N
N

N

HAL

open science

Integrative approach in a safe by design context
combining risk, life cycle and socio-economic assessment
for safer and sustainable nanomaterials

Beatrice Salieri, Leire Barruetabena, Isabel Rodriguez-Llopis, Nicklas Raun

Jacobsen, Nicolas Manier, Bénédicte Trouiller, Valentin Chapon, Niels

Hadrup, Araceli Sanchez Jiménez, Christian Micheletti, et al.

» To cite this version:

Beatrice Salieri, Leire Barruetabena, Isabel Rodriguez-Llopis, Nicklas Raun Jacobsen, Nicolas Manier,
et al.. Integrative approach in a safe by design context combining risk, life cycle and socio-
economic assessment for safer and sustainable nanomaterials.

10.1016/j.impact.2021.100335 . ineris-03362588

HAL 1d: ineris-03362588
https://ineris.hal.science/ineris-03362588

Submitted on 1 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Nanolmpact, 2021, 23, pp.100335.


https://ineris.hal.science/ineris-03362588
https://hal.archives-ouvertes.fr

NanoImpact 23 (2021) 100335

ELSEVIER

Contents lists available at ScienceDirect
NanoImpact

journal homepage: www.elsevier.com/locate/nanoimpact

Nanolmpact

Check for

Integrative approach in a safe by design context combining risk, life cycle [w&s
and socio-economic assessment for safer and sustainable nanomaterials

Beatrice Salieri >""

, Leire Barruetabena ", Isabel Rodriguez-Llopis b Nicklas Raun Jacobsen ¢,

Nicolas Manier ¢, Bénédicte Trouiller ¢, Valentin Chapon 4 Niels Hadrup ¢, Araceli

Sanchez Jiménez ¢, Christian Micheletti ', Blanca Suarez Merino ', Jean-Marc Brignon “,

Jacques Bouillard ¢, Roland Hischier?

d

& Swiss Federal Laboratories for Materials Science and Technology (Empa), Technology and Society Lab, Lerchenfeldstrasse 5, 9014 St. Gallen, Switzerland

b GAIKER-IK4 Technology Centre, Parque Tecnoldgico, Ed. 20248.170, Zamudio, Bizkaia, Spain

¢ National Research Centre for the Working Environment, Lers¢ Park Alle 105, 2100, Copenhagen, Denmark

4 INERIS, Parc Alata, BP 2, 60550 Vernueil-en-Halatte, France

¢ Institute of Occupational Medicine (IOM) Research Avenue North, EH14 4AP Edinburgh, UK

f TEMAS Solutions GmbH, Latterweg 5, 5212 Hausen, Switzerland

ARTICLE INFO ABSTRACT

Editor: Dr. Bernd Nowack

Keywords:

Nanomaterials

Safe by design

Risk assessment (RA)

Life cycle assessment (LCA)
Socio-economic assessment (SEA)

Moving towards safe and sustainable innovations is an international policy ambition. In the on-hand manuscript,
a concept combining safe by design and sustainability was implemented through the integration of human and
environmental risk assessment, life cycle assessment as well as an assessment of the economic viability. The
result is a nested and iterative process in form of a decision tree that integrates these three elements in order to
achieve sustainable, safe and competitive materials, products or services. This approach, embedded into the
stage-gate-model for safe by design, allows to reduce the uncertainty related to the assessment of risks and
impacts by improving the quality of the data collected along each stage. In the second part of the manuscript, the

application is shown for a case study dealing with the application of nanoparticles for Li-Ion batteries. One of the
general conclusions out of this case study is that data gaps are a key aspect in view of the reliability of the results.

1. Introduction

Nanotechnology has become an integral part of our society with
applications in many sectors of our economy such as healthcare, cos-
metics, energy production, electronics, or environmental remediation.
Its application in those fields offers new benefits and advantages
compared to traditional technologies, and nanotechnology is nowadays
increasingly seen as a potential solution to a wide range of environ-
mental challenges, contributing to an urgently required sustainable
development. Indeed, its application e.g. in green manufacturing and
chemistry, clean energy technologies, CO, conversion, capture and
storage, and water purification (Babatunde et al., 2020; Diallo et al.,
2013; Rodrigues et al., 2017; Serrano et al., 2009; Solanki et al., 2015) is
in line with many of the seventeen UN Sustainable Development goals.'

But despite all these advantages and benefits, environmental, health and
safety (EHS) issues of nanotechnology still require to be better eluci-
dated and addressed (Falinski et al., 2018; Jacobs et al., 2010; Salieri
et al., 2018). To do so, social, environmental and economic aspects
related to such emerging technologies need to be assessed from an early
innovation process phase and along their complete life cycle, i.e. from
the extraction of the required resources to an adequate end of life
treatment (Cinelli et al., 2016; Fleischer and Grunwald, 2008; Shapira
and Youtie, 2015; Gottardo et al., 2021).

In the chemicals sector, this urge of pollution prevention together
with concerns about potential risks to humans and to the environment
lead in the 1990s to the establishment of the concept of Green Chemistry
that aims “to design chemical products and process that reduce or eliminate
the use or generation of hazardous substance” (Anastas, 1994). For this,
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Green Chemistry adopts a set of 12 principles (such as e.g. prevention,
design of safer chemicals, a less hazardous chemical synthesis, etc.),
promoting environmentally friendly practices and solutions. Almost in
parallel to Green Chemistry, the so-called “Benign-by-design” approach
has been developed, ensuring the synthetic elegance of a chemical
substance; i.e. the efficiency of the synthetic methodology, its economic
viability and its environmental kindliness (Anastas, 1994). The criteria
of Green Chemistry are “guidelines that provide the framework for sus-
tainable design”(Anastas and Eghbali, 2010). Hence, one pillar of the
Green chemistry is to design safer chemical across all stages of the
chemical life cycle and to reduce the risk, by minimizing the hazard,
from the earliest stage of the production process (Anastas and Eghbali,
2010; Zimmerman et al., 2020). Hazard refers thereby to toxicological
(e.g. carcinogenicity), physical (e.g. explosivity) as well as global hazard
(e.g. greenhouses gases) (Zimmerman et al., 2020). Life Cycle Assess-
ment (LCA) is applied to support these Green Chemistry principles and
in order to provide a sustainability metrics of new synthesis processes
and/or new chemical products — i.e. evaluate global warming, ozone
depletion, loss of biodiversity, (eco)toxicity (Cespi et al., 2020; Eryth-
ropel et al., 2018). The assessment of toxicological hazards of chemicals
need to be included at early stage of the product development in order to
minimize or eliminate toxicity (Anastas, 2016; Crawford et al., 2017;
Anastas and Warner, 2005). The new paradigm for toxicology in the 21st
century promotes the shift from a traditional, animal-based testing
strategy towards new test strategies which rely on the mechanistic un-
derstanding of chemical toxicity (i.e. in vitro, in silico and omics
methods testing as well as computation tests) (Andersen and Krewski,
2009). This paradigm has been adopted by “Green Toxicology”, building
upon the foundation of Green Chemistry principles, and aiming to
develop safe chemicals, at early stage of their product development
cycle in terms of both environmental and health impact (Crawford et al.,
2017).

These principles were taken up in the field of nanotechnology too,
under the heading of Safe(r)-by-Design, SbD (Yan et al., 2019; Morose,
2010; Gottardo et al., 2021). However, there is still a lack of consensus
on what the SbD concept encompass in the nanotechnology industry
(Sanchez Jiménez et al., 2020a). Despite this, SbD found already a wide
spread in the area of nanotechnology as shown in Kraegeloh et al.
(2018). The author identified there 36 scientific articles, published be-
tween 2011 and 2018, in which a variety of SbD strategies were applied
to manufactured nanoparticle (NPs), such as design out of hazards,
reduce releases, reduce bio-persistence, testing strategies for safety
evaluation, material characterization, or the identification of risk-
hotspots for potential SbD approaches and pilot plant developments.
In addition, SbD can be framed as a governance issue, where decision
making is used to best reduce societal impact of new technologies while
maximizing the benefits (Trump et al., 2020).

Since 2013, various European projects — grouped in the Nanosafety
cluster — aimed to develop a Safe Innovation Approach (SIA) for nano-
materials. SbD for nanomaterials was initially defined within the FP7
project NANoREG  (https://cordis.europa.eu/project/id/310584),
where SbD was defined as a process enabling — at early stages — con-
siderations of health and environmental safety in addition to functions
in the design of a material, product or process (Gottardo et al., 2017).
The development continued in the H2020 project “Prosafe” (https://
cordis.europa.eu/project/id/646325) and NanoReg? (https://cordis.
europa.eu/project/id/646221) by promoting the implementation of
SbD in the research and development stage, and by integrating SbD
within the Regulatory preparedness and Trusted Environment ap-
proaches in order to achieve an overall SIA.

In the context of this manuscript, the SbD concept according to the
H2020 project NanoReg2 is applied (Gottardo et al., 2017; Soeteman-
Hernandez et al., 2019; Dekker et al., 2020; Sanchez Jiménez et al.,
2020a; Sanchez Jiménez et al., 2020b; OECD, 2020). There, the so-called
“Stage-Gate Innovation Model” (Cooper, 2008) is used as described in
Gottardo et al. (2017). At each stage of the innovation process (as shown
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in Fig. S1 in the supplementary materials) risks, functionality and costs
are assessed to decide whether to continue, to stop or to re-design the
innovation (Sanchez Jiménez et al., 2020a; OECD, 2020). SIA is pro-
posed as a proactive system to minimize the gap between the pace of
innovation and the pace of developed nano-risk governance (Soeteman-
Hernandez et al., 2019). SIA combines this SbD approach, which rec-
ommends industry to integrate safety assessment at early stage of the
innovation process, with the Regulatory Preparedness (RP), encouraging
regulators to engage with innovators in order that regulations can keep
pace with innovations. RP “aims to improve anticipation of regulators in
order that they can facilitate the development of adaptable regulation that
can keep up with the pace of knowledge generation and innovation of NMs
and nano-enabled products” (Soeteman-Hernandez et al., 2019). Overall,
SIA seek to enhance the ability of all stakeholders to address the safety
assessment of innovations in a robust yet agile manner.

As further development, within the Nanoreg? project the issues of
safety (via SbD approaches) was combined with sustainability in order
“to reduce potential health and environmental risks at an early phase of the
innovation process, to enable consideration of safety aspects for humans and
the environment in the design process of a product/materials, and to eliminate
or minimize the risk of adverse effects along all life cycle stages of a produced
material”. Hence, SbD as understood in NanoReg? implies the consid-
eration of safety and sustainability not just as optional add-ons, but as
integral parts of the actual design process as, “Safe-by-Design aims to
reduce uncertainties and/or increase the human health and environ-
mental safety from already early stages in the innovation process”
(Dekker et al., 2020).

The objective being to create more sustainable and safer materials,
production processes and products, leading finally to a safer use. Over
the past 4 years, the project partners of the NanoReg? project have
developed a step-by-step process for the implementation of SbD to
promote and foster a sustainable and safer production and application of
nanotechnology. The step-by-step process aims to reduce uncertainties
regarding safety while increasing the type of data requested as one
moves along the innovation process, hence, moving from a qualitative
assessment to a quantitative assessment. The description of the devel-
oped step-by-step process and of the tools chosen (i.e. control banding
tools within the SIA toolbox, at each stage of the innovation process as
reported in Table 1) is out of scope of this article. For a more detailed
description please see, Soeteman-Hernandez et al., 2019; Sanchez
Jiménez et al., 2020a; Dekker et al., 2020; Tavernaro et al., 2021, OECD,
2020). As recently, mentioned by Gottardo et al. (2021) the inclusion of
sustainability in the SbD for nanomaterials is in line with EU-policy
initiatives aiming to address safety and sustainability of material and
product already at early stage of the design process. Therefore, such a
comprehensive safe and sustainable approach needs to be applied from
the initial planning steps (i.e. the business idea) until the actual market
launch of the respective product (Kraegeloh et al., 2018; Soeteman-
Hernandez et al., 2019; Dekker et al., 2020). The conceptual framework
to identify safety from the early stage of the product development is a
key aspect to ensure the sustainability of new products. In this context,
dedicated tools and methods to assess the environmental and socio-
economic sustainability of products into SbD approaches can provide
a broader picture of their sustainability (i.e. accounting for further
sustainable metrics, such as e.g. global warming). Over the past decades
numerous analysis tools and methods to tackle the various dimensions of
sustainability have been proposed by the scientific community (Ness
et al., 2007; Singh et al., 2012; National Research Council, 2011) and
applied by industry (Trianni et al., 2019; Cespi et al., 2020). Among the
most often used tools and approaches are Risk Assessment (RA), Life
Cycle Assessment (LCA) and Socio-Economic Analysis (SEA). In the area
of nanotechnology, such analysis tools are increasingly applied despite
current limitations due to the (still) rather limited knowledge in terms of
toxicity, environmental fate and distribution, and environmental and
human exposure (Brignon, 2011; Fadel et al., 2015; Salieri et al., 2018;
Sgrensen et al., 2019; Cespi et al., 2020; Gottardo et al., 2021).
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Table 1
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Data requirements for RA- and LCA-related calculations and the SIA toolbox (Soeteman-Hernandez et al., 2019) suggested at each business stage.

STAGE 1
BUSINESS IDEA

STAGE 2 (TRL 2-3)
BUSINESS CONCEPT

STAGE 3 (TRL 4)
LAB SCALE -PROTOTYPE
PRODUCTION

STAGE 4 (TRL 5-8)
PILOT PRODUCTION

STAGE 5 (TRL 9)
MARKET ENTRY

Material
characterization

Data for RA:
- Human hazard

- Human
Exposure

- Ecotoxicity

Data for LCA

SIA Toolbox
suggested

(qualitative) description based on report, literature,
material safety data sheet, including risk label,
chemical composition, size, surface area, solubility,
density, particle form, and surface reactivity.
Respective bulk material can be use as reference. NP &
product legal restrictions
Bulk material or

similar NP (chemical
composition) can be
used as reference

Bulk material or similar NP
(chemical composition) can
be used as reference

e CLP classification/
Hazard properties

NP & product
legislative
restrictions CLP
classification/
Hazard properties,
REACH

Intended use and formulation

Likelihood population exposed (children, health
related groups) along all the life cycle stages of the
NP or Nano- enable product

Identification of exposure routes

o CLP assessment (SDS), REACH registration
Ecotoxicological potential accumulation/persistency
information (e.g. basic information on potential
ecotoxicity, read across data)

No action required Inventory data: Values on
estimated production chain
are collected (material &
energy input; waste &
emission)

Collection of toxicology
data from literature e.g.
PNEC/NOEC/NOAEL/
LC50/EC50/ED50,

and of information about
transformation and
degradation process in
freshwater air, soil,
sediment

LICARA,
NanoRiskCat; CB
Nanotool; ANSES;
SPM

LICARA; NanoRiskCat;
SPM; CB Nanotool;
DREAM; ANSES; Nano
FASE; REACH HIA;
CENARIOS® Risks
management and
monitoring system

Physical-chemical properties (Density, size, DLS, zeta potential,
dustiness, water solubility, hydrophobicity, dissolution rate’,
attachment and aggregation rate in media®, explosiveness and
flammability), potential release rate to the environmental
compartments (air, sediments, soils), dissolution rate in media

Experimental in vitro are
conducted and collected
from literature

Measured physical-chemical
properties

In vitro tests: inflammation,
oxidative stress, cytotoxicity,
genotoxicity & mutagenicity
ocular and skin irritation,
bio-persistency in the body

Release: Safe conditions of
use (modelled or read-
across), form of release,
dustiness, agglomerates
Worker/indoor exposure
Toxicity (acute) test on
algae, crustacean and fish (in
vitro)

In vitro test: cytoxicity
(metabolic activity),
membrane integrity,
lysosomal function
Bio-persistency, bio-
durability

LCI: values on lab scale
production chain are provided
(material & energy input; waste
&emission)

Workers/Indoor exposure:
Building volume, air exchange
rate, personal protective
equipment, inhalation rate,
number of people

(eco)-Effect: EC50 values on at
least two trophic levels
(interim)

(eco) -Exposure = 1
(precautionary approach)
(human)-Effect: EC50 values
from in vitro test or in vivo test
(from RA based activity/
literature/ read across data).
Interim Effect Factor is
calculated

(human) Exposure: indoor/
outdoor calculated in
accordance with USEtox and
Walser et al. (2015)

Fate Factor water = calculated
according to simplified FF
matrix”.Fate Factor air indoor/
outdoor: calculated according
to USEtox and Walser et al.
(2015)

LICARA (updated data),
NanoSafer; Stoffenmanager
Nano; SUNDS; Guidenano tool;
ART; dART; MARINA RA
Strategy; Nano solutions; ESIG-
GES-EGRET; NanoFASE;
REACH HIA; CENARIOS®;
Nano CRED

Air-liquid interfaces for lung
toxicity

More complex in vitro
experiments.

genotoxicity, mutagenicity)
Dermal toxicity
Reprotoxicity

Measured workers exposure
concentration for comparison
with OELs

In vivo essential chronic
ecotoxicity tests: Algae growth
inhibition test, Daphnia acute
immobilization test, fish acute
toxicity test

Depending on the production
volume: Toxicity on fish
development & growth,
bbioaccumulation test
Inventory data: values pilot scale
production are provided

(eco)-Effect: EC50 values on three

trophic level
(human)-EF: interim values on in

vivo test (e.g. mouse) and in vitro

(from literature/ read across data
Fate Factor water/air outdoor:
USEtox4Nano®

Fate Factor air: calculated
according to USEtox and Walser
et al. (2015)

(eco)-Exposure represent the

bioavailable (free species) fraction

of species*
(human) Exposure: indoor setting
(USEtox)

NanoSafer; SUNDS; GUIDEnano
tool; ART; RiskofDerm; ECETOC
TRA; FNN-BBN; ConsExpo Nano
Tool; MARINA RA Strategy;

SprayExpo model; BAMA indoor air
model; Nano FASE; Nano solutions;

AISE react; REACH HIA; Nano
CRED

In vivo experiments: inhalation,

Legal compliance

Health surveillance of
workers

Periodic occupational
exposure assessments

Additional testing in
relation to the upscaling
of production: Daphnia
long term toxicity, fish
long term toxicity, bio-
accumulation (fish)

LCA updated

Australian guidance on
regulation impact
statement (RIS) cost-
benefit analysis; Societal
incubator; ECHA SEA
REACH; Golden Egg
Check;

a8 Meesters et al. (2014)
b Salieri et al. (2019)
¢ Salieri et al. (2015)
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The on-hand manuscript is focussing on the 5th step of the Step-by-
step process for the implementation of SbD in the manufacturing of
nanomaterials (Fig. S2). The Step-by step by process is described
Sanchez Jiménez et al. (2020a); OECD (2020). In short, within the 5th
step the efficiency of taken SbD measures is evaluated in order to ensure
that those measures are indeed in line with the overall objective - i.e.
getting a safer and sustainable NMs and/or nano-enabled products. For
this, a systematic and integrative approach has been established that
allows a consistent and comprehensive assessment of sustainability and
safety issues and thus allows to promote and to foster a sustainable and a
safe production and application of nanotechnology. Within the frame of
the NanoReg? project, this approach has been tested in six industrial
case studies dealing with the production of NMs and/or nano-enabled
products and services. The case studies were industry-led and toxicolo-
gists, expert in exposure and risk assessment were involved too (Sanchez
Jiménez et al., 2020b). Section 2 of this manuscript describes-in detail-
the combination of RA, LCA and SEA in the SbD context, and its various
cornerstones. Section 3 summarizes one of these case studies in more
details — the example of new anode materials for Li-ion batteries for
electrical vehicles. The final section 4 summarizes the experiences from
this application case and gives an outlook concerning next steps and
open issues.

2. Method - an integrative approach combining RA, LCA and
SEA

Within this 5th and last step of the comprehensive SbD scheme
(Annex A, Fig. S2) reported in Sanchez Jiménez et al. (2020a) combining
RA, LCA and SEA allows actually to ensure that a new development ends
up not only as a safe but also a sustainable product. The integrative
approach is shown in Fig. 1. The approach builds on an interactive,
nested structure that needs to be applied each time when the imple-
mentation of SbD measures should be evaluated. Then the approach
allows to evaluate if the applied measures lead really towards safer and
more sustainable NMs and/or nano-enabled products. As shown in
Fig. 1, this integrative evaluation starts always with the application of
qualitative, semiquantitative or quantitative RA depending on the
innovation stage (being the direct translation of the SbD requirements).
If the outcomes of RA-based activities show an increasing risk in relation
to the SbD action undertaken, new SbD measures need to be identified
and applied — meaning that the respective RA analysis has to be per-
formed again. Only when the RA analysis reveals that the undertaken
SbD measures do not result in an increased risk anymore, the evaluation
continues with an analysis of the environmental sustainability by a lean
approach to LCA. Due to the preceding RA activities and their required
data (such as data on worker exposure, ecotoxicity or human toxicity),
nano-related toxicological impacts can also be assessed in this LCA step.
Besides, the outcomes of this LCA allow in addition the identification of
key aspects regarding resources and energy consumption, as well as
produced waste volumes. Similar as for RA, as long as such LCA calcu-
lations results in a higher impact in one or more of the investigated
impact categories, new SbD measures or a new mitigation strategy need
to be identified and applied. In such a case, the entire analysis has to be
repeated, i.e. the analysis has to start again with the RA step. In order to
guide such a (further) revision of SbD measures and/or the mitigation
strategy, a critical analysis of the aspects influencing the LCA results (i.e.
energy consumption, emissions and waste) is performed on this level.
Once RA and LCA show both better results — indicating that safety as
well as the environmental sustainability are fulfilled — a similar pro-
cedure in relation to the economic sustainability is applied by the sup-
port of SEA. This integration of SEA as a third element results in
supporting towards a better understanding of advantages and/or
drawback of the introduction of new products and technologies in our
society (for more details see, Brignon (2011)). However, this third
element can only be performed from stage 3 of the innovation model on,
as quantitative LCA results are a necessary input element for executing
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—-{ Define and apply SbD measures |

| Evaluation “After SbD” ]

l 1%t analysis
| RA |

NO

Results are
better/similar
than before?

YES | 2% analysis
LCA |

1

Results
better/similar
in all impact
ategorie

YES L 3’d ana/ysis (optional & only from Stage 3)
! i
' SEA !

- ~<

"7 Istherisk/ T~
" benefit balance >
“>~._positive enough?_ -~~~

ves\\l/”

Successfully
completed

Fig. 1. Nested structure of the integrative approach for safe and sustain-
able products.

the subsequent SEA.

The “interactive and nested” application of RA, LCA and SEA allows
in the end to ensure that each SbD measure is effectively a step towards a
safer as well as a more sustainable material and/or product. The here
implied, complementary and/or synergistic use of RA and LCA has been
shown already (Barberio et al., 2014; Udo de Haes et al., 2006; Grieger
et al., 2012; Kobayashi et al., 2015; Nishioka et al., 2002; Olsen et al.,
2001). They represent numerous approaches, varying in relation to (1)
the degree of integration, ranging from total separation to partial or full
integration (Flemstrom et al., 2004); (2) the consideration of spatial and
temporal differences (Udo de Haes et al., 2006); and (3) the way how
hazardous risk information and LCA results are combined for decision
making (Askham et al., 2013). Specifically for the field of nanotech-
nology, Grieger et al. (2012) analyzed studies combining RA and LCA
and identified two main approaches: “LC-based RA” (i.e. a traditional RA
approach, applied at various life cycle stage, and thus involving a life-
cycle thinking approach) and “RA-complemented LCA” (there, a con-
ventional LCA study is performed and supplemented by RA in-
vestigations in specific life-cycle steps — see e.g. Linkov and Seager,
2011). A third approach that can be found in recent publications consists
in integrating RA and LCA at the methodological level (Breedveld, 2013;
Sonnemann et al., 2019) —i.e. data and methods of RA are used in LCA.
This third approach is here applied, allowing to consider in a consistent
manner toxicity and exposure scenarios of NMs when addressing the
toxic impact categories (Deng et al., 2017; Eckelman et al., 2012; Ettrup
et al., 2017; Hischier and Walser, 2012; Miseljic and Olsen, 2014; Pini
et al., 2016; Pourzahedi and Eckelman, 2015; Pu et al., 2016; Salieri
et al., 2019; Salieri et al., 2015). Furthermore, this approach allows (1)
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CTUe ]
CTUh, non cancer
CTUh, cancer

FDP

0% 10%

20% 30% 40% 50%

NanoImpact 23 (2021) 100335

direct impacts

M energy input

N water input

B chemical input

60% 70% 80% 90% 100%

Fig. 2. Environmental impacts of the production of 1 kg of Si 40 nm. Reported are the relative contributions of the various inputs and of direct emissions (including
the production of waste treated in the waste treatment activities). These results are shown using various ReCiPe midpoint indicators, except for the toxic impact

categories, where the USEtox midpoint indicators are applied.

Reported ReCiPe midpoint factors are Ozone Depletion Potential (ODP), Natural Land Transformation (NLT), Marine Eutrophication Potential (MEP), Freshwater
Eutrophication Potential (FEP), Particulate Matter Formation Potential (PMFP), Terrestrial Acidification Potential (TAP), Photochemical Oxidant Formation Potential
(POFP), Terrestrial Ecotoxicity Potential (TETP), Urban Land Occupation (ULO), Water Depletion Potential (WDP), Mineral Resource Depletion Potential (MDP),
Agricultural Land Occupation (ALO), Ionising Radiation Potential (IRP), Marine Ecotoxicity Potential (METP), Fossil Fuel Depletion Potential (FDP), and Global

Warming Potential (GWP).

Reported USEtox midpoint indicator are Human Toxicity, non-cancer effect (CTUy, non-cancer), Human Toxicity, cancer effect (CTUy, cancer), Freshwater eco-

toxicity (CTU,)

to keep a life cycle perspective in the evaluation of potential hazards, (2)
to make use of RA-based data in order to develop characterization fac-
tors for nano-related toxic impacts categories in a comprehensive and
integrative manner along the entire life cycle, and (3) to cover at the
same time more aspects than only (eco)-toxicity, like e.g. a contribution
to global warming.

It is however obvious, that the application of the three different
methods (RA, LCA, SEA) cannot be done in the same way in the different
business stages of Cooper's stage-gate-model, used within the NANoREG
SbD framework (Gottardo et al., 2017). The quality and quantity of data
increases by moving from an early stage up to the last stage of a
development. In early stages of the innovation process only qualitative
data are available and thus, only qualitative approaches can be applied
(Table 1). For example, at early stage of the innovation process (Steg 1
and Stage 2), a life cycle thinking approach is promoted by i.e. using
screening tools such LICARA nanoSCAN (https://diamonds.tno.
nl/#licara). The approach supports to reflect regarding emission into
the environment and exposure along all the life cycle stage of the new
product or process. Table 1 shows a list of the (usually) available in-
formation at the various innovation stages (OECD, 2020; Sanchez
Jiménez et al., 2020a) within the SbD approach. The suggested RA-
based activities and tools require data (such as e.g. physical-chemical
properties of the NM/nano-enabled products, human hazard exposure
and ecotoxicity values) that are at the same time required within LCA in
order to characterize the toxic impact categories. Specifically, those data
can be applied for the calculation of the so-called Characterization
Factors (CFs). In the present study, CFs of the examined NPs have been
calculated in accordance with the USEtox model (http://usetox.org), the
recommended model to quantify the potential impacts related to eco-
toxicity and human toxicity (JRC-IES, 2011). USEtox provides CFs for
organic and inorganic substances (Fantke et al., 2017), but no official
version of CFs for NMs has been released so far, although in the last
years, several authors developed such CFs for NMs (see e.g. Salieri et al.,
2015; Walser et al., 2015; Pini et al., 2016; Pu et al., 2016; Deng et al.,
2017; Ettrup et al., 2017; Salieri et al., 2019). Here, the USEtox4Nano

model (Salieri et al., 2019) has been used to characterize the fate and
distribution of NM in the environment.

In the past years, a variety of different nanomaterial-related control
banding and risk-screening tools have been developed to deal with the
lack of data in early innovation stages. Each requiring different input
parameters and levels of information and resulting in different outputs
(e.g. Stoffenmanager Nano (Van Duuren-Stuurman et al., 2012) and CB
Nanotool (Zalk et al., 2019; Zalk et al., 2009)). Among non-nano-specific
tools ConsExpo (at www.consexpoweb.nl) and Stoffenmanager (Mar-
quart et al., 2008) as higher Tier Models for consumers and worker risk
assessment, are available. All these tools have been developed for very
different purposes, with different application domains, different inclu-
sion criteria and e.g. the exposure assessments or the derived risk levels
are based on different concepts and assumptions, resulting in outputs in
different formats. Therefore, a list of identified, suitable tools is included
in the step-by-step process, comprising (i) control banding tools that are
simple, easy to use models that do not need large amounts of informa-
tion and that give a qualitative output such as, e.g. the Precautionary
Matrix for synthetic nanomaterials (Hock et al., 2018), NanoSafer
(Krsitensen et al., 2010), NanoRiskCat (Hansen et al., 2011) as well as
(ii) tools for a more comprehensive RA, requiring in the same time also
more information and expertise in order to be used such as e.g. the
Sustainable Nanotechnologies Project Decision Support System (SUNDS,
at https://sunds.gd/) or the Weight of Evidence approach (Hristozov
etal., 2014). In the end, the selection of an adequate tool depends on the
stage of innovation and on the availability of the required data. In the
frame of the NanoReg? project, a detailed analysis of suitable RA-based
tools has been conducted in order to determine common parameters for
RA and LCA (more details see Annex B, Table S1 and Table S2). In vivo
and in vitro experimental tests are included in the SdD framework
(Sanchez Jiménez et al., 2020b) to assess the human and ecotoxicity of
ENM i.e. genotoxicity test (OECD 487), comet assay, in vitro inflam-
mation lung toxicity, skin irritation and ocular irritation (OECD 439,
OECD 492), Micronucleus assay (OECD 487), cytotoxicity in fish cell
lines (Kalaman et al., 2019), Daphnia magna chronic and acute tests
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(OECD 211; OECD 202). For more details see, Dekker et al. (2020),
Sanchez Jiménez et al. (2020a), Tavernaro et al., 2021 The likelihood of
occupational exposure is assessed following the exposure assessment
strategy and criteria for classification of exposure in EN 17058, 2018. An
indicative list of information of SIA toolbox suggested per stage of the
innovation process is reported in Table 1 (more details are provided in
Sanchez Jiménez et al., 2020a). The type of data that can be collected at
each stage of the innovation process to assess the risks as well as the
most suitable RA tools is not a prescriptive list and the order presented
along the different stages is indicative. The information collected at each
stage depends on the decisions made by the company based on the re-
sults from the previous stage and the level of uncertainty. For example, if
at stage 2 there is a high concern with a specific physicochemical
property (e.g. low solubility leading to bioaccumulation and persis-
tence) the company may decide to perform some in vitro tests before
moving to pilot production or change the specific physicochemical
property to increase the solubility (as long as the NM functionality is not
significantly affected) (Sanchez Jiménez et al., 2020a).

3. Case study

The applicability of the above described, integrative approach was
demonstrated with an industrial case study about the generation of high
performance Li-ion batteries by applying low toxic and low hazard
materials.

A high level of maturity of the Li-ion battery technology has been
already reached and they are widely used (Miao et al., 2019). However,
the application of NMs in Li-ion batteries e.g. to improve their perfor-
mance, is still in its infancy. Our partner company is investigating the
use of Si-based NPs in order to substitute graphite in the anode of Li-ion
batteries in order to achieve a higher performance (i.e. to allow for
batteries with less weight for same energy content or more energy
content in the same weight). Indeed, Si can double the storage capacity
of the anode compared to graphite, while Si is suffering from less sta-
bility. To ensure the stability and to improve the long-term performance
of such particles the company is coating the particle with carbon. In
total, three NPs — a pure silicon nanoparticle (Si 40 nm), and two carbon
coated silicon particles (Si/C 40 nm and Si/C 75 nm) - are currently
produced by the company. Table 2 summarizes the key elements of the
case study.

The case study is actually covering two distinguished parts, i.e. the
manufacturing of the NPs and their application in Li-ion batteries,
reflecting the twofold aims (and scope) of the entire innovation process
by the company. The production of NPs is already at Stage 4 (i.e. at the
pilot production), whereas their application in Li-ion battery is actually
situated around Stage 3.

3.1. Step 1 — Risk Assessment

In accordance with the integrative approach (see Fig. 1), risk
assessment was carried out as the first element. For this, an initial

Table 2
Key elements of the case study.

Descriptor Description

Potential applications NP applied in the anode of Li-ion batteries for battery
electric vehicles (BEV)

(i) Coating the silicon material with amorphous carbon and
increasing the particle size.

(ii) Application in Li-ion batteries

(i) Evaluate the relevance of carbon coating and particle
size;

(ii) Obtain a more powerful Li-ion Battery

Scope of the Safe by
Design
approach

Aim of the innovation

Nanomaterial/s Pure silicon nanoparticles (Si 40 nm)
(before)

Nanomaterial/s Carbon coated silicon nanoparticles of smaller (Si/C 40
(after) nm) and larger size (Si/C 75 nm)
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screening of risk using e.g. control banding tools was performed in a first
step. From the 33 tools specific to NPs included in the SIA Toolbox” out
of the project NanoReg?, the control banding tools NanoRiskCat,® Pre-
cautionary Matrix for Synthetic nanomaterials’and NanoSafer 1.1,
were identified as most suitable options for this case study. The selection
of the most relevant risk screening tools, conducted by the NanoReg?
project partners, were based on the domain of interest (exposure, human
hazard or overall risk), the physical-chemical information already
known about the materials used as well as the additional information
that was possible to generate within the case study group (Sanchez
Jiménez et al., 2020a). A brief description of the selected tools is pro-
vided in the Supporting Information (Annex C). The results of their
application in the case study can be summarized as following:

e NanoRiskCat: the exposure potential for workers, consumers and the
environment and the effects on human health and the environment
were assessed for Si/C 40 nm. The output of the tool is a medium
exposure risk forallefthem. The detailed results are listed in Annex
B, Tables S3, to S5, in the supporting information.

Precautionary Matrix for synthetic nanomaterials. For Si 40 nm the
results for the production scenario are: 45 (precautionary need for
employees) and 450 (precautionary need for employees —worst sce-
nario). For the packaging scenario the precautionary score is: 45
(precautionary need for employees) and 4050 (precautionary need
for employee —worst scenario). Similar results are calculated for Si/C
40 nm and Si/C 75 nm.

NanoSafer 1.1. The main element of the input parameter in the tool is
the material dustiness index. For Si 40 nm, Si/C 40 nm and for Si/C
70 nm a dustiness index of 1163 mg/kg, of 150 mg/ kg and of 21 mg/
kg were calculated, respectively. For the scenario of production and
packaging of Si 40 nm the high dustiness index returns in a high
potential exposure risk and protection equipment and fume-hood,
are highly recommended. For Si/C 40 nm with a lower dustiness
index, a lower potential exposure is returned by the tool. However,
the hazard evaluation is shifted to a higher score compared with the
score reported for Si 40 nm. The cause for this is the conservative
precautionary nature of the tool towards all materials with coatings.
For Si/C 70 nm is similar results to Si/C 40 nm are calculated. Due to
the lowest dustiness index of Si/C 70 nm this NP received lowest
score possible for potential exposure within the conservative nature
of the NanoSafer tool.

In a second step, a weight of evidence (WoE) approach was applied.
This approach encompasses SUNDS tool and traditional non-
computerized approach to cover toxicological effects with threshold.
Non-threshold genotoxicity / carcinogenicity effects are considered by a
non-computerized hazard assessment approach based only on published
literature studies. Hazard characterization is focused on the inhalation
route only. The in vitro skin irritation test (OECD guideline test 439)
performed on the NPs, classified them as non-irritant, suggesting that
the inhalation route is the most important from a hazard assessment
point of view. Hazard assessment of the three NPs were performed using
the following two approaches:

Approach A: In vivo test on Si 40 nm and Si/C 40 nm were performed
(more details are available in Annex C of the supplementary informa-
tion). For Si/C 40 nm a LOAEL value of 2 mg/kg bw/day and hence a
NOAEL of 1 mg/kg bw/day) are calculated. Whereas, for Si 40 nm a
NOAEL value of 2 mg/kg bw/day is considered. For Si/C 40 a DNEL of

2 https://www.siatoolbox.com,/tool

3 http://nanodb.dk/en/nanoriskcat/

* https://www.bag.admin.ch/bag/en/home/gesund-leben/umwelt-und-gesu
ndheit/chemikalien/nanotechnologie/sicherer-umgang-mit-nanomaterialien/
vorsorgeraster-nanomaterialien-downloadversion.html

5 http://www.nanosafer.org/
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0.2 mg/m°® and for Si 40 nm DNEL of 0.2 mg/m> were calculated.

Approach B: Literature data using other NP of similar composition
-such as SiO5 (crystalline form) and Carbon Black - are collected and
used to perform the hazard assessment. Threshold values (i.e. NOAEL)
and no-threshold genotoxicity /carcinogenicity effects data found in
literature are converted into DNEL and DMEL (Derived minimal effect
level) values by i) using a REACH combined safety factor of 25 and ii) by
applying the toxicological values in SUNDS tool. The toxicological
values, the derived DNEL and DMEL for SiO5 and Carbon black are re-
ported in Table 3 (more details in Annex C of the supplementary
information).

In conclusion, based on both approaches A and B a DNEL of 0.2 mg/
m® could be suggested for all three materials. In contrast, the DMEL
(carcinogenicity) values determined by Approach B suggest much lower
limits of exposure, in the low microgram/m? range. The assessment here
performed revealed a potential risk for the workers (Approach A) and
suggests the worker's exposure (inhalation) should be kept within the
range of microgram/ m®.

Concerning the comparison of the three nanomaterials, this showed
that for Si/C 40 nm there is some evidence (i.e. neutrophil influx and
inflammatory cytokines in BAL) that those particles are more toxic than
Si 40 nm. However, the data do not point towards the carbon coating
increasing the toxicity (Approach B). Concerning size of the NPs, the
here performed hazard assessment did not point towards differences in
toxicity due to this parameter. However, the influence of the size and
surface area of the nanoparticle on their toxicity is well reported in the
literature. Decreased size/increased surface area are associated with
higher toxicity. However, considering evidence from literature, the
toxicity is related to the small size of the particle (Braakhuis et al.,
2014)-the selection of a larger particle would be safer than the selection

Table 3
The table reported the toxicity values reported in literature for SiO5 and carbon
black and the DNEL and DMEL values.

NP Value of dose SUNDS DNEL Source
descriptors and
reported in DMEL
literature values

SiO, NOAEL = 2 mg/ DNEL = 0.003-1 DNEL = Arts et al., 2007,

3

m mg/m3 0.02 Muhle et al.,

(Average value (lower/upper mg/m> 1995, Rossi et al.
calculated on confidential 2010, Sayes et al.,
the basis of limit) 2010, Warheit
literature et al., 1995
evidences)
SiOy NOAEL =4 mg/ DNEL = DNEL = ECHA database”
m? 0.02-3.4 mg/m® 0.2 mg/
(lower /upper m®
confidence limit)
SiO, LOAEL =1 mg/ DMEL = Muhle et al.,
m? 0.004 1995; Dybing
T25 = 0.11 mg/ ug/kg et al., 1997
kg bw/day bw/day
DMEL =
0.06 pg/
m3
Carbon NOAEL = 1 mg/ DNEL = DNEL = Carter et al.,
black  m?® 0.005-8.4 mg/ 0.04 2006; Driscoll
m3 mg/m3 et al., 1996; Elder
(Lower /upper et al., 2005;
confidence limit) Heinrich et al.,
1995; Mauderly
et al., 1994
Carbon LOAEL of 11.6 DMEL = Heinrich et al.,
black and 2.5 mg/m> 0.07 pg/  1995; Mauderly
T25 of 1.6 and kg bw/ et al., 1994
1.7 mg/kg bw/ day.
day DMEL =
1.0 pg/
m3

2 https://echa.europa.eu/home
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of a smaller particle, and thus point towards the larger Si/C 75 nm being
safer than Si/C 40 nm.

Comparative risk assessment by means of (eco)-toxicity experimental
tests were conducted on Si 40 nm, Si/C 40 nm and Si/C 75 nm. Algal
growth inhibition test (OECD 201), Daphnia magna acute immobilization
test and Daphnia magna chronic toxicity test (OECD 211) revealed
comparable (i.e. no effect; EC50 > 100 mg/L) among the three particles.
The human and eco-toxicity test results are reported Sanchez Jiménez
et al. (2020b).

The risk assessment was performed on the level of the production of
the NPs, evaluating the coating of the silicon materials with amorphous
carbon and increasing the particle size. The RA was not performed on
the application of such NP into Li-Ion battery (e.g. use phase of the
battery) as no risk to the environmental and to human is likely during
the use phase of batteries. Concerns can be raised regarding the end-of-
life of the battery. However, as the application of NPs in Li-ion battery is
still at an early stage, scarce data are available regarding the end-of life
of new type of battery. Hence, we did not proceed with the RA of this life
cycle stage and we assumed that the outcomes of the RA for the
manufacturing (i.e. potential exposure for workers, toxicity profile of
the NPs) can be consider valid also for the life cycle stage of end-of -life.

In conclusion, the RA activities do not show particular criticalities for
the adopted SbD measures (i.e. carbon-coating and size) applied in the
NPs under investigation. A comparable toxicity between all three NPs
was observed; thus, the SbD measures are fulfilled, and we can proceed
with the 2nd step, i.e. the LCA analysis.

3.2. Step 2 - Life cycle assessment

The second step of the integrative approach (Fig. 1) deals with per-
forming an LCA study. All LCA activities are performed here in accor-
dance with the respective ISO standards (ISO, 2006a, 2006b); the entire
LCA analysis has been established with the LCA software Simapro v8,
using the database ecoinvent v3.4 as background database. The LCA
study has been performed using three different perspectives — i.e. the
manufacturing of the three NPs, the application of these NPs in the
anode of a Li-Ion battery, and the use of these NP-containing batteries in
a battery-electric vehicle (BEV). All of this supports i) to evaluate the
taken SbD measures by investigating the manufacturing of the three NP,
but also ii) to extend the investigation to the application of such new NP
in Li-Ion batteries. For the latter case, executing RA at level of the bat-
tery is considered here as not necessarily since the NPs are contained
inside the battery. This LCA at level of the Li-Ion battery is still at the
Prototype Level (Stage 3).

3.2.1. Manufacturing of the three NPs

Case-specific inventory data (material, energy used, waste and
emission) covering the production process for each of the three NPs have
been collected from the producer; due to confidentiality reasons, the
detailed inventory data cannot be disclosed in this manuscript. The
actual emissions of nanoparticles into the environment during the pro-
duction stage have been estimated based on the results of the RA ac-
tivities, resulting in a release of 0.01% of the nanomaterials into the
indoor working environment during the production step. No direct and/
or indirect release of nanoparticles into the wastewater collection sys-
tem is likely and therefore no such releases have been assumed.

Data from the RA-related activities above were used to support the
inventory data set (i.e. emission into the environments, amount of
product produced) and in order to characterize the toxicity impacts
related to eventual nano-emission (i.e. used to developed CFs for impact
category ‘freshwater ecotoxcity’). An overall picture of the RA-data in-
tegrated into the LCIA framework is provided in Table S1 and S2 in the
Supporting Information. The CFs for toxic impact categories have been
calculated in agreement with the USEtox requirements (please see
Fantke et al., 2017 for more details in the calculation procedure to
determine CF). A description on the calculation of the CFs for the three
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NPs is reported in Annex D of the supporting information. The calculated
interim CFs (within the impact category of Freshwater Ecotoxicity) show
the same order of magnitude for each of the three NPs. The inventory
data (material, energy used, waste and emission) collected for the life
cycle stage of manufacturing are similar among the three NPs. Hence, a
similar environmental performance for all three NP results in this case
study. Fig. 3 shows the LCA result for the manufacturing of Si 40 nm. The
functional unit for this step is “1 kg of production of Si 40 nm”. As main
drivers for all the impact categories under investigation, the chemical
inputs followed by the energy consumed can be identified.

3.2.2. Application of the NPs in the anode of a Li-ion battery

The system boundaries of the LCA study performed in the second step
consider the life cycle of a Li-ion battery without its actual use phase. As
the application of Si-based NPs in Li-ion batteries is currently at a pro-
totype level (i.e. at Stage 3), a rather low accuracy of the inventory data
is observed. Nevertheless, a preliminary LCA could be performed in the
sense of a “predictive” assessment of such a future nano-enable product,
providing to the company already at an early stage of their business a
first indication concerning potential risks and impacts, and help them to
identify (ecological) “hot spots”. Furthermore, it should be noted that
the low level of maturity of the technology (i.e. prototype level) here
under investigation can influence the LCA result. The here investigated
system is composed of the different components (i.e. battery cell, BMS,
cooling system components, and Packaging), the final assembly as well
as the end-of-life treatment after the use of such a battery. While for the
assembly into a complete Li-ion battery, inventory data published by
Ellingsen et al. (2014) about an average Li-ion battery for vehicles have
been used here, the composition of the different elements of the battery
cell under investigation — i.e. anode, cathode (assuming a nickel man-
ganese cobalt (=NMC) type), separator and electrolyte — is modelled
with respective information from the industrial partner. The functional
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unit for this second step is “1 kWh of stored energy within a Li-ion
battery”. Fig. 4 shows the relative results of such a battery — relative
in comparison to a battery with a similar weight, but containing a
graphite anode.

Fig. 4 shows a worse environmental performance for such a “new”
battery. As it could be observed there, none of the investigated impact
categories results in a lower impact for the example of the NP-containing
battery; all categories show a higher impact — ranging from just a few
percentages (e.g. CTUe, METP, TETP, MDP) to almost three times higher
impact (for WDP, IRP, ODP). These differences are due to the main
components (i.e. cathode, anode and electrolyte) and/or additional,
structural elements (i.e. separator, aluminium and plastic parts), as the
the further elements and the battery assembly are similar for both
investigated batteries. A contribution analysis of these elements in the
battery cells on the impact category of GWP revealed that the anode
with NPs shows a higher impact than the comparable graphite anode. In
accordance with the integrative approach, others measures should be
taken and the application should be evaluated again. It should be noted
however, that the low level of maturity of the technology under inves-
tigation can influence the LCA result; especially when compared to a
fully mature technology like here. Hence, these result of the LCA here
have to be considered preliminary and they reflect only partially the
actual Sbd measures taken on the level of NPs. Therefore, as a further
step of this preliminary evaluation the use of such a NP-containing
battery in a battery electric vehicle (BEV) has been investigated.

3.2.3. Use of the battery in a battery electric vehicle

In the third step, this new, Si-NP-containing battery is integrated into
a battery electric vehicle (BEV) in order to evaluate the (ecological)
consequences of such a BEV compared to traditional petrol- or diesel-
based vehicles. As functional unit “driving over a distance of 1 km” is
used for this third step of the LCA. The system boundaries are covering
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Fig. 3. Impacts per kWh of energy stored in a Li-ion battery containing the Si 40 nm in the anode, in comparison to the impacts per kWh of energy stored in a Li-ion
battery with a graphite-based anode (set to 100% for all indicators). Shown are the same midpoint indicators as in Fig. 2.
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Fig. 4. Environmental impacts of driving 1 km with a passenger car with an internal combustion engine, with a BEV using a Li-ion battery containing Si 40
nanoparticles in the anode and with a BEV using a Li-ion battery with a graphite based anode. The highest value is each time set as 100%. Shown are the same

midpoint indicators as in Fig. 2.

the complete life cycle (i.e. production - use and maintenance - end-of-
life treatment) of all components necessary for such a transport service —
i.e. the road, the vehicle as well as the related energy supply. Fig. 4
shows the results for the comparison of driving with a BEV containing
either of the two types of batteries (from the preceding LCA step) to a
petrol-based vehicle. These results show that, based on the here applied
information, the use of Si-based NPs does not result in a better perfor-
mance from the LCA point of view, especially when compared to the
current material used in Li-ion batteries (i.e. graphite).

The LCA results on the application of Si-based NPs in Li-ion battery
revealed that further investigation and/or improvement are required.
Notable, the LCA case studies investigated a new Si-NP-containing bat-
tery, which is still at its prototype level hence, the results are influenced
by the low maturity of the technology and by the low data quality.

Although the application of NPs in Li-ion battery is still in its infancy,
the Li-ion battery technology in general is on a high level of maturity.
Therefore, we proceed with a SEA study for the third step —i.e. these new
Li-Ion batteries containing NP.

3.3. Step 3 — Socio-economic analysis

SEA focuses on comparing the risks and benefits of the introduction
of Li-ion batteries containing Si 40 nm NPs in the market of personal
light-duty BEV vehicles in France between 2020 and 2030. Have been
excluded from the study: heavy-duty vehicles, commercial vehicles,
two-wheeled vehicles, buses, and coaches. The analysis is based on the
comparison of a baseline scenario without such NPs in batteries of BEV
and a scenario entitled “Engineered Nanomaterials (ENS) scenario” in
which BEV are equipped with Li-Ion batteries containing NPs. Here, we
consider that due to the increase of capacity of this new battery type, the
demand for light-duty BEV will increase at the expense of personal light
diesel and gasoline vehicles. In both baseline and ENS scenarios, all new
BEVs added to the fleet are assumed to fulfil the EURO 6d European
standard.

According to the literature consulted, numerous factors such as
purchase price, running costs, acceleration, fuel availability could affect
BEV's future demand including the capacity of the battery (Windisch,

2013; EEA, 2016; Christensen et al., 2012). Consequently, the elasticity
of the BEVs' demand is complicated to estimate and uncertain. In this
study only the increasing capacity of the battery is considered. We have
considered that an increasing vehicle autonomy due to the introduction
NPs in batteries, could increase the number of kilometres driven with
electric vehicles of 5% compared to the baseline scenario. To keep the
total kilometres driven unchanged, the number of kilometres driven
with ICEVs in the ENS scenario is reduced by 5% compared to the
baseline scenario. The data reported in CITEPA (2018) regarding the
kilometres driven per type of personal vehicles have been here used for
the baseline scenario over the 2020-2030 period. In order to assess and
compare the two scenarios, we expand at the French market level the
environmental costs and health impacts estimated by LCA along the
complete life cycle for a vehicle, including for BEV the production of
batteries and NPs, and the cost of innovation to develop these new NP
batteries. Environmental impacts considered in the study are: climate
change (kg CO2eq), terrestrial acidification (kg SOseq), photochemical
oxidant formation (kg NMVOC eq), particulate matter formation (kg
PM10) and NOx emissions (kg NOx). Health impacts taken into
consideration are numbers of cancers cases and non-cancers cases of
illness. In a next step, these environmental and health impacts have then
been monetized considering values present in the literature (Table 4).
Results of the analysis suggest that these negative environmental and
health impacts due to the use of NPs in batteries are negligible compared
to the overall impacts of the entire vehicle production. However, due to
a lack of data concerning the recycling and end-of-life treatment of this
new battery type, we assume that there is no release of nanoparticles at
those steps of the lifecycle, which tends to underestimate the potential
risks of this nano-innovation. The cost of introduction of nanomaterials
on batteries of vehicles, that is the cost for society to pass from the
baseline scenario to the “Engineered Nanomaterials (ENS) scenario” is
here represented as the cost of innovation and the cost of the modifi-
cation of the vehicles fleet.

The cost of innovation which corresponds to the cost of introduction
of new lithium-ion batteries on the market is assessed based on infor-
mation from the manufacturer, as the difference between the unit pro-
duction cost of a new lithium-ion battery for BEV (with Si 40 nm NP) and
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Table 4
Monetary values retained per category of impact in euros (2010).
Impact Value in euros Source
(2010)
Climate change (kg [32 in 2020 Lowest values from the report High-
CO»-eq) and 40 in level commission on carbon prices (
2030] Stern and Stiglitz, 2017)
[64 in 2020 Highest values from the report of the
and 80 in High-level commission on carbon
2030] prices (Stern and Stiglitz, 2017)
Acidification (kg SOo- 0,68 Delft Shadow Price (De Bruyn et al.,
eq) 2010)
Photo-oxidant 1,4 Delft Shadow Price (De Bruyn et al.,
formation (kg 2010)
NMVOC-eq)
PM formation (kg 22 Delft Shadow Price (De Bruyn et al.,
PM;o-eq) 2010)
Impacts due to NOx 13 Update of the Handbook on External
emissions (kg NOx) Costs of Transport (Ricardo-AFA,
2014)
Human toxicity 816,178 Valuing selected health impacts of
(cancer case) chemicals (ECHA, 2016)
Human toxicity (non- 34,356 (ECHA, 2014)

cancer case)

the unit production cost of conventional lithium-ion battery (with
graphite) multiplied by the number of BEVs with new batteries in the
scenario with NPs.

The material components of 262 kg battery pack with a lifetime of
100’000 km have been provided by the indus-trial nanomaterial
manufacturer. Components prices are taken from the literature (Nelson
et al., 2012; Patry et al., 2015) except for the cost of Si 40 nm NP that
were given confidentially by the nanomaterial manufacturer. According
to the literature, material costs for a conventional lithium-Ion battery
represent 65% of the total cost of production and 66% for a lithium-ion
combined with silicon alloy (Berckmans et al., 2017). Other costs are
labour, cell assembly, module assembly and overhead. According to the
nanomaterial manufacturer, the introduction of ENMs in lithium bat-
teries, does not affect the battery production line, so the same share for
other costs is applied for batteries with NPs. Costs of production ob-
tained for 262 kg conventional lithium-ion battery and new lithium-ion
battery are respectively 4'319,6 and 4'980,8 euros. This cost is multi-
plied by the number of BEV added to the fleet because of the autonomy
improvement. Finally, the cost of innovation per year is comprised be-
tween 3 million in 2020 and 100 million in 2030. This estimation doesn't
consider economy of scale for the production of batteries.

The cost of the modification of the fleet corresponds to the cost
generated by the difference of the vehicle's mileages between the two
scenarios. It has been estimated, as the additional costs of driving kilo-
metres with BEV instead of ICEV. Kilometres driven by BEV substituting
kilometres of diesel vehicles or petrol vehicles are estimated using the
following hypothesis. In 2020, we have considered that 68% of kilo-
metres drive by new BEV substitute kilometres drive by diesel vehicles
and 32% by petrol vehicles. Percentages shift to 76% for diesel and 24%
for petrol in 2030. Between 2020 and 2030 a linear progression of these
share is considered. To estimate the total value of this change we have
relied on the study (Rousseau et al., 2015) which provides Relevant Cost
of Ownership (RCO) per km for diesel, petrol and electric vehicles. These
estimations of RCO include investment costs (manufacturing costs,
manufacturer mark-up), residual value (resale value), energy cost, fees,
taxes, incentives or disincentives (bonus/malus), maintenance and
repair costs. According to the article, for France, RCO per kilometres for
a diesel vehicle is 0,29 euro, for a petrol vehicle it is 0,32 euro and for a
BEV it is 0,28 euro. These RCOs have been estimated for 2020 and are
expressed in euro (2010).

To compare the two scenarios over the period 2020-2030 an
“Environmental Net Present Value” (Env-NPV) has been calculated
including economic impacts as well as monetized environmental and
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health impacts, considered by this study, by discounting costs and
benefits using 4% for social discount rate and 8% for financial discount
rate. Monetary values from the literature selected for this study are
presented in the Table 4 below.

Among impacts monetized, climate change is the most important
with NOx emissions. Benefits regarding climate change due to emissions
of CO, avoided has been estimated between 8 and 16 million in 2030
and 8 million for impact due to NOx emissions avoided. Although there
are environmental benefits because of the modification of the fleet
simulated due to the introduction of new batteries with a better au-
tonomy, the Env-NPV estimated is negative. Which means that, in the
mid-term following the introduction of ENMs in BEV, social costs would
be greater than environmental benefits. More, this economic indicator is
negative while end of life of batteries potential impacts has not been
included in the study due to a lack of information. Lastly, these results
must be considered with caution due to the assumption of constant costs
for NMMs and energy and the absence of economy of scale to produce
batteries. Given that CO, avoided is the biggest environmental impact of
this SEA, we realized a sensibility analysis for this parameter in order to
estimate the monetary value of CO, the society must consider making
the Env-NPV positive. Env-NPV becomes positive when CO; is valued at
least 200 euros (in euros 2010) per ton of CO5 on average between 2020
and 2030, which correspond approximately to 3 times the highest value
from Stern and Stiglitz (2017), but which are consistent with other value
reported in literature (Matthey and Biinger, 2019; Quinet, 2019).

4. Conclusions

Within the on-hand manuscript, we combined in a meaningful and
stepwise way RA, LCA and SEA, resulting in a coherent approach that (i)
supports SbD efforts, and (ii) guides industry in a structured way to
perform both, the safety and the sustainability evaluations along such a
development process. Thus, the developed approach can be character-
ized as a nested and iterative process. Here, the implemented Cooper's
Stage-Gate model (Soeteman-Hernandez et al., 2019; Tavernaro et al.,
2021), as proposed within NanoReg?, was used as it provides a con-
ceptual and operational map for moving new product from idea to
launch (Cooper, 2008). Our integrative approach, embedded into the
stage gate model for SbD, aims to reduce the uncertainty related to the
assessment of risks and impacts by improving the quality of data
collected at each stage. In early development stages (i.e. stages 1 to 2) a
lot of information is lacking and risk screening tools provide only
qualitative or semi-quantitative data (Table 1). Hence, many estimations
(e.g. in relation to emissions, exposure, etc.) are necessary to model a
complete life cycle within a (often simplified) LCA study. Nevertheless,
such RA and LCA results, although continuing to have a big uncertainty,
could already support the decision-making process by identifying hot
spots as well as points for improvement where (further) SbD measures
could be applied. In the subsequent development stages 3 and 4, where
the quality and the quantity of data increases, quantitative values are
used for the assessments and the resulting uncertainty of the outcomes
gets reduced. However, even at these stages, data gaps can still occur
especially related to (i) emissions and exposure data on downstream
phases (e.g. use, but in particular the end-of-life stage) due to current
scientific and practical limitations, and (ii) in vivo toxicological data,
recommended to be gathered at these stages, as such assays are some-
times not performed due to the lack of legal obligations (e.g.in case of
production lower than 1 ton), also, toxicological assay are very expen-
sive and this can be a barrier to the toxicological evaluation. We agree
with the notion that the on-line tools may require inclusion of some
specialized data were an SME would need expert assistance. Either to
generate needed data or locate proxy data from the literature. However,
it may well be a small price to pay if results suggest modifying a
otherwise hazardous product already at an early stage of development.
Overall, the application of the here proposed integrative approach could
still contain significant uncertainties in its results. Here, this approach
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has been tested in the frame of a case study dealing with the production
and application of NPs in Li-Ion batteries. The safe by design pillars
involved are a safe product (comparison of products properties) (Stage
4) and a safe use within batteries (Stage 3), reflecting the twofold aims of
the entire innovation process. The approach revealed that the taken Sbd
measurements, i.e. coating and increasing the size of NP, do not cause
any increased risk and the LCA results showed as similar environmental
profile of the NPs under investigation. Although the application of NPs
in Li-ion battery is still in its infancy, LCA and SEA were performed. The
LCA was affected by the low accuracy of the inventory data, due to the
fact that the production of such batteries is at a prototype level (Stage 3)
only. The SEA suggested that the environmental and health impacts due
to the use of NPs in batteries are negligible compared to the overall
impacts of the entire vehicle production. However, these SEA results
must be considered with caution due to the assumptions taken to carry
out the study, mainly due to the absence of economy of scale to produce
batteries. This test of the various elements of the approach has shown
that data gaps are indeed a key aspect in view of the reliability of the
results. Another issue of concern for a general use by industry is the fact,
that some of the described tools and calculation procedures require a
high level of very specialized expertise. Therefore, further developments
should take this into account to achieve even more simplified method-
ologies. More, the implementation of the NanoReg? SbD framework was
tested through six industrial case studies. Several advantages were
shown through the case studies i.e. the Sbd can be applied to the three
safety pillars (safety of product, safety of process, and safety of use) of
the value chain and that safety can be designed for at early stages. On the
other hand, the case studies revealed the difficulty of acquiring the
necessary data to quantitatively evaluate risks and the to address the
environmental sustainability, not only at the early-stage gates but also
throughout the whole value chain. The economic costs for companies,
especially SMEs, of adopting such a safe and sustainable by design
approach (as it is sketched out here) have not been addressed in the
frame of the underlaying European project. It is in the same time un-
doubtedly, that the here described approach is a step forward to include
and combine the issues of sustainability and safety within an over-
arching approach, allowing to have a maximum of synergies between
the various topics (i.e. safety and sustainability) and thus reduce the
related costs to a minimum. Notable, various European research project
such as, for example, SUNSHINE (https://www.h2020sunshine.eu/),
GOV4NANO (https://www.gov4nano.eu/) are therefore on-going to-
wards the same main goals, (i) by the development and implementation
of simple, robust, and cost-effective Safe and Sustainable by Design
(SSbD) approaches for industry and SME, and (ii) by the design and
establishment of a Nanotechnology Risk governance Council (NRGC),
representing an international umbrella for implementation of risk
governance of nanotechnologies.
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