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1 Foreword

The 65th Life Cycle Assessment Discussion Forum was held
on May 24, 2017, to discuss the state of research and applica-
tion with regard to nanotechnology. This conference report pre-
sents the highlights of the forum.While all presenters agreed on
the relevance of the life cycle assessment (LCA) and risk as-
sessment (RA) methods to offer valuable environmental sus-
tainability assessment ofmanufactured nanomaterials (MNMs),
a recurring theme during the forum was the continued lack of
environmental data on the manufacturing, release and impacts
of such MNMs. Different strategies and research pathways
were proposed to tackle this dearth of representative data. The
first session provided an overview of the current state-of-the-art
in environmental assessment of MNMs from the perspective of
regulation, industry and research. The main concern for all
these stakeholders is to offer representative environmental as-
sessment and avoid risks in a sector that is rapidly developing.
System modellers then proposed, in the second session, differ-
ent strategies to consider the current lack of knowledge (e.g.
uncertainty and potential evolution) in representation ofMNMs
production pathways. Prospective modelling, global sensitivity
analysis and dynamic probabilistic methods were all shown to
be relevant tools to deal with the scarce information. Presenters
from the third session subsequently discussed the requirements
of evaluating potential impacts (i.e. toxicity) of MNMs if they

are released into the environment. Techniques for the character-
isation of their effects were introduced, but the consideration of
nano-specificities and a clear focus on a limited amount of
MNMs were identified as major research challenges that still
need attention. The final session then offered a review of how
the RA method can be used to complement LCA studies and
quantify adverse environmental and human health effects due
to exposure at specific sites.

All presentations from the 65th discussion forum are avail-
able for download (www.lcaforum.ch), and the video
recordings can be watched online (http://www.video.ethz.ch/
events/lca/2017/spring/65th.html).

2 Introduction

Almost half a century after Richard P. Feynman’s famous
declaration, Bthere is plenty of space at the bottom^
(Feynman 1960), nanotechnology is now considered by the
European Commission as being one of the six key enabling
technologies for the twenty-first century. Today, manufactured
nanomaterials (MNMs) are being used in an ever increasing
number of consumer products, which raises concerns about
their potential environmental and human health impacts. To
alleviate these concerns, there is a need to assess the potential
impacts of MNMs during their life cycles and when they are
released into the environment (Liu et al. 2015).

Life cycle assessment (LCA), defined in the ISO standards,
is recognised as being fully suitable for the assessment of
nanomaterials and nano-enabled products, despite notable
shortcomings in the availability of specific inventory data
and impact assessment models (Ettrup et al. 2017, Klöpffer
et al. 2007, Pini et al. 2016). Various actors have beenworking
extensively on overcoming these shortcomings (see e.g.
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Hischier et al. 2017; van Harmelen et al. 2016; Walser et al.
2017) to ensure that traditional, as well as nano-specific envi-
ronmental issues, could be assessed within one, unified, com-
prehensive and consistent LCA framework. Notably, the
OECD published, in 2015, a guidance manual about the smart
exchange of data between risk assessment (RA) and LCA
studies specifically for nano-enabled application studies
(OECD 2015).

The 65th Swiss LCA Discussion Forum, a one-day event
that fosters exchanges between industry, consultancies and
academia, aimed to provide an overview of the key challenges
that LCA practitioners and data providers are still facing when
they undertake LCA studies of nanotechnology, as well as
possible solutions. The discussion during that day can be split
into four distinct parts. The first part provided a general over-
view of the current context, looking at the issues from differ-
ent perspectives. Different strategies for undertaking prospec-
tive modelling of novel MNMs and nanotechnology were
discussed during the second part. As a third part, the afternoon
session focused on why and how existing impact assessment
(LCIA) methods should be modified to be appropriate for the
assessment of nanoparticles/nanomaterials. Last but not least,
the final part explored the benefits of combining LCA and RA
approaches for MNM environmental assessment.

3 General overview of current development

There is a growing need for robust and objective information
on the environmental, human and safety (EHS) aspects of
MNMs. Regulatory and industrial stakeholders rely on scien-
tists to develop and use assessment methods, such as RA and
LCA, to provide such information. The first session of the day
offered an overview of the current status and related key chal-
lenges in view of the use and release of MNMs from the
perspectives of regulation, industry and academia.

Roland Hischier (group leader, Empa, Switzerland) pre-
sented as introduction into the day a critical review of LCA
studies on MNMs, focusing on developments since his 2012
publication (Hischier andWalser 2012). Although many stud-
ies have been published in recent years, most of the key issues
originally identified in 2012 still remain unresolved, namely
(i) inadequate functional unit definition, (ii) insufficient cov-
erage of environmental emissions of MNMs in LCI datasets,
(iii) no consensus on the modelling of nano-releases and (iv)
lack of characterisation factors for MNM releases (particularly
for toxicity-related impact categories). The consequences of
these issues on the variability and uncertainty of LCA results
were investigated with the example of nano-titanium dioxide
use in facade coatings (Hischier et al. 2017). Adequate and
comprehensive consideration of MNM functionality during
goal and scope definition was found to be the principal cause
of variability in LCA results.

Tobias Walser (Vereala GmbH, Zurich, Switzerland) con-
tinued the session with a presentation on the relevance of LCA
and RA for MNM policymaking. The need for clear rules on
the identification and grouping of MNMs was highlighted,
particularly given the wide variety of MNMs being used and
developed. These would ensure that nanomaterial RA is con-
ducted in a manner that is appropriate for the purpose of reg-
ulatory decision support. Walser then presented a classifica-
tion method, based on core and coating composition, size
distribution and shape (Walser and Studer 2015).
Furthermore, he suggested that LCA studies, complemented
by RA, were providing added value which is a conclusion that
was also made during the final session of the day (Walser et al.
2017).

Providing an industrial perspective, Karl Höhener (busi-
ness owner at TEMAS, Switzerland) presented the
NANoREG Safe-by-Design (SbD) concept, in which safety
information onMNMs and nanoproducts is integrated into the
innovation process of product development (Gottardo et al.
2017). The SbD concept is based on the precautionary princi-
ple and can help reduce the need for downstream risk man-
agement, thus benefitting both industry and regulatory
authorities.

4 System modelling and environmental releases

The current dearth of experimental data in the field of nano-
technologymakes LCAmodels ofMNMs challenging for two
principal reasons. Firstly, practitioners are tasked with
characterising and modelling MNMs/nanoproducts and pro-
cesses that remain under development. Secondly, data on
MNM flows and concentrations into different environment
compartments are currently lacking. Implications of this data
void in LCA studies of MNMs were discussed in the second
part of this Forum.

Marco Villares (consultant/researcher, Netherlands) pre-
sented a framework for undertaking prospective LCA while
technological development is ongoing (Villares 2015; Villares
et al. 2016). This framework is based on the use of lab-scale
data and scenario analysis to model future commercial-scale
production. Villares emphasised the importance of sound as-
sumptions on process efficiency changes when upscaling lab-
scale data to the commercial scale. Such prospective, LCA
studies enable the identification of environmental hotspots
along MNM life cycle, which can then be addressed early in
the product innovation process. In conclusion, Villares
asserted the need for testing of the framework on new case
studies.

Isabelle Blanc (professor, MINES ParisTech, France) pro-
vided an overview of stochastic methods, global sensitivity
analysis (GSA), which can be used by LCA practitioners to
identify those model inputs that most greatly contribute to
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uncertainties in outputs. To demonstrate their usefulness, GSA
methods were applied in two case studies of emerging tech-
nologies: enhanced geothermal systems and graphene produc-
tion. Independent input variables were identified and defined
as probabilistic distributions for both examples. To cope with
very uncertain definition of input data for emerging technolo-
gies, Blanc then explained how the Sobol’s indices can be
used to quantitatively evaluate the effects of various distribu-
tion definitions for each input variable and their ranking on the
model’s output uncertainties (Lacirignola et al. 2017). Finally,
Blanc suggested that results from such analyses could help in
the design of simplified LCA models that focus on key vari-
ables and environmental hotspots of specific systems that are
the sources of main environmental uncertainties (Padey et al.
2013).

Fadri Gottschalk (researcher, ETSS AG, Switzerland)
discussed the application of dynamic and probabilistic model-
ling for the releases of MNMs along their life cycles (Walser
& Gottschalk 2014). Gottschalk highlighted the challenge of
fulfilling large data requirements for such modelling (i.e. pro-
duction, import and export volumes of each MNM and the
destinations of releases into the environment). He then sug-
gested that a lack of data availability in release models should
be tackled with probabilistic distributions to account for un-
certainties in the model inputs. Preliminary findings from an
ongoing project on nano-CeO2 demonstrated that dynamic
modelling is possible, despite limited data availability.
Nevertheless, Gottschalk stated that further efforts are re-
quired to quantify uncertainties in MNM release models and
that more information on MNM production volumes, product
integration and end of life management are urgently required.

Finally, a short presentation on models of MNM flows was
given by Véronique Adam (postdoc, Empa, Switzerland),
who discussed the benefits and drawbacks of two different
probabilistic methods to describe the MNM releases into the
environment: probabilistic material flow analysis (MFA) and
Bayesian networks. With probabilistic MFA, the uncertainty
on the input values can be defined based on their quality
(Laner et al. 2015) or through triangular probability distribu-
tions. With Bayesian networks, the parameters and their inter-
relationships are defined within conditional probability tables.
The two methods are powerful and flexible tools for assessing
MNM flows. They can be applied at the local or global scales,
and can include temporal dynamics. Overall, probabilistic
MFA is seen as useful but sometimes oversimplified whilst
Bayesian networks can be more informative but more com-
plex to implement.

5 Impact assessment methods for nanomaterials

The third session covered the environmental impact assess-
ment of MNMs. A general overview of the fate, effect and

exposure modelling of MNMs was provided, and recent ad-
vances of LCIA methods were discussed.

The session was opened by Savvina Chortarea (postdoc,
Empa, Switzerland) with a presentation on the limitations and
knowledge gaps of toxic effect assessment for MNMs.
Chortarea provided an overview of recent research into the
mechanisms of toxicity, modes of action and toxic effects.
She then described different approaches used to conduct
nano-safety assessments, based on the oxidative stress para-
digm, the fibre paradigm, or on analysis of lung fibrotic re-
sponses. Lastly, main challenges in nano-safety assessment
were presented, namely (i) insufficient physicochemical char-
acterisation of MNMs, (ii) lack of reference materials and
standardised toxicity testing protocol, (iii) unrealistic exposure
levels of tests and (iv) interference with biological arrays (i.e.
quenching and adsorption).

Olivier Jolliet (professor, University of Michigan, USA)
then presented recent advances in integrating fate and toxicity
assessment of MNMs in LCIA methods. The USEtox model
has been applied by several authors to develop characterisa-
tion factors (CFs) for the toxic impact categories of human
toxicity and freshwater ecotoxicity (Deng et al. 2017; Ettrup
et al. 2017; Salieri et al. 2015), but several adaptions have
been required to account for nano-specificities (ibid). An on-
going project that combines the USEtox model with the nano-
specific fate model, SimpleBox4nano (SB4N), was described.
The presented approach is consistent with the USEtox frame-
work but it (i) reduces the number of environment compart-
ments (by merging the water and rain compartments) and (ii)
defines, for each compartment, the sum of threeMNM species
(free, attached and agglomerated). The presentation then fo-
cused on human exposure and toxic effect assessment. An
overview of physiologically based pharmacokinetic (PBPK)
models, which have been applied to describe and predict the
uptake and disposition of substances in the body, was also
presented. In particular, Jolliet described a modified version
of a nano-PBPKmodel developed by Li et al. (2014), for non-
degradable MNMs. The model has been used to accurately
describe the biokinetic profile of investigated MNMs, leading
to several advances in the RA of MNMs (Carlander et al.
2016). Additionally, a recent approach (Laurent et al. 2017)
to calculate the NOAEL (no observed adverse effect level) for
nano-TiO2 as function of their primary size was presented and
discussed.

Finally, a short presentation was made by Nicole Sani-
Kast (PhD student, ETH Zürich, Switzerland) on her re-
view of 260 experimental papers looking at the influence
of dissolved organic matter on the fate and properties of
MNMs in aquatic environments. The results have revealed
a decrease in the number of newly studied materials over
the last 25 years, which is driven by an increasing focus
on several frequently investigated materials (Sani-Kast
et al. 2017).
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6 Combining LCA and RA for nanotechnology

Unlike LCA, which remains in the formative stages of appli-
cations in the field of MNMs, RA has been applied extensive-
ly to evaluate a wide range of MNMs (Grieger et al. 2012b;
Savolainen et al. 2010). RA is used to quantify the probability
of adverse environmental and human health effects due to
exposure to an agent. Risk is then calculated as a function of
the hazardousness of the agent and its exposure to human or
environmental receptors. Whilst LCA and RA have different
aims, their complimentary use to evaluate MNMs has been
advocated by many authors in recent decades (Breedveld
2013; Grieger et al. 2012a; Walker et al. 2015). In particular,
given the current problems in LCA of MNMs concerning the
availability of data on MNM releases and ecotoxicity, the use
of combined RA-LCA (Barberio et al. 2014) may provide an
opportunity to overcome such deficiencies. During the final
part of the forum, different perspectives on the combination of
LCA and RA to evaluate MNMs were presented.

Elorri Igos (R&T associate, LIST, Luxembourg) presented
an overview of the RA framework and compared it with its
LCA counterpart. She introduced how LCA and RA can be
combined to better support decision making in nanotechnolo-
gy, focusing on two possible approaches: (i) use of RA to
better inform the toxicity-related impact assessment of
MNMs, and (ii) application of life cycle thinking in RA.
Regarding the former, Elorri noted how the outputs of RA
studies have been used for decades in the development of
toxicity-related characterisation factors for LCIA methods.
Furthermore, she described how RA can complement LCIA
results by providing more detailed information on the poten-
tial impacts of releasedMNMs, helping to overcome data gaps
in this area (see Section 5). The latter case (i.e. approach (ii)
above) involves the implementation of RA along the entire
product life cycle to enhance the scope of the RA study
(Grieger et al. 2012a; Walser et al. 2014). Recent examples
from the literature (Hellweg et al. 2009; Scanlon et al. 2015;
Sleeswijk 2011) where RA has been used to enhance the im-
pact assessment of LCA studies were discussed. Finally, key
challenges for the application of combined LCA-RA for nano-
technology were presented, including: the difficulty of defin-
ing realistic use and disposal scenarios for MNMs and
nanoproducts, the lack of standardisation stressing the need
for a common framework to combine RA and LCA (Barberio
et al. 2014) and the lack of high quality and published toxico-
logical data for MNMs.

Peter Weyell (PhD student, Jena University, Germany) in-
troduced, in a short presentation, a case study where the SbD
development framework (i.e. combination of RA and LCA
methods) was used to assess the EHS risks of a core-shell
iron-oxide MNM. This work showed that the LCA method
is applicable even in the early development stage, but that
remains difficult to consider the direct impacts of the NMN

due to a lack of available characterisation factors. Still, the RA
method indicated that all MNM formulations were appropriate
for medical applications.

And finally, Socorro Vázquez-Campos (group leader,
LEITAT Technological Center, Spain) provided an overview
of GUIDEnano, a recently developed RA tool for MNMs that
applies life cycle thinking principles to RA. With this ap-
proach, the tool enables the assessment of risks from multiple
agents from different sources and at different locations within
each stage of the MNM life cycle. The model, developed for
use by industry, includes integrated fate, exposure and hazard
assessment capacities and supports the quantitative evaluation
of risks for workers, consumers and the environment associ-
ated with the use of nanotechnology. Unlike the majority of
existing RA tools (life cycle-based or otherwise), GUIDEnano
includes all RA stages, including risk management options
and is based on an iterative data entry procedure that helps
users to refine input parameter values when new data are
available, thereby improving the quality of model outputs. In
the presentation, a demonstration of the tool was provided,
highlighting its key features and outputs.

7 Conclusions

The various presentations given during this Discussion
Forum reaffirm the conclusions of the workshop on
BNanotechnology and Life Cycle Assessment^ that took place
in Washington, D.C., in 2007. The LCA framework is still
seen as suitable to assess the potential environmental impacts
of MNMs but there remain significant challenges in its imple-
mentation, principally due to a lack of available information.
Here, the presentations outlined different strategies that have
been used in an attempt to deal with this dearth of information.
For instance, scenario modelling, GSA methods and dynamic
probabilistic MFA can be used to model MNM production
systems, even if most experts still have low amounts of infor-
mation on flows of MNMs that are released into the environ-
ment during the phases of production, use and end-of-life.

During this Discussion Forum, several contributions
discussed how the results of RA studies may be a useful
source of information to support LCA of MNMs, particularly
in supporting the development of LCIA methods (e.g. as a
basis for creating new characterisation factors for MNMs).
Nevertheless, concerns about the current state of knowledge
in the environmental assessment of MNMs remain. In partic-
ular, whilst LCIA methods (e.g. USEtox) have been adapted
to consider the specificities of MNMs, a broader range of
representative characterisation factors are still urgently re-
quired for different types and shapes of MNM to support
LCA practitioners. In practice, however, studies remain fo-
cused on a few MNM types and many groups of MNMs
remain undefined.
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Based on this discussion, we conclude that there is a need
for regulators to support the creation of more research projects
that focus on models of MNM environmental and health ef-
fects, and the integration of this information into the field of
LCA. Regarding industrial stakeholders, they would likely
profit from the sharing of their production data, even during
the design phase, as this would increase their capacity to min-
imise the environmental impacts of their production processes
and products.

Acknowledgements The organisers of the Discussion Forum (i.e. au-
thors of this summary) would like to thank the sponsors (ESU-services
Ltd., treeze Ltd. and Empa), the advisory board, the technical team and,
most importantly, the speakers (listed in the previous sections) and par-
ticipants for the success of the event.

References

Barberio G, Scalbi S, Buttol P, Masoni P, Righi S (2014) Combining life
cycle assessment and qualitative risk assessment: the case study of
alumina nanofluid production. Sci Total Environ 496:122–131

Breedveld L (2013) Combining LCA and RA for the integrated risk
management of emerging technologies. J Risk Res 16:459–468

Carlander U, Li D, Jolliet O, Emond C, Johanson G (2016) Toward a
general physiologically-based pharmacokinetic model for intrave-
nously injected nanoparticles. Int J Nanomedicine 11:625–640

Deng Y, Li J, Qiu M, Yang F, Zhang J, Yuan C (2017) Deriving charac-
terization factors on freshwater ecotoxicity of graphene oxide
nanomaterial for life cycle impact assessment. Int J Life Cycle
Assess 22:222–236

Ettrup K, Kounina A, Hansen SF, Meesters JAJ, Vea EB, Laurent A
(2017) Development of comparative toxicity potentials of TiO2
nanoparticles for use in life cycle assessment. Environ Sci Technol
51:4027–4037

Feynman RP (1960) There’s plenty of room at the bottom. Engr Sci 23:
22–36

Gottardo S et al (2017) NANoREG framework for the safety assessment
of nanomaterials

Grieger KD, Laurent A, Miseljic M, Christensen F, Baun A, Olsen SI
(2012a) Analysis of current research addressing complementary use
of life-cycle assessment and risk assessment for engineered
nanomaterials: have lessons been learned from previous experience
with chemicals? J Nanopart Res 14:958

Grieger KD, Linkov I, Hansen SF, Baun A (2012b) Environmental risk
analysis for nanomaterials: review and evaluation of frameworks.
Nanotoxicology 6:196–212

Hellweg S, Demou E, Bruzzi R, Meijer A, Rosenbaum RK, Huijbregts
MAJ, McKone TE (2009) Integrating human indoor air pollutant
exposure within life cycle impact assessment. Environ Sci Technol
43:1670–1679

Hischier R, Walser T (2012) Life cycle assessment of engineered
nanomaterials: state of the art and strategies to overcome existing
gaps. Sci Total Environ 425:271–282

Hischier R, Salieri B, Pini M (2017) Most important factors of variability
and uncertainty in an LCA study of nanomaterials: findings from a
case study with nano titanium dioxide. NanoImpact 7:17–26

Klöpffer W, Curran MA, Frankl P, Heijungs R, Köhler A, Irving Olsen S
(2007) Nanotechnology and life cycle assessment: a systems ap-
proach to nanotechnology and the environment, project on emerging
nanotechnologies at the Woodrow Wilson International Center for
Scholars, Nanotechnol and life cycle ass.Pp 1–34

Lacirignola M, Blanc P, Girard R, Pérez-López P, Blanc I (2017) LCA of
emerging technologies: addressing high uncertainty on inputs’ var-
iability when performing global sensitivity analysis. Sci Total
Environ 578:268–280

Laner D, Rechberger H, Astrup T (2015) Applying fuzzy and probabilis-
tic uncertainty concepts to the material flow analysis of palladium in
Austria. J Ind Ecol 19:1055–1069

Laurent A, Harkema JR, Andersen EW, Owsianiak M, Vea EB, Jolliet O
(2017) Human health no-effect levels of TiO2 nanoparticles as a
function of their primary size. J Nanopart Res 19:130

Li D, Johanson G, Emond C, Carlander U, Philbert M, Jolliet O (2014)
Physiologically based pharmacokinetic modeling of polyethylene
glycol -coated polyacrylamide nanopar t i c les in ra ts .
Nanotoxicology 8(Suppl 1):128–137

Liu HH, Bilal M, Lazareva A, Keller A, Cohen Y (2015) Simulation tool
for assessing the release and environmental distribution of
nanomaterials. Beilstein J Nanotech 6:938–951

OECD (2015) Guidance manual towards the integration of risk assess-
ment into life cycle assessment of nano-enabled applications.
OECD, Paris

Padey P, Girard R, le Boulch D, Blanc I (2013) From LCAs to simplified
models: a generic methodology applied to wind power electricity.
Environ Sci Technol 47:1231–1238

Pini M, Salieri B, Ferrari AM, Nowack B, Hischier R (2016) Human
health characterization factors of nano-TiO2 for indoor and outdoor
environments. Int J Life Cycle Assess 21:1452–1462

Salieri B, Righi S, Pasteris A, Olsen SI (2015) Freshwater ecotoxicity
characterisation factor for metal oxide nanoparticles: a case study on
titanium dioxide nanoparticle. Sci Total Environ 505:494–502

Sani-Kast N, Labille J, Ollivier P, Slomberg D, Hungerbühler K,
Scheringer M (2017) A network perspective reveals decreasing ma-
terial diversity in studies on nanoparticle interactions with dissolved
organic matter, P Natl Acad Sci USA. National Academy of
Sciences, pp E1756–E1765

Savolainen K, Alenius H, Norppa H, Pylkkänen L, Tuomi T, Kasper G
(2010) Risk assessment of engineered nanomaterials and nanotech-
nologies: a review. Toxicology 269:92–104

Scanlon KA, Lloyd SM, Gray GM, Francis RA, LaPuma P (2015) An
approach to integrating occupational safety and health into life cycle
assessment: development and application of work environment
characterization factors. J Ind Ecol 19:27–37

Sleeswijk AW (2011) Regional LCA in a global perspective: a basis for
spatially differentiated environmental life cycle assessment. Int J
Life Cycle Assess 16:106–112

van Harmelen T, Zondervan-van den Beuken EK, Brouwer DH, Kuijpers
E, Fransman W, Buist HB, Ligthart TN, Hincapié I, Hischier R,
Linkov I, Nowack B, Studer J, Hilty L, Som C (2016) LICARA
nanoSCAN: a tool for the self-assessment of benefits and risks of
nanoproducts. Environ Int 91:150–160

Villares M (2015) Applying a life cycle perspective to research on metal
recovery from electronic waste using bioleaching. Delft University
of Technology, Delft, p 213

Villares M, Işıldar A, Mendoza Beltran A, Guinee J (2016) Applying an
ex-ante life cycle perspective to metal recovery from e-waste using
bioleaching. J Clean Prod 129:315–328

Walker WC, Bosso CJ, Eckelman M, Isaacs JA, Pourzahedi L (2015)
Integrating life cycle assessment into managing potential EHS risks
of engineered nanomaterials: reviewing progress to date. J Nanopart
Res 17:1–16

Walser T, Gottschalk F (2014) Stochastic fate analysis of engineered
nanoparticles in incineration plants. J Clean Prod 80:241–251

Walser T, Juraske R, Demou E, Hellweg S (2014) Indoor exposure to
toluene from printed matter matters: complementary views from life
cycle assessment and risk assessment. Environ Sci Technol 48:689–
697

Int J Life Cycle Assess (2018) 23:191–196 195



Walser T, Studer C (2015) Sameness: the regulatory crux with
nanomaterial identity and grouping schemes for hazard assessment.
Regul Toxicol Pharmacol 72:569–571

Walser T, Bourqui RM, Studer C (2017) Combination of life cycle as-
sessment, risk assessment and human biomonitoring to improve
regulatory decisions and policy making for chemicals. Environ
Impact Assess 65:156–163

196 Int J Life Cycle Assess (2018) 23:191–196


	How...
	Foreword
	Introduction
	General overview of current development
	System modelling and environmental releases
	Impact assessment methods for nanomaterials
	Combining LCA and RA for nanotechnology
	Conclusions
	References


