weidema!'”. The first ap-
proach is based on the summation of mass and energy
relative to the mass and energy of the material extracted.
The second is based on use-to-stock ratio!"'" ™. The
third is due to consideration of exergy and entropy im-
pacts'>'®!. Finally it is based on the potential future con-
sequence of resources extraction. The later is considered
as end-point analysis. It is based on the fact that an in-
creasing demand on metals tempts their extraction at a
high concentration, leaving the future generation to re-
quire relatively high effort to extract the same amount.
This could result in increasing the cost and then the en-
vironmental impact of extraction. There are different ap-
proaches to measure the future consequence of mineral
extraction such as surplus''™'®, marginal cost!"”.

In LCA as a decision tool, special attention has been
given to the necessity of a sustainable use of natural re-
sources. In order to elaborate the case for metals in an
operational level, one needs to define a measurable indi-
cator. Although the necessity of this measurement is
widely agreed on, it seems difficult to recommend any of
the existing indicators which are used to measure abiotic
resource production and consumption. Furthermore, a
resource strategy indicator based on the three pillars of
sustainable development will better address wider chal-
lenges, making it a more powerful decision making tool.

The rest of the paper was structured as follows. The
second section explained some important aspects of
REEs. The third presented environmental impacts com-
parison of REEs with Cu. The methodological inconsis-
tency of different LCIA methods was also analyzed and
validated based on their characterizations. Then we in-
troduced briefly resource indicators in LCA and showed
corresponding impacts related to REEs. Finally, based on
the discussion we introduced a new concept to assess the

resource issue. Main conclusions were drawn in the last
section.

2 Why REEs?

REEs, despite their name, are relatively abundant in the
earth’s crust. REEs are the seventeen similar metallic ele-
ments from lanthanum to lutetium (lanthanides), plus
scandium and yttrium.

Due to their applications, REEs are becoming increas-
ingly important in the transition to a green, low-carbon
economy (DEMAND). Their consumption in sectors such
as transport, energy and high-tech increases both the de-
mand and price of REEs®”. They are used in permanent
magnets, lamp phosphors, rechargeable NiMH batteries,
catalysts among other applications®* >,

REEs are critical materials with strong Supply risk.
More than 90% of the global REEs are produced by one
country™!. The European Commission expert working
group (2009-2010) report Defining Critical Raw Materi-
als in the EU published in 2010 identifies REEs as the
most critical raw materials group with the highest supply
risk®¥,

In addition direct and indirect Environmental and So-
cial issues are huge concerns for the extraction and proc-
essing of REEs, particularly due to presence of uranium
and thorium.

The other major issues are the Recycling of REEs and
the balance problem'™!. This problem is more significant
on the absence of primary deposits. As the demand for
different REEs is not the same and REEs occur in dif-
ferent ratios in ores, the extraction of more scarce ele-
ments increase more and more. Hence recycling of REEs
even for their suppliers is an important issue.

3 LCIA of REEs

Based on available mining data and mineral processing,
LCA of REEs is carried out for a number of mines. As an
illustration, Fig. 1 shows the environmental impacts of
REEs production from cradle-to-gate (from the extraction
of raw materials to production of REEs) compared with
Cu. We selected copper since its function is partially simi-
lar to REEs and reliable data for copper production is
readily available. The impact assessment methods used in
this case study is based on ILCD recommendations for life
cycle impact assessment in the European context”.

The main data is based on the Chinese Rare Earth In-
dustry Report 2009. Primary production comes from
China, Bayun Obo mine Mongolia. Fuel and energy in-
puts in the system reflect average Chinese conditions and
whenever applicable, site specific conditions were ap-
plied, to reflect representative situations.

As can be seen in the figure, for all impact categories
except for resource depletion, the ratio of cradle-to-gate
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Fig. 1 REEs/Cu 1 kg environmental impacts based on ILCD

recommendations for EU context

(1) Acidification (Moles of N or S-Equiv.); (2) CML2002 re-
source depletion, reserve based (kg Sb-Equiv.); (3) IPCC global
warming, incl biogenic carbon (kg CO,-Equiv.); (4) Particulate
matter/respiratory inorganics (kg PM2.5-Equiv.); (5) lonising
radiation (kg U235 Equiv.); (6) Marine eutrophication (kg
N-Equiv.); (7) Photochemical oxidant formation (kg NMVOC);
(8) Terrestrial eutrophication (Moles of N or S-Equiv.); (9)
Freshwater consumption (kg); (10) Ozone depletion air (kg
CFC 111-Equiv.); (11) USEtox, Human toxicity, cancer
(CTUh); (12) USEtox, Human toxicity, non-canc (CTUh)

impacts of REEs are 10 to 100 times higher than similar
impacts from Cu (due to the special environmental prob-
lems related to the production of REEs). Fig. 1 illustrates
relative effectiveness of environmental impact assessment
in LCA. The main issue in this figure is how accurate re-
source indicators in LCA are?

The CML method for resource depletion as recom-
mended by European commission™, is based on the
use-to-availability ratios of the metals. In this method,
annual production of the metal is divided by the square
of the ultimate reserves, to measure characterization fac-
tors (CFs). Then the value is multiplied by the square of
the ultimate reserves of antimony and divided by the an-
nual production of antimony. All CFs are expressed in
terms of antimony equivalents. The CML method uses
ultimate reserves instead of reserves in order to avoid
changes due to new discoveries and changing economic
conditions. The ultimate reserve is the total amount of
that metal in the earth’s hydrosphere, atmosphere and
crust. (For REEs the ultimate reserve is approximately
equal to the crustal abundance).

The fact that REEs are relatively abundant in the
earth’s crust™, and they rarely occur in more concen-
trated forms validate in Fig. 1 where the ratios of REEs
to Cu is smaller. That is the reason why in CML Cu
seems more scarce than REEs.

In order to evaluate the effectiveness of resource indica-
tors in LCA for REEs and based on the special characteri-
zation of REEs described in Section 2 an assessment of re-
source depletion was performed using different LCIA meth-
ods. The result is presented in Fig. 2. Data used in Fig. 2 for
REE:s production are the same as the one used in Fig. 1.
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Fig. 2 REEs/Cu for different LCA methods for resource indicators
(1) CML2002 resource depletion, fossil and mineral, reserve
based (kg Sb-Equiv.); (2) EI99, IA, resources, minerals (Misur-
plus energy); (3) 102+V2.1 — mineral extraction — midpoint (MJ
surplus); (4) ReCipe endpoint (H) — Metal depletion (S)

The figure shows that in all LCIA methods 1 kg of
REEs contribute less than 1 kg of Cu to resource problem.
For a wide range of metals such as lead, zinc, silver com-
pared to REEs the resource indicator follows the same
trend. As explained the impact obtained from the use of
CML method shows a huge variation. This is due to the
nature of modeling in which CML approach is working.

The LCA results presented above are only represent-
ing the use to availability ratio or future consequences,
which are based on the geological availability in long-
term horizon. However, it is also of significant impor-
tance to consider multi-criteria indicators in order to ad-
dress issue for example criticality of minerals. This is
highly relevant for metals such as REEs. Recent studies
consider a wide range of parameters that define both the
short-, medium- and long-term implication of resource
criticality!®***7!,

The recent work from Graedel et al. provides a meth-
odological approach to assessing criticality of metals!*®),
which is also applied for the case of copper by Nassar et
al®). The method assesses the criticality of metal from
three broad dimensions: supply risk, vulnerability to sup-
ply restriction and environmental implication. The sup-
ply risk dimension is not only focused on the availability
of the resources but also includes other factors that may
directly or indirectly affect the geological availability of
resources. This includes social and regulatory, geopolitical,
technological and economic indicators. The social and
regulatory factors reflect the potential risk in which the so-
ciety or the policy could impose on the resource extraction.
The technological and economic factors refer to how the
extraction is possible using the existing technology and
whether it is economically feasible, respectively. The
geopolitical factors deal with the potential risk associated
with any political instability or political action. The case of
REEs in which their production and supply are dominated
by a few countries with partial stability could be a good
example. The other dimension of metal criticality is vul-
nerability to supply restriction which refers to the impor-
tance of a given metal to a company or nation. It measures
how the functionality of a company or a nation could po-
tentially be affected by the supply disruption of a metal of
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Fig. 3 New indicator founded over three parameters: technical
feasibility, economic viability and political stability

interest. Here the substitutability of the metal is the most
important factor among others. The third dimension ad-
dresses the environmental impacts associated with the life
cycle of the metal. Extraction and entire process of metal
productions are well known for their high energy inten-
siveness and also high associated environmental im-
pacts®¥. Beside their high energy demand on the extrac-
tion and production they also contribute to human toxic-
ity. Therefore, it is important to include their environ-
mental implication while assessing criticality. Generally
the method proposed by Graedel et al.”**! could be seen
as a mile stone for the development of criticality assess-
ment. It could be used to further develop an operational
LCIA method for resource which looks not only at the
geological availability but also at other criteria. This is-
sue is not yet addressed in the current LCA frameworks.

4 Conclusions

Concern over resource depletion and scarcity is going to
be continuous as the demand on resources increase to keep
a high product performance coupled with the advances in
technologies. These have recently drawn the attention of
individuals, researchers, decision-makers at different or-
ganizational levels to the issue of criticality assessment.
Different methodological approaches under the LCA
framework were used to address the impact of resource
extraction. However, they did lack consistency. More-
over, they all focused mainly on the geological availabil-
ity of resources and not on the other critical factors. The
case of REEs discussed in this paper could be a good
example as it clearly showed the limitation of existing
LCIA methods in addressing the issue of criticality.
Looking only at the LCIA results we could say that
REEs are not scarce. But this doesn't mean they are
available for use. REEs are not really rare, but they are

widely distributed in the earth's crust. However, their
production and supply is concentrated in very few coun-
tries. Therefore, assessment which considers only re-
source availability could not address the potential future
consequences properly. The results in LCIA would have
been different if multi-criteria indicators have been con-
sidered.

This suggest that there is a need to go beyond the cur-
rent LCIA method in order to incorporate other important
factors that have significant importance in addressing the
issue of resource criticality. In this regard the method by
Graedel et al. could be used as a starting point to develop
an operational LCIA method for metal criticality analysis.
The work on this topic is in progress.

Acknowledgements: The authors would like to express sincere
thanks to platfom [avniR] — cd2e particularly Christian TRAIS-
NEL for funding this research project. The first author would like
to thank Jodie BRICOUT for all her valuable feedbacks.

References:

[1] Guinée J B, Gorrée M, Heijungs R, Huppes G, Kleijn R, de
Koning A, van Oers L, Wegener Sleeswijk A, Suh S, Udo
de Haes H A, de Bruijn H, van Duin R, Huijbregts M A J.
Handbook on Life Cycle Assessment: Operational Guide
to the ISO Standards, Dordrecht; Boston; London: Kluwer
Academic Publishers, 2002.

[2] Sonnemann G, Castells F, Schuhmacher M. Integrated
Life-Cycle and Risk Assessment for Industrial Process.
Boca Raton, Florida: Lewis Publishers, 2004.

[3] Althaus H J, Classen M. Life cycle inventories of metals
and methodological aspects of inventorying material re-
sources in ecoinvent. Int. J. Life Cycle Ass., 2005, 10(1):
43.

[4] Classen M, Althaus H-J, Blaser S, Scharnhorst W, Tuchschmid
M, Jungbluth N, Emmenegger M F. Life Cycle Invento-
ries of Metals. Diibendorf: Swiss Centre for Life-Cycle
Inventories, 2007.

[5] EC-JRC ILCD Handbook: Recommendations for Life Cy-
cle Impact Assessment in the European Context, Luxem-
burg: Publications Office of the European Union, 2011.

[6] Emanuelsson A, Goedkoop M, Hanafiah M M, Hellweg S,
Hornborg S, Huijbregts M A J, Koellner T, Leuven R,
Milai Canals L, Ntfiez M, Obersteiner M, Pfister S, Son-
esson U, Storm P, van der Velde M, van Zelm R, Vieira M,
Ziegler F. Recommended assessment framework, method
and characterisation and normalisation factors for resource
use impacts: phase 1, LC-IMPACT, 2013.

[7] Berger M, Finkbeiner M. Water Footprinting: How to ad-
dress water use in life cycle assessment? Sustainability,
2010, 2: 919.

[8] Wiger P, Classen M. Metal availability and supply: the
many facets of scarcity. 1st International Symposium on
Material, Minerals, & Metal Ecology (MMME 06). Cape
Town, South Africa, 2006.

[9] Yellishetty M, Mohan P G, Ranjith A, Bhosale S. Life cy-
cle assessment in the minerals and metals sector: a critical



292

review of selected issues and challenges. /nt. J. Life Cycle
Ass., 2009, 14(3): 257.

[10] Stewart M, Weidema B P. A consistent framework for as-
sessing the impacts from resource use - A focus on re-
source functionality. Int. J. Life Cycle Ass., 2005, 10(4):
240.

[11] Guinée J B, Heijungs R. A proposal for the definition of
resource equivalency factors for use in product life-cycle
assessment. Environ. Toxicol. Chem., 1995, 14(5): 917.

[12] Hauschild M Z, Wenzel H. Environmental Assessment of
Products - Volume 2: Scientific Background, London:
Chapman and Hall, 1998.

[13] Heijungs R, Guinée J B, Huppes G, Lankreijer R M, Udo
de Haes H A, Wegener Sleeswijk A, Ansems A M M,
Eggels P G, van Duin R, de Goede H P. Environmental
Life Cycle Assessment of Products: Guide and Back-
grounds (Part 2), Leiden: CML, 1992.

[14] Schneider L, Berger M, Finkbeiner M. The anthropogenic
stock extended abiotic depletion potential (AADP) as a
new parameterisation to model the depletion of abiotic re-
sources. The International Journal of Life Cycle Assess-
ment, 2011, 16(9): 929.

[15] Bosch M, Hellweg S, Huijbregts M J, Frischknecht R. Ap-
plying cumulative exergy demand (CExD) indicators to
the ecoinvent database. The International Journal of Life
Cycle Assessment, 2007, 12(3): 181.

[16] Dewulf J, Bosch M E, De Meester B, Van der Vorst G,
Van Langenhove H, Hellweg S, Huijbregts M A J. Cumu-
lative energy extraction from the natural environment
(CEENE): a comprehensive life cycle impact assessment
method for resource accounting. Environ. Sci. Technol.,
2007, 41(24): 84717.

[17] Goedkoop M, Spriensma R. The Eco Indicator 99: Meth-
odology Report and Annex, Amersfoort: PRé Consultants,
1999.

[18] Jolliet O, Margni M, Charles R, Humbert S, Payet J, Re-
bitzer G, Rosenbaum R. IMPACT 2002+: a new life cycle
impact assessment methodology. Int. J. Life Cycle Ass.,
2003, 8(6): 324.

[19] Goedkoop M, Heijungs R, Huijbregts M, Schryver A D,
Struijs J, van Zelm R. ReCiPe 2008 - A Life Cycle Impact
Assessment Method Which Comprises Harmonised Cate-

JOURNAL OF RARE EARTHS, Vol. 32, No. 3, Mar. 2014

gory Indicators at the Midpoint and the Endpoint Level.
First edition. Report I: Characterisation, 2009: NL.

[20] Moss R L, Tzimas E, Kara H, Willis P, Kooroshy J. Criti-
cal Metals in Strategic Energy Technologies - Assessing
Rare Metals as Supply-Chain Bottlenecks in Low-Carbon
Energy Technologies. Joint Research Centre-Institute for
Energy and Transport, European Commission, 2011.

[21] Swart P, Dewulf J. Quantifying the impacts of primary
metal resource use in life cycle assessment based on recent
mining data. Resou. Conserv. Recyc., 2013, 73(0): 180.

[22] National Research Council (NRC), Committee on Critical
Mineral Impacts of the U.S. Economy, Committee on
Earth Resources, Minerals, Critical Minerals, and the U.S.
Economy, Washington, DC: The National Academies
Press, 2008.

[23] Binnemans K, Peter T J, Bart B, Tom V G, Yang Y X,
Allan W, Matthias B. Recycling of rare earths: a critical
review. J. Cleaner Prod., 2013, 51(0): 1.

[24] European Commission (EC), Critical Raw Materials for
the EU. Report of the Ad-Hoc Working Group on Defin-
ing Critical Raw Materials, EU: Brussels, Belgium, 2010.

[25] Chen Z H. Global rare earth resources and scenarios of
future rare earth industry. J. Rare Earths, 2010, 29(1): 1.

[26] Lloyd S, Lee J, Clifton A, Elghali L, France C. Recom-
mendations for assessing materials criticality. Proceedings
of the ICE - Waste and Resource Management, 2012, 165:
191.

[27] US Department of Energy (DOE), Critical Materials
Strategy 2011. Washington, DC, 2011.

[28] Graedel T E, Barr R, Chandler C, Chase T, Choi J,
Christoffersen L, Friedlander E, Henly C, Jun C, Nassar N
T, Schechner D, Warren S, Yang M Y, Zhu C. Methodol-
ogy of metal criticality determination. Environ. Sci. Tech-
nol., 2012, 46(2): 1063.

[29] Nassar N T, Barr R, Browning M, Diao Z, Friedlander E,
Harper E M, Henly C, Kavlak G, Kwatra S, Jun C, Warren
S, Yang M Y, Graedel T E. Criticality of the geological
copper Family. Environ. Sci. Technol., 2012, 46(2): 1071.

[30] Erdmann L, Graedel T E. Criticality of non-fuel minerals:
A review of major approaches and analyses. Environ. Sci.
Technol., 2011, 45(18): 7620.





