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Abstract While it is generally agreed that successful
strategies to address the health and environmental
impacts of engineered nanomaterials (NM) should
consider the well-established frameworks for con-
ducting life-cycle assessment (LCA) and risk assess-
ment (RA), scientific research, and specific guidance
on how to practically apply these methods are still very
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much under development. This paper evaluates how
research efforts have applied LCA and RA together for
NM, particularly reflecting on previous experiences
with applying these methods to chemicals. Through a
literature review and a separate analysis of research
focused on applying LCA and RA together for NM, it
appears that current research efforts have taken into
account some key “lessons learned” from previous
experience with chemicals while many key challenges
remain for practically applying these methods to NM.
We identified two main approaches for using these
methods together for NM: “LC-based RA” (tradi-
tional RA applied in a life-cycle perspective) and
“RA-complemented LCA” (conventional LCA sup-
plemented by RA in specific life-cycle steps). Hence,
the latter is the only identified approach which
genuinely combines LC- and RA-based methods for
NM-risk research efforts to date as the former is rather
a continuation of normal RA according to standard
assessment procedures (e.g., REACH). Both these
approaches along with recommendations for using
LCA and RA together for NM are similar to those
made previously for chemicals, and thus, there does
not appear to be much progress made specific for NM.
We have identified one issue in particular that may be
specific for NM when applying LCA and RA at this
time: the need to establish proper dose metrics within
both methods.

Keywords Life-cycle assessment - Risk assessment -
Engineered nanomaterials - Chemicals
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Introduction

The general consensus among scientists, researchers, and
regulatory agencies is that the potential health and
environmental risks of engineered nanomaterials (NM)
should be evaluated over their entire life-cycle (e.g.,
Davis 2007; DEFRA 2007; Seager and Linkov 2008).
This is because a comprehensive approach to investigat-
ing these risks should consider the various life-cycle
stages which span from extracting the raw materials for
producing NM through their end-of-life stages to capture
all potential risks to human health and the environment.
Moreover, assessing the potential health and environ-
mental risks of NM has in principle been based on
previously developed frameworks to assess the risks of
chemicals (SCHENIR 2007), and in Europe this is e.g.,
outlined in the REACH guidance documents for chem-
ical safety assessment (ECHA 2010). In response, life-
cycle assessment (LCA) and chemical risk assessment
(RA) have been put forth as the two main approaches to
address the health and environmental impacts of NM (see
Box 1). Moreover, it has often been recommended that a
combination of LCA and RA is needed to fully evaluate
the potential health and environmental risks of NM
(Sweet and Strohm 2006; Seager and Linkov 2008; US
Army Environmental Policy Institute 2009; EC 2011b;
Linkov et al. 2011). Thus, a number of organizations and
scientists have called for improved methods for the
complementary use of LCA and RA for NM (e.g., EC
2004, 2011a; Royal Society 2004; Davis 2007; Shatkin
2008a; US EPA 2008). A number of international
research endeavors have been set forth in recent years to
investigate the potential health and environmental risks
of NM over their life-cycle in various formats and
strategies, including attempts to use LCA and RA
frameworks in their formal sense (i.e., ISO 14040 series,
chemical RA: ISO 2006a, b; ECHA 2010) or in more
general formats such as life-cycle (LC)- and RA-based
methods (i.e., use of preliminary exposure data and/or
toxicological data over various life-cycle stages) (e.g.
Shatkin 2008a, b; US EPA 2008; EUMAT 2011).

In fact, this call for the use of both LCA and RA in
the case of NM is not surprising given that they have
been proposed and used previously, both separately as
well as together for chemicals (e.g., Nishioka et al.
2002; Socolof and Geibig 2006). Formulating strate-
gies to use LCA and RA together for chemicals has
been pursued in a range of research efforts for more
than a decade, and remains a topic of on-going work
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(e.g., Christensen and Olsen 2004; Bare 2006; Russel
2007; Kuczenski et al. 2010; Lim et al. 2011; Linkov
and Seager 2011). Some proposed approaches to
combining these tools together range from the use of
the same data, the complementary use of the results as
well as efforts to integrate these two tools into one.
However, there have been a number of challenges to
applying LCA and RA in combination for chemicals,
as noted by several authors (e.g., Owens 1997). Some
of these include different interpretations and percep-
tions of LCA and RA across disciplines (Christensen
and Olsen 2004) as well as differing scopes, aims, and
end results between the two methods (Olsen et al.
2001; Bare 2006). For example, as outlined in Fig. 1,
LCA assesses a wide variety of environmental impacts
of a product or system related to the functional unit
(i.e., the function delivered), while RA assesses the
health and environmental risks of a single substance at
a particular point in the chemical’s life-cycle (or the
total release of the substance from the chemical’s life-
cycle). Another difference between the two methods
and one which is an issue of common confusion is use
of the term “life-cycle” (Christensen and Olsen 2004).
In RA the life-cycle of a single chemical is considered,
whereas the life-cycle related to the functional unit of
a product/service system is considered in LCA
(Fig. 1). In the case of NM, the challenges of using
RA and LCA alone or in combination are further
amplified given the extensive uncertainties in for
instance understanding their toxicological potential
and exposure profiles in many life-cycle stages which
have hampered both LCA and RA evaluations (Seager
and Linkov 2008; Som et al. 2010). Therefore, given
the challenges of applying LCA and RA for chemicals,
it may be worthwhile to investigate research efforts
focused on applying these methods to NM, concen-
trating on if and how the lessons learned from applying
LCA and RA to chemicals have been taken into
account for NM.

This paper therefore aims to evaluate how LCA and
RA have been applied together for NM to date by first
describing the main purposes and scope of these tools
and then evaluating how research efforts have in fact
applied these methods to NM in practice. With this
background and particularly reflecting on previous
findings and identified pitfalls in combining LCA and
RA for chemicals, this paper aims to provide recom-
mendations for their combined or separate use for NM,
addressing the specific needs of risk assessors and
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Fig. 1 a Comparison and use of risk assessment (RA) and life-
cycle assessment (LCA) in theory (based on Christensen and
Olsen 2004) and b their complementary use in practice for a
hypothetical nano-product, which illustrates that RA focuses on

decision-makers. The implications of potential mis-
conceptions and ambiguities in present attempts for
LCA and RA for NM will be analysed with the
ultimate aim of strengthening research strategies
geared toward investigating the health and environ-
mental impacts of NM in comprehensive approaches,
also considering the needs of decision-makers.

Methods
Approach used

This study is based on a literature review within the
fields of LCA and RA for chemicals and engineered
NM. In order to provide an overview of research
efforts focused on LCA and RA for NM, both in terms
of applying LCA and RA methods as prescribed by
technical guidance notes or standards (e.g., EC 2003;
ISO 20064, b; ECHA 2010) as well as applying more
general LC- and RA-based methods, the scientific
literature was screened for past, current or planned
research endeavors which focused on the combined or
complementary use of these methods for NM. We
found that research was presented primarily in the

Absolute results

Relative results

nano-product

E Life cycle of a

the life-cycle steps involving the chemical/material being
assessed, whereas an LCA life-cycle also encompasses e.g.
production of energy and other auxiliary materials. NM
engineered nanomaterial

forms of published journal articles, RA or risk analysis
frameworks, and international research projects. Pub-
lished and peer-reviewed scientific journal articles
were found using the IST Web of Knowledge database
within the search topics of “RA,” “LCA,” “risk,” and
“life-cycle” of “NM.” The following frameworks
were selected for evaluation: comprehensive environ-
mental assessment (CEA) (Davis 2007; US EPA 2009,
2010a, b; Anastas and Davis 2010), CENARIOS®
(TUV 2008; Biihler Partec 2010; Swiss FOEN 2010),
International Organization for Standards (ISO) risk
evaluation process (ISO/TR 13121) (ISO 2011), nano
risk framework (Environmental Defense and Dupont
2007a, b, c, d), nano screening level life-cycle risk
assessment (LCRA) (Shatkin 2008a, b, 2009a, b),
multi-criteria decision analysis (MCDA) (Linkov et al.
2007; Seager and Linkov 2008; Tervonen et al. 2009;
Canis et al. 2010; Linkov and Seager 2011), precau-
tionary matrix (Hock et al. 2008, 2010; Swiss Federal
Office of Public Health 2010) and risk governance
framework (IRGC 2005, 2007, 2009). These frame-
works were selected since they have all aimed to use
LC- and RA- based methods to evaluate the potential
health and environmental risks of NM and have been
frequently cited in the scientific literature (see Grieger
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et al. 2011). These frameworks were accessed on-line
through publically available documents, many of
which were produced by governmental institutions
or other organizations (i.e., non-peer reviewed
literature).

A review of international research projects which
aimed to combine LC- and RA-based methods for NM
was made through reviewing the Organisation for
Economic Co-operation and Development (OECD)
database for either completed or on-going research
projects involving in environmental, health, and safety
aspects of NM (OECD 2011) as well as research
projects involved in recent scientific conferences and
meetings (EUMAT 2011; LEITAT 2011). Using the
OECD database, a search for projects was made using
the terms “life-cycle” and “RA” in the search fields.
After an initial finding of over 30 projects using these
search terms, only five research projects were in fact
found to be focused on combining or integrating LC-
and RA-based concepts for NM (as opposed to being
either primarily LCA- or RA-based projects) after
investigating these further. These research projects
included: identifying and regulating environmental
impacts of NM (NSF 2007), NEPHH (2011), NanoP-
olyTox (2011), Nanovalid (2010) and Prosuite (2011).
Specific information and details pertaining to these
research projects was obtained through websites and
other documents which were publically available
(most of which were non-peer reviewed). The authors
of these research projects were also contacted (Octo-
ber 2011) and requested to confirm our findings
regarding the depth and scope of their projects and to
supply additional information if insufficient or mini-
mal information was available in publicly accessed
website and documents.

These identified research efforts focused on NM
were evaluated against the scientific literature focused
on improving applications of LCA and RA for
chemicals to demonstrate if previous “lessons
learned” for chemicals have been taken into consid-
eration for NM. These research efforts were also
screened to demonstrate their focus and content, and
subsequently evaluated according to the following
criteria: (1) Rationale, if the research effort presents
rationale or justifications for using LC- and RA-based
methods together for NM; (2) Approach, if research
efforts present a specific approach for using LC- and
RA-based methods for NM; (3) Guidance, if research
efforts present guidance on how to use or apply the

@ Springer

proposed approach for using LC- and RA-based
methods for NM; (4) Recommendations, if research
efforts provide recommendations for improving LC-
and RA-based methods for NM; (5) Case studies, if
research effort provides documented case studies of
LC- and RA-based methods for NM (as opposed to
only theoretical assessments). It was noted if the
research efforts fulfilled these criteria to the full extent
(e), only partially (o) or was absent or no information
was found regarding this (-). Finally, the authors of the
analysis performed the evaluation of these research
efforts.

Introduction to LCA and RA

Since this paper focuses on how LCA and RA have
been applied together for NM, a brief introduction to
these methods is provided below.

Life-cycle assessment

Life-cycle assessment is a systematic assessment of
the potential environmental impacts of a defined good
or service (commonly termed as “product”) through-
out all life-cycle stages, contributing to the production
of the product under investigation (including auxiliary
materials), its use and disposal (Hauschild 2005)
(Fig. 1; Box 1). The assessment typically covers a
broad range of environmental impacts, such as climate
change, resource depletion, and toxicity on human
health exerted by releases of e.g., chemical agents.
According to ISO Standards (ISO 2006a, b), LCA is
conducted in four main phases: (i) defining the goal
and scope of the study, (ii) establishing a life-cycle
inventory which aggregates all inputs from and
outputs to the environment within the system bound-
aries, (iii) performing a life-cycle impact assessment
which translates the inventory into potential impacts
of the system on the environment and (iv) interpreting
the results from the assessment to provide consistent
support to decision-makers in relation to the goal and
scope of the study. The results of LCA are normally
presented on a relative or comparative basis, such as
the comparison of two alternative solutions for
product development, to make informed decisions
regarding the relative environmental sustainability of
products (EC 2010). To insure a fair comparison, the
basis for assessment is the so-called functional unit,
i.e., the function delivered by the alternative solutions.
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This is for example a 10 m> wall with a given quality
of the painted surface for 10 years. This way e.g.,
different qualities or durability of two paints compared
would be taken into account.

Life-cycle assessment can in principle be applied to
all types of products and are sometimes applied for
only part of the life-cycle e.g., cradle-to-gate. The
LCA inventory is a mass-based (as opposed to e.g.,
concentration-based) accounting system that does not
take into account spatial, temporal, dose-response,
and threshold information (Owens 1997). Therefore, it
does not predict actual impacts or risks (Owens 1997;
Olsen et al. 2001). The assessment of (eco)toxicolog-
ical impacts relies on general models (in common with
RA) requiring a substantial amount of substance data
that are not always available (see e.g., Rosenbaum
et al. 2008).

Risk assessment

RA is an established procedure which assesses
whether there is a risk or not associated with the use
of an agent, such as a chemical or other substance (see
Box 1). As mentioned previously, chemical RA has
been the standard approach to assessing the potential
health and environmental risks of bulk chemicals and
subsequently been applied to NM in recent years (e.g.,
Rocks et al. 2008; SCENIHR 2009; Aschberger et al.
2010a, b; Christensen et al. 2010, 2011). In Europe this
process is defined for chemicals by the EU chemicals
policy REACH (European Communities 2007; ECHA
2010). Unlike LCA, RA focuses on a single agent
(e.g., chemical or NM) rather than a product or system
and the output of RA is on an absolute basis rather than
a relative basis, indicating if further testing or risk
reductions are needed (Fig. 1). RA is often performed
throughout the life-cycle of the agent (from the
production of the agent until the final disposal) to
identify whether any life-cycle stages pose risks.
This assessment framework consists of four main
steps: (i) hazard identification, (ii) dose-response
assessment, (iii) exposure assessment, and (iv) risk
characterization (e.g., EC 2003; ECHA 2010). The
hazard identification step serves to map a chemical’s
inherent physico-chemical and biological properties
and provide a uniform basis to evaluate the hazard
potential. One of the main purposes of the dose—
response assessment is to obtain a quantitative
estimate of the chemical concentration which can be

expected not to have an effect on human health or the
ecosystem’s species structure and function. In envi-
ronmental RAs this predicted no-effect concentration
is set using ecotoxicological data collected in the
hazard identification step and taking uncertainties in
extrapolation from known to expected effects into
account. In exposure assessment, generic and/or
specific scenarios are applied for realistic exposure
pathways for a chemical. A key result of the exposure
assessment for the environment is the so-called
predicted environmental concentration (PEC) value
for the specified scenario. The results of the previous
steps are coupled together in the risk characterization,
which provides a critical review of the data leading up
to the risk quotient in which the predicted or measured
exposure is compared to the predicted no-effect
concentrations (PNEC). The outcome of the risk
characterization may be that risk reduction measures
need to be implemented, further information is needed
to reach a conclusion or that no further action is
needed. For human health assessment, a similar
approach involving comparing exposure estimates
with no effect levels in a risk characterization is
followed. See e.g., ECHA (2010) on how this meth-
odology is being implemented in the EU chemicals
policy REACH.

Results and discussion
LCA and engineered NM

The general concept of using LCA for NM has
received wide acceptance as an approach to quantify
potential impacts of a NM or nano-product across
different life-cycle stages (Seager and Linkov 2008).
The ISO framework for LCA (ISO 2006b) was found
to be suitable for NM-products, in which all stages
should be included and assessed in a LCA study
(Klopffer et al. 2007). To date, there have been over a
dozen studies which have been published on LCA for
NM (e.g., Khanna et al. 2008a), products containing
NM (e.g., Sengiil and Theis 2011; Khanna et al.
2008b; Merugula et al. 2010; Meyer et al. 2010) or
manufacturing/production processes involving NM
(e.g., Krishnan et al. 2008; Moign et al. 2010; Grubb
and Bakshi 2011); few of these studies have encom-
passed the full life-cycle, and most of them focused
on a cradle-to-gate study or on a specific LC stage
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(e.g., two critical reviews by Gavankar et al. 2012 and
Hischier and Walser 2012). Moreover, the majority of
these have relied upon generic life-cycle impact
databases or general literature in formulating the
inventories and impact assessment criteria (i.e.,
excluding potential toxicological impacts of NMs).
These short-comings are most likely due to a lack of
data related to NM and their products (Klopffer et al.
2007; US Army Environmental Policy Institute 2009).

As noted by several authors, there are indeed
several challenges to conducting LCA for NM-prod-
ucts. For instance, there is a lack of robust data
regarding emissions and exposures related to the
production, use and disposal of NM and products
containing NM and subsequently a need to establish a
database which includes the most common production
pathways (Klopffer et al. 2007; Shatkin 2008a;
Hendren et al. 2011). In addition, data regarding the
environmental fate, behavior, and toxicological
impacts of NM are generally limited (e.g., Seager
and Linkov 2008; Som et al. 2010; Christensen 2010).
There are also additional challenges related to unclear
metrics used in these assessments (Shatkin 2008a),
inconsistencies in viable data sources (Hendren et al.
2011), variability of NM resulting from different
production methods, issues of purity and proper NM
characterization (Seager and Linkov 2008). Due to
these uncertainties particularly within the life-cycle
inventory and environmental impact assessment
stages, some have suggested that the results of LCA
may be based on extensive uncertainties which may
not be adequate for sound input to decision-making
processes (Seager and Linkov 2008; Hendren et al.
2011). In response to these aforementioned chal-
lenges, it has been recommended that the background
and information basis for conducting LCA should be
further developed for instance by improving datasets
regarding the most critical processes involved with
NM which are accessible in well-known databases
(Som et al. 2010); have thorough descriptions of NM
releases (Bauer et al. 2008); identify functions of NM
which are related to specific applications (Bauer et al.
2008); make disaggregated data available for future
LCA studies (Klopffer et al. 2007); use upper- and
lower-bounds for expected impacts (Klopffer et al.
2007) as well as involve toxicologists to review data
and define boundaries in the study (Klopffer et al.
2007). Also, in order to get a thorough description of
NM releases, there is a need to know which
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physicochemical properties of NM should be charac-
terized to be useful for impact assessment. On-going
work within this field is currently underway by
toxicologists as explained in subsequent sections of
this paper.

This information suggests that these aforemen-
tioned challenges related to applying LCA to NM are
not in fact specific to applying the LCA methodology
to NM, rather related to increased uncertainty in the
underlying data which could also exist for other
substances such as chemicals. The most nano-specific
issue seems to be related to the issue of the most proper
metric which should be used, although we expect that
it is likely that this can be resolved if data on emissions
and hazard for the proper metric are available. This
issue is discussed in more detail in subsequent
sections.

RA and engineered NM

While there have been advances in developing various
aspects of RA for NM in recent years (e.g., OECD
2010; Aitken et al. 2011; Hankin et al. 2011), the
presence of serious and fundamental uncertainties
throughout all four steps of the framework have
seriously hampered evaluations (Grieger et al. 2009;
SCENIHR 2009). To date, some studies have
attempted to complete human and environmental
RAs for NM according to standard protocols (e.g.,
Hanai et al. 2009; Kobayashi et al. 2009; Shinohara
etal. 2009; Ashberger et al. 2010a, b; Christensen et al.
2010, 2011). However, all of these have concluded
that due to limited data and extensive uncertainties, it
is not possible based on readily available information
to complete full RAs for regulatory decision-making
for the NM investigated and their results are to be
considered as preliminary. Among other challenges,
there is a lack of measured exposure data for NM, lack
of validated exposure estimation models, extensive
uncertainties within characterizing NM, applicability
of current test guidelines as well as a lack of
(eco)toxicological studies in a variety of species
(Baun et al. 2009; SCENIHR 2009; Stone et al.
2010). This means that meaningful hazard identifica-
tion and hence dose-response, as well as exposure
assessments are difficult to complete for most NM.
Due to these challenges, many assessment efforts have
been broadened to include other elements of risk
analysis (which cover aspects of risk communication



J Nanopart Res (2012) 14:958

Page 7 of 23

and management in addition to RA) rather than
primarily chemical RA per se. There have been a
number of attempts at providing preliminary risk
evaluations using these framework for NM or pro-
duction processes involving NM (Robichaud et al.
2005; Tervonen et al. 2009; Canis et al. 2010; O’Brien
and Cummins 2011; Som et al. 2011; Valverde and
Linkov 2011).

Overall the general consensus is that the basic RA
framework is applicable to passive or first generation
NM (SCENIHR 2009, 2010), although many meth-
odological steps within the RA framework need to be
refined or further developed for NM, often linked back
to the basics of the hazard identification. Among
others, one of the main recommendations made to
improve RA is proper NM characterization (e.g.,
Warheit 2008; OECD 2009; Baer et al. 2010; Bover-
hof and David 2010; Pyell 2010; Clark et al. 2011).
This is due to the importance of identifying the specific
characteristics of NM which may cause e.g., adverse
effects in organisms in (eco)toxicity testing which
may differ from pre-test conditions or influence
exposure conditions. Another main issue related to
the NM characterization is the use of appropriate
metric(s) for expressing exposure and hazards which
can be compared in the risk characterization step of
RA. The relevance of the traditional mass-based
metric is questioned for many NM, and alternative/
additional metrics based on number and surface area
are being proposed (e.g., Aitken et al. 2011; Hankin
etal. 2011). As NM (even of the same basic chemistry)
exist in many different forms which may have
different properties (e.g., due to different sizes, shapes,
and coatings/functionalization) and as extensive (ani-
mal) testing of these different forms raise economical
and ethical issues, there is a need to develop non-
animal testing approaches such as read-across and
quantitative structure activity relation(s) (QSARs).
This would require research and development in
understanding how different characteristics affect the
properties and toxicity of a given form of a NM.

Using LCA and RA together

As highlighted in the preceding sections as well as by a
number of other authors (Olsen et al. 2001; Flemstrom
et al. 2004; Linkov and Seager 2011), LCA and RA are
both tools to estimate the potential adverse impact of a
given substance or product although they in fact have

different aims, scopes, and desired outcomes, as well
strengths and weaknesses (Fig. 1). The main strengths
of LCA are that it is very comprehensive in its
inclusion of impacts from all life-cycle stages
involved in the production, use and disposal of
products (Linkov and Seager 2011) and impact
categories (Flemstrom et al. 2004), as well as assists
in avoiding “problem shifting” (i.e., solving environ-
mental challenges at one life-cycle stage and subse-
quently creating a different problem at another life-
cycle stage) (Wrisberg and de Haes 2002). The main
advantages of RA are the provision of an absolute
assessment of whether there is a risk for specific
settings and often the use of worst-case evaluations to
help insure safety to a potential adverse effect
(Flemstrdom et al. 2004), often with regulatory
significance.

Both LCA and RA include a structured format to
evaluate information for environmental decision-
making in a life-cycle perspective (Flemstrom et al.
2004) (keeping in mind that they are in fact two
different tools intended for different purposes and the
“life-cycle” is understood differently); estimate expo-
sures and effects from emissions (Olsen et al. 2001);
contain methods in theory to characterize uncertainty
within the assessments; as well as provide guidance
for decision support under uncertainty (Evans et al.
2002). On the other hand, both LCA and RA require
substantial amounts of data, have been criticised for
not being able to effectively handle uncertainties or
lack of data well and require strong expert knowledge
(Wrisberg and de Haes 2002; Linkov and Seager
2011). Some of the main differences between these
methods include the fact that LCA focuses on a
product or process while RA focuses on the emissions
of a single substance or chemical (Olsen et al. 2001;
Christensen and Olsen 2004) and consequently have
different system boundaries and therefore address
different life-cycles, which for methodological rea-
sons are difficult to integrate (see e.g., Christensen and
Olsen 2004). The output generated from the two
methods also differ, in that LCA produces impact
scores on a comparative basis while output from RA is
based on risk quotients produced on an absolute basis
(Olsen et al. 2001; Kuczenski et al. 2010). Further-
more, LCA covers a large number of environmental
impact parameters while RA covers primarily
(eco)toxicological data (Olsen et al. 2001; Christensen
and Olsen 2004). It should also be noted that the term
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“characterization” within the LCA field generally
refers to relative quantification of environmental fate
and effects of substances, whereas this term usually
denotes material physico-chemical properties in the
hazard identification step of RA, particularly for RA
of NM.

In part due to the limitations of both LCA and RA as
used separately, a number of authors have argued that
LCA and RA should be used as complementary tools.
For instance, it has been argued that because RA may
be too narrow in its scope and boundaries, e.g.,
investigating a single chemical substance or NM, the
combined use with LCA may help broaden assess-
ments to account for a wider range of adverse
consequences (Olsen et al. 2001; Linkov and Seager
2011). Furthermore, by taking into account LCA in the
risk analytical processes, it may also help avoid
problem shifting. Others have suggested that combin-
ing or integrating LCA and RA may help promote the
overall sustainable development of products and
materials in a democratic way (Wrisberg and de Haes
2002), as well as help reduce overall chemical
pressure (Flemstrom et al. 2004). However, it should
be stated that while it may be beneficial to use these
two tools together in a complementary manner for
these aforementioned reasons, their full integration
into one tool is considered neither desirable nor
meaningful as the two tools answer different questions
and have different system boundaries. In some cases,
contradictory results have been found resulting from
applying both methods (Flemstrom et al. 2004; Pant
etal. 2004; Lim et al. 2011), which may only be logical
given these differences. In such situations, the trade-
off to be made between risks (identified in RA) and
general environmental impacts (identified in LCA)
would be kept transparent if full integration is avoided.
Trade-offs could for instance be addressed by applying
MCDA as suggested by Linkov and Seager (2011).

For chemicals, one common approach to combine
or use LCA and RA together has been through the use
of toxicological data generated from RA within the
life-cycle impact assessment phase of LCA (Bare
2006; Kuczenski et al. 2010) as well as the use of
industrial emissions data in both RA and life-cycle
inventories (Flemstrom et al. 2004). Another common
approach to use these tools together for chemicals has
also been to perform RA at each or selected stages of a
product’s life-cycle (Flemstrom et al. 2004). One main
challenge has been the lack of a common object of
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study (i.e., functional unit in LCA and an amount of
chemical in RA).

There have been a number of recommendations
made on how to combine the use of LCA and RA for
chemicals. For instance, it has been suggested that RA
should be more aware of “life-cycle thinking” and that
LCA should be more “toxics aware” e.g., by describ-
ing the toxic contents of intermediate flows (Kuczen-
ski et al. 2010). Owens (1997) suggested that LCA
identifies potential health issues on a system-wide and
hypothetical basis and therefore cannot stand alone but
that the identified potential (eco)toxicological impacts
thereafter can be assessed in more detail by RA. On a
methodological basis, it has been recommended that
the functional unit of LCA should be defined in order
that it provides a meaningful calculation of exposure
concentrations which considers absolute mass of
emissions (Flemstrom et al. 2004). More broadly, it
has also been suggested that LCA is used as a strategic
tool to prioritize data which is needed to complete RA
(Socolof and Geibig 2006), as well as LCA and RA are
used together in a common policy research agenda for
decision-making (Cowell et al. 2002).

Using LCA and RA together for engineered NM

While there has been scientific consensus on the
importance of using both LCA and RA together in
strategies to assess the potential environmental and
health impacts of NM, specific information or guid-
ance on how to do this in practice is still in
development. Moreover, many of the challenges for
using LCA and RA together for NM are similar to
those made previously for chemicals. For instance,
one of the major obstacles which still persist is the use
of different terminologies within the two tools. Som
et al. (2010) documented that the terms “life-cycle
concepts”, “life-cycle thinking”, “life-cycle consid-
erations”, “life-cycle approach” and “life-cycle per-
spective” all generally referred to methods that were
based on the life-cycles of NM/chemicals or products
including a range of concepts (i.e., from ISO 14040
series to the organization of potential health and
environmental impacts across different life-cycle
stages). Linked to this, Seager and Linkov (2009)
noted the challenge of using “life-cycle” specifically
for NM, whereby they argued that this term was being
used as a way to organize or identify potential sources
of NM exposures rather than formal LCA procedures
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in many cases. Further obstacles have been noted to
integrate LCA and RA for NM, namely the challenge
of obtaining meaningful results for decision-making
and a lack of specific guidance in these regards
(Linkov and Seager 2011).

A number of scientists have suggested both
conceptual and practical recommendations for apply-
ing LCA and RA for NM. Sweet and Strohm (2006)
and Som et al. (2010) suggested that RA should take
into account more life-cycle concepts and LCA should
also be more risk-based for NM. Shatkin (2008a) also
recommended that the risks of NM are evaluated at
each life-cycle stage where there may be potential for
exposure, and Wardak et al. (2008) recommended
using LCA and RA methods based on scenario
analyses with expert elicitation, specifically focusing
on NM or nano-product use and disposal stages.
Linkov and Seager (2011) also suggested using LCA
and RA within a decision support frame (such as
MCDA) for emerging materials including NM. In
addition, Som et al. (2010) recommended using the
same terminology, data and information flow between
LCA and RA for NM, and Shatkin (2008a) suggested
using alternative indicators when data are unavailable
for life-cycle impact assessment models such as those
parameters likely to influence potential adverse
impacts. Hence, most if not all of these suggestions
have been previously made for chemicals as outlined
in this paper in the preceding section. Moreover, while
these research recommendations have been very
useful to help shape strategies to use LCA and RA
for NM in theory, their practical demonstrations are
extremely scarce, as exemplified through the handful
of scientific research efforts as presented below.
Overall, this information thus suggests that there are
no conceptually new issues specifically for using LCA
and RA for NM compared to previous investigations
in relation to chemicals, and in particular strategies to
use the two tools together (e.g., RA should be more
life-cycle based, LCA be more risk-based, use of
similar data and terminology, use of additional tools
for decision-making).

Research progress for engineered NM

To date, we have identified six published and peer-
reviewed journal articles, eight frameworks, and five
international research projects which have specifically
focused on the combined use of LC- and RA-based

methods for NM (Tables 1, 2 Appendix). While it is
recognized that there have been other research efforts
which have focused on developing either LCA or RA
separately, the research efforts summarized below are
those efforts which have aimed at using both LC- and
RA-based methods together for NM.

Looking across these research efforts, two main
approaches have been proposed for combining or
using these methods for NM. One approach, termed
the “LC-based RA” approach, consists of a traditional
RA applied in a life-cycle perspective to help
concentrate efforts where it is the most needed, i.e.,
at each life-cycle stage. This is considered as a
continuation of standard RA in a LC-perspective, as
required by e.g., REACH. Another approach termed
the “RA-complemented LCA” approach consists of a
conventional LCA conducted to assess the environ-
mental performances of the product and comple-
mented by a qualitative, semi-quantitative or
quantitative RA to assess risks related to specific
life-cycle steps. Hence, the “RA-complemented
LCA” approach is in fact the only identified approach
which genuinely combines LC- and RA-based meth-
ods for NM-risk research efforts to date, as the “LC-
based RA” approach is rather a continuation of normal
RA according to standard assessment procedures.

These two approaches are similar to those previ-
ously proposed for chemicals (Flemstrom et al. 2004;
Kuczenski et al. 2010). It is also found that several
research articles and frameworks have developed
guidance and recommendations on how to apply and
improve these two approaches (Table 1). Apart from
documented case studies involving the frameworks,
very few peer-reviewed studies have shown the testing
and validation of these strategies on concrete case
studies (Wardak et al. 2008; Linkov and Seager 2011).
Moreover, most of the identified international research
projects are still in development phase and/or do not
provide enough information to allow for conclusive
evaluations.

Most of the selected published journal articles
remain at a theoretical level and describe the use of the
“RA-complemented LCA” approach (with exception
of Wardak et al. 2008). The provision of rationales for
combining or using LC- and RA-based methods
together for assessing NM is common to all articles,
i.e. the opportunity to assess potential environmental
risks and impacts related to the production, use and
disposal of NM with as much comprehensiveness and

@ Springer
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as early as possible in the product development.
However, most of the studies (four of six) lack strong
evidence of the workability of the proposed method-
ologies, with the exceptions being Wardak et al.
(2008) and Linkov and Seager (2011). Som et al.
(2010) was found to be the study providing the most
concrete guidance on the possible intersections of
LCA and RA in relation to the goals of the assessment.
Sweet and Strohm (2006) also give a basic overview
on how to apply a “RA-complemented LCA”
approach across various product stages, although it
lacked specific steps for application. Linkov and
Seager (2011) proposed coupling LCA and RA
together with the decision tool MCDA. Furthermore,
all of the investigated journal articles provided
guidance on how to use or apply the proposed
approach and most (five out of six) provided recom-
mendations on improving the proposed LC- and RA-
based methods for NM.

Most of the identified frameworks presented meth-
odologies and guidance to assess the potential health
and environmental risks of NM across life-cycle
stages. Most of the evaluated frameworks (five out
of eight) used an “RA-complemented LCA”, where
CEA, ISO Risk Evaluation framework, Nano Risk
Framework, Nano LCRA, and proposed applications
of MCDA are all based on evaluating potential risks of
NM at separate life-cycle stages and then formulating
decisions. CENARIOS®, precautionary matrix and to
some extent the risk governance framework take a
more “LC-based RA” approach. The former two
frameworks rely on a structured approach to RA which
takes into account life-cycle aspects and different
evaluations are made at different life-cycle stages,
while the latter framework considers life-cycle aspects
only to some extent and very generally. While all of
the frameworks provided guidance on how to use their
proposed approach, only half of them provided
detailed information such as concrete steps to com-
plete the proposed frameworks. Most of the frame-
works (six out of eight) provided recommendations on
how to improve LC- and RA-based methods for NM,
such as suggestions on how to use the proposed
frameworks (i.e., through iterative processes or spe-
cific testing methods) or how to make management
decisions resulting from the use of the frameworks.

Finally, it was difficult to assess the research
progress made within the international research pro-
jects as most information was only presented on the

project websites as opposed to within e.g., peer-
reviewed articles or other publically-available liter-
ature, e.g. reports. With the exception of the project
“identifying and regulating environmental impacts of
NM”, most research projects are also still in
development and therefore case studies are generally
lacking but may be available in the future. For these
reasons, information pertaining to these research
projects is not presented in Table 1 alongside the
results from the other research efforts (although
included in Table 2 in Appendix as supporting
information). Nonetheless based on limited informa-
tion, it appears that most of the identified interna-
tional research projects used a “RA-complemented
LCA” approach (with the exception of NEPHH).
Furthermore, only Nanovalid provided guidance on
how to use or apply the proposed approach of LC- or
RA-based methods for NM, and only Nanovalid and
Prosuite provided recommendations for improving
LC- and RA-based methods for NM as well as
documented case studies.

Overall these findings regarding how research
activities have in fact applied these methods to NM
in practice indicate that while most of these provide
support for using these two tools for NM, there have
been no significant developments in their approach for
applying LCA and RA together for NM compared to
previous experiences with chemicals. This is exem-
plified by the fact that two of the main proposed
approaches were based on previous experience with
chemicals. Finally, most research efforts provided
guidance and recommendations for using the proposed
approaches although documented case studies in the
peer-reviewed literature were lacking but present in
association with most of the risk analysis frameworks.
In light of these findings, we have identified one
particular issue that may be specific in the case of NM
when applying LCA and RA at this current stage of
research: the need for proper dose metrics for
describing meaningful scenarios for hazard and expo-
sure assessments and for combining the two in risk
quotients (in RA) or toxicity characterization factors
(in LCA). It is likely that research which addresses this
will need to be first addressed within each methodol-
ogy in terms of developing the conceptual approaches,
although subsequent research is needed to develop a
common use of e.g., toxicological data which should
first be solved in RA and then later adapted within
LCA.

@ Springer
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Conclusions and recommendations

In light of previous experiences with applying LCA
and RA together for chemicals, current research
efforts focused on using these methods together for
NM appear to have taken into account some key
“lessons learned” while most key challenges remain
for practically applying these methods. For instance,
many recommendations made for applying LCA and
RA together in the case of NM are very similar to
those made for chemicals on both a conceptual level
(e.g., RA should be more “life-cycle aware” and
LCA more “toxics aware”) as well as practical level
(e.g., use of same database on inherent properties
for use and exposure). Moreover, there have also
been similar challenges in terms of applying these
methods to NM (e.g., use of different terminologies,
different interpretations or perceptions of the terms
and approaches). Through the analysis of research
efforts in the form of published and peer-reviewed
journal articles, risk analysis frameworks and inter-
national research projects which specifically focused
on the combined use of LC- and RA-based methods
for NM, two main approaches have been proposed
for NM: “LC-based RA” (traditional RA applied in
a life-cycle perspective) and “RA-complemented
LCA” (conventional LCA conducted to assess
environmental performances of the product and

Box 1 Text box

complemented by RA), where only the latter in fact
genuinely combines LC- and RA-based methods for
NM-risk research efforts to date. These approaches
are similar to strategies previously developed for
RA in a life-cycle perspective and for combing LCA
and RA for chemicals. It was also found that most
of the identified journal articles present theoretical
work and most do not provide strong evidence of
the workability of the proposed methodologies,
while the frameworks presented specific methodol-
ogies and guidance for applying the proposed
approaches and all but one were demonstrated in
documented case studies. Most of the identified
international research projects are still in develop-
ment phase and/or do not provide enough informa-
tion to allow for conclusive evaluations.

This information suggests that there does not
appear to be much progress made specifically in
respect to applying LCA and RA to NM, as many of
the proposed approaches and recommendations for
combining or using these methods together for NM are
similar to those made previously for chemicals. We
have identified one issue in particular that may be
specific in the case of NM when applying LCA and
RA: the need to establish proper metrics develop
hazard and exposure assessments and to combine these
in risk quotients or toxicity characterization factors, in
RA and LCA, respectively.

Life cycle assessment (LCA)

Standardized decision-support tool which aims at quantitatively
assessing the potential impacts on ecosystems, human health
and natural resources of a product, technology or service
throughout its life cycle stages (ISO 2006a, b; Hauschild 2005).

Life cycle (LC)

Phases encompassing the “life” of a chemical, material, product,
technology or service, from the extraction of the required
materials through the manufacture, distribution and use of the
product, to its recycling and/or final disposal (i.e. cradle to
grave). As illustrated in Fig. 1, the meaning of LC differs
between RA and LCA.

Nanoproduct

Product or application embedded with engineered nanomaterials
(NM).

Risk assessment (RA)

Set of procedures to estimate if a risk occurs from a substance.
Chemical risk assessment (also termed chemical safety
assessment) assesses the existence of a risk from exposure to a
chemical, and is iterated through risk management measures for
risk reduction (European Parliament 2007; ECHA 2010).

Risk
Uncertain potential of an adverse effect occurring following
exposure (Renn 2008).

Engineered nanomaterial (NM)

Material engineered to have one or more dimensions on the
nanoscale and also termed “nano-object” (ISO 2008), which
embraces “nanoparticles”, “nanofibres” and/or “nanoplates”.
Other definitions exist as e.g. a recommendation for a definition|
for regulatory purposes recently published by the European

Commission (EC 2011a).
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In light of these findings, we first recommend that
those working with applying or integrating LCA and
RA together for NM should avoid “reinventing the
wheel” by taking into account previous experiences
and findings related to combined use of RA and LCA
for chemicals. This would insure that on-going and
future research efforts address the presently existing
challenges of applying these methods, also acknowl-
edging the respective strengths and weaknesses of
both methods. Second, it is recommended that the
decision of whether to use LCA, RA or a combination
of them will likely depend on the overall goal to be
achieved (see Fig. 1). For instance, if the overall
environmental impacts should be evaluated over the
life-cycle of a product or process, then LCA should be
used as this is essentially what LCA is designed for. In
other instances such as if risks should be evaluated/
controlled for a single NM in a particular use or at a
particular location along the material’s life-cycle, RA
should then be used. This may be beneficial in cases in
which it is needed to know whether a risk related to
exposure of a particular NM exists or not in a
particular circumstance. The use of RA may also be
directly required by regulation. Third, given the
confusion around the term “life-cycle”, it is

recommended that whenever the term “life-cycle” is
used (even in a non-NM context), it is clarified
whether it refers to a chemical or NM’s life-cycle, to
an LCA product life-cycle, to part of any of those life-
cycles or to another entity (see Box 1). Finally, in order
to improve decision support based on findings from
either tool it is also recommended that research is
needed in the short-term to develop an agreed-upon
best metric(s) to be used in both LCA and RA-both
separately as well as used in combination with each
other. This is needed to establish meaningful scenarios
for hazard and exposure assessments and for combin-
ing risk quotients or toxicity characterisation factors in
RA and LCA, respectively.
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Appendix

See Table 2.
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