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Abstract

Purpose Numerous publications in the last years stressed the
growing importance of nanotechnology in our society,
highlighting both positive as well as in the negative topics.
Life cycle assessment (LCA) is amongst the most established
and best-developed tool in the area of product-related assess-
ment. In order to use this tool in the area of nanotechnology,
clear rules of how emissions of nanomaterials should be taken
into account on the level of life cycle inventory (LCI) model-
ling are required—i.e. what elements and properties need to be
reported for an emission of a nanomaterial. The objective of
this paper is to describe such a framework for an adequate and
comprehensive integration of releases of nanomaterials.
Methods With a three-step method, additional properties are
identified that are necessary for an adequate integration of
releases of nanomaterials into LCA studies.

Result and discussion In the first step, a comprehensive char-
acterisation of the release of a nanomaterial is compiled—
based on reviewing scientific publications, results from expert
workshops and publications from public authorities and inter-
national organisations. In the second step, this comprehensive
overview is refined to a list containing only those properties
that are effectively relevant for LCA studies—i.e. properties
that influence the impacts in the areas of human toxicity and
ecotoxicity, respectively. For this, an academic approach is
combined with a second, more practical, view point, resulting
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together in a prioritisation of this list of properties. Finally, in a
third step, these findings are translated into the LCA lan-
guage—by showing how such additional properties could be
integrated into the current LCA data formats for a broader use
by the LCA community.

Conclusions As a compromise between scholarly knowledge
and the (toxicological) reality, this paper presents a clear
proposal of an LCI modelling framework for the integration
of releases of nanomaterials in LCA studies. However, only
the broad testing of this framework in various situations will
show if the suggested simplifications and reductions keep the
characterisation of releases of nanomaterials specific enough
and/or if assessment is accurate enough. Therefore, a next step
has to come from the impact assessment, by the development
of characterisation factors as a function of size and shape of
such releases.

Keywords Framework - LCA - LCI modelling - Life
cycle assessment - Manufactured nanomaterial - MNM -
Nanotechnology

1 Introduction

Numerous publications in the last years stressed the impor-
tance that nanotechnology, and with this, a whole variety of
manufactured nanomaterials' (MNM) are gaining in our soci-
ety, in the positive as well as in the negative sense (e.g. Handy
et al. 2008b; Piccinno et al. 2012). Examples of the latter one
are, e.g. the potential toxicological consequences or the envi-
ronmental impacts due to the production of these MNM (e.g.

! Nanomaterial* is defined in EC 2011, as ‘a natural, incidental or
manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50 % or more of the
particles in the number size distribution, one or more external dimensions
is in the size range 1-100 nm’.
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Handy et al. 2008a; Sharifi et al. 2012; Klaine et al. 2012).
Life cycle assessment (LCA) is the most established and best-
developed tool in the area of product-related assessment ac-
cording to Ness et al. 2007. The implementation of LCA
allows the quantification of the impacts on human health
and the environment of a product or a system over its entire
life cycle (see, e.g. Finnveden et al. 2009) and thus is also an
ideal tool to evaluate in this sense MNM and their
applications.

1.1 LCA of manufactured nanomaterials

Three recent review articles (Gavankar et al. 2012; Hischier
and Walser 2012; Upadhyayula et al. 2012) have shown that
there are few LCA studies of MNM published to date.
Furthermore, the studies that have been completed are far
from what is currently considered ‘comprehensive’ LCA stud-
ies. Releases of MNM? are neglected in almost all studies
according to these review articles, and the most recent LCA
publications of nanotechnology case studies (Asmatulu et al.
2012; de Figueirédo et al. 2012; Deorsola et al. 2012; LeCorre
et al. 2013—studies not covered by the above three review
articles) again show a lack of these types of emissions. In fact,
the only study reporting information about releases of MNM
so far is the study of Walser et al. 2011, dealing with
nanosilver. This study reports about releases of MNM to
water—partly based on direct measurement data, partly as
the result of an application of the model described in
Gottschalk and Nowack 2011. If other studies report emis-
sions, they only include ‘classic’ emissions to air
respespectively water (like, e.g. carbon dioxide to air, or
BODS5—the biological oxygen demand in water). The three
reviews mentioned above (Gavankar et al. 2012; Hischier and
Walser 2012; Upadhyayula et al. 2012) end with similar
conclusions. That is, there is a need to develop protocols/
models for a more appropriate modelling of MNM and their
releases as well as to establish first, comprehensive inventory
datasets of the production of these materials.

1.2 Current practice in life cycle inventory modelling

Important keywords that describe a good life cycle inventory
(LCI) dataset are ‘transparency’ and ‘consistency’. Since the
first ‘code of practice’ for LCA was established in a workshop
in 1993 (SETAC 1993) and the International Standardisation

2 According to ISO 2010, releases having one or more dimensions in the
nanoscale (i.e. in the range 1-100 nm) are defined as ‘nano objects’; and
comprise ‘nanoparticles’ (all three dimensions in the nanoscale),
‘nanofibres’ (two dimensions in nanoscale) and ‘nanoplates’ (one dimen-
sion in nanoscale). As reported, e.g. in Klaessig et al. 2011, ‘several
reports have been issued that differ in definitions used for nanotechnol-
ogy’—therefore, here the term ‘manufactured nanomaterial’ (MNM) is
used for both, the material as well as its releases along the life cycle.

Organisation (ISO) standards about LCA (most recent version
in ISO 2006a, b), scores of instruction manuals about estab-
lishing LCI data have been published. Important publications
in this area are the methodology reports of the ecoinvent
database (Frischknecht et al. 2007; Weidema et al. 2012),
the ILCD? handbook series (EC-JRC 2010a, b, ¢, d, 2011)
from the European Commission’s Joint Research Centre (EC-
JRC), and the recent workshop report of global LCI special-
ists, established under the umbrella of the UNEP-SETAC Life
Cycle Initiative (Sonnemann and Vigon 2011), summarising
the outcomes of an early 2011 workshop in Japan with the
objective to establish global guidance principles for LCA
databases.

In this paper, the ecoinvent methodology (Weidema et al.
2012) is used as the starting point due to the fact that datasets
are reported in this framework on a unit process level. The
“unit process level’ shows direct inputs (materials and energy
supply) and outputs (emissions and waste) and thus is a well-
fitting model to follow for ‘transparency’ and ‘consistency’.
According to this methodology, LCI modelling bases each
inventory dataset on environmental process chain analysis and
represents it on the level of the direct inputs and outputs. There
are no fixed, quantitative cut-off rules concerning the inclu-
sion or not of a specific exchange with the nature and/or
technosphere applied. Instead, all (occurring) flows are report-
ed in its most meaningful form rather than using a predefined
list of elementary flows. And a clear and complete documen-
tation of the whole process and its related flows is established.

1.3 Application to manufactured nanomaterials

As for any other type of material, the production inventory of
a MNM comprises inputs of raw materials, auxiliaries, and
energy carriers on the one hand; waste and emissions to air,
water and eventually to soil as outputs on the other hand. The
only difference to these ‘traditional’ materials is the fact that
emissions of MNM in production, use or disposal could be not
only in bulk® but also in nano form, i.e. have one or more
dimension in the nanoscale.

In a review article, Nel and co-workers stipulated that
‘[nanomaterial] properties differ substantially from those of
bulk materials of the same composition’ (Nel et al. 2006).
However, so far in LCI modelling no such distinction takes
place; instead, all emissions of the same (chemical) composi-
tion into one compartment (e.g. into air or water) are summed
up and expressed as their total amount (in kilogram). Particle

3 International Reference Life Cycle Data System (ILCD)—published by
EC-JRC in order to ‘to provide guidance for consistent and quality
assured Life Cycle Assessment data and studies’.

* The term “bulk’ stands in this paper for materials that does not fit into the
European Commission’s definition of (manufactured) nanomaterials; i.e.
material that has <50 % ofits particles in the number size distribution, one
or more external dimensions is in the size range of 1-100 nm.
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emissions as such are characterised according to their particle
size (i.e. according to the aerodynamic diameter) only, and
then reported mass-based. Since its beginning, the ecoinvent
Centre distinguishes three different classes of particulate mat-
ter (PM) emissions in its database—i.e. a distinction between
PM>10 um, PM between 2.5 and 10 um and PM<2.5 um is
made in order to avoid double counting between the classes.
However, neither the current version v3.01 of ecoinvent
(ecoinvent Centre 2013) nor recent Life Cycle Impact
Assessment (LCIA) publications (e.g. EC-JRC 2011;
Goedkoop et al. 2012) have covered the category of PMj ;
(the size category covering MNM) and neither of these
sources is considering the composition of PM emissions.

1.4 Open issues

Clark reports that a single matrix (i.e. the amount in kilogram)
is not sufficient for the comprehensive specification of re-
leases of MNM (Clark et al. 2012). Thus, for LCA studies,
clear rules of how releases of MNM need to be taken into
account on the level of LCI modelling (i.e. what elements,
what properties need to be reported for an emission of a
respective MNM) are required. The objective of this current
paper is the description of such a framework for an appropriate
and comprehensive integration of releases of MNM (into air,
water or soil) into an LCI model.

2 Methodological approach

In principle, releases of MNM can enter into air, water and/or
soil (see, e.g. Lin et al. 2010). Gottschalk and co-workers have
shown through modelling the individual behaviour of a MNM
along the complete life cycle that, e.g. nano-TiO, and nano-
Ag are mainly released into water and soil, while carbon
nanotubes (CNTs) end up mainly in air (Gottschalk et al.
2009). Hence, similar as for emissions of (bulk) substances,
the flow of an emitted MNM needs to be reported with its
(receiving) compartment, whereas all further behaviour is then
part of the LCIA modelling (again similar as for (bulk) sub-
stances), taking into account the actual behaviour (i.e. the fate)
of an emitted substance in the nature as well as its related
impacts (i.e. its effects on the environment and on human
health).

However, unlike traditional (bulk) substances, the overall
impact of the releases of a MNM depends not only on its
amount but also on further properties of the emitted particles.
Key issue here is thus the identification of these additional
properties of a MNM that need to be reported in the inventory
part in order to allow in the subsequent LCIA step an adequate
assessment of the impacts due to the release of this specific
MNM. For the identification of these LCIA-relevant

@ Springer

properties, a three-step procedure is considered here, compris-
ing the following three steps:

1. Characterisation of nanomaterials: As starting point, a list
of all the properties for a comprehensive characterisation
of MNM releases is established. This list is the result of a
literature review, including scientific papers, expert work-
shop reports as well as a broad variety of documents from
public authorities and international organisations dealing
with issues of safety and occupational health of MNM
(details see Section 3).

2. Identification of relevant aspects: In the second step,
described in details in Section 4, those properties are
identified, that are considered ‘LCA-relevant’, meaning
those properties that affect the impact of an MNM release.

3. Translation into LCA language: The third and final step
outlines a way how these LCA-relevant properties shall
(on a technical level) be reported within an LCI dataset.
Then, this will allow in a subsequent impact assessment
an adequate calculation of the related impacts.

Explicitly not part of the procedure described here is a
derivation or calculation of characterisation factors (CFs)
respectively for the subsequent assessment of the impacts
due to MNM releases. Within Eckelman et al. (2012) and
Salieri (2013), first values of such CF for CNT and nano-
TiO, have been published recently.

3 Characterisation of nanomaterials (step 1)

The characterisation of an MNM release by a single matrix
(i.e. the mass amount in kilogram) as used for traditional
releases (e.g. carbon dioxide to air) is insufficient in order to
assess in an appropriate way MNM releases (Clark et al.
2012). Thus, in this first step, a list of the properties that would
appropriate characterise an MNM release is established. A
literature review for a more comprehensive characterisation
of MNM releases has been made here, identifying and
analysing relevant scientific (journal) publications, results of
expert workshops and disclosures (i.e. reports, tools, etc.)
from public authorities and international organisations, active
in this issue. The outcome of this review process is
summarised in Table 1.

The first two lines of Table | contain in fact the two
properties that are used to report traditional releases (e.g.
carbon dioxide to air): the composition (reported as the sub-
stance name) and the amount (reported usually as a mass
amount in kilogram). While the substance name is mentioned
in a majority of examined sources here as well, the latter one
(i.e. the amount) is reported in none of them. However, as the
examined sources are all dealing with the issue of
‘characterising’ MNM—reporting the amount released in a
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(specific) context is simply not of any interest in this type of
study. Delving into more detail, studies dealing specifically
with releases of MNM to air (e.g. Charron and Harrison 2009;
Demou et al. 2009; Motzkus et al. 2011; Walser et al. 2012), it
is noted that such releases are often not reported as mass
amount but as a particle number concentration. Thus, particle
number concentration is listed as the third property. All sub-
sequent properties listed in Table 1 are then grouped according
to their number of occurrences in the examined literature
sources. A clear cut could be observed after the first dozen
of properties (i.e. after the line ‘crystal structure/crystallinity’)
as all further properties are mentioned not more than one to
two times (most notably in the reports EC-SCENIHR 2009
and OECD 2010, 2012, respectively).

The frequency of appearance of a specific property in
Table 1 is, at least partly, a sign of the ease of measurement
of a given property (Charron and Harrison 2009). LCA is at
the same time a quantitative tool that requires data in form of
actual numbers in order to end up with robust results. Thus, a
property cited in many of the sources examined here can be
considered as ‘important’ or ‘relevant’ for the characterisation
of a MNM, and as a consequence, these properties will often
be examined in studies about a specific MNM. This kind of
properties is then very suitable for LCA studies, as actual
numbers will be available and this will result in a more
accurate inventory modelling in the end.

As a consequence, the first dozen of factors listed in
Table 1—i.e. ‘composition’ to ‘crystal structure/
crystallinity’—is taken as the result from step 1 (and thus, as
starting point for step 2), as only properties that can be
physically measured can really support LCA studies.

Concerning the measurement of these various properties of
MNM releases, according to the findings of ‘Nanocap’, a
recent European Research project there is no method that
can be considered the ‘best’ method (Nanocap 2009).
Instead, there exists a multitude of analytical methods that
can be used to analyse releases of MNM to water, soil and air.

4 Identification of LCA-relevant properties (step 2)

In the second step, this list is refined to contain only those
properties, which can be identified as being ‘LCA relevant’.
According to Smita et al. (2012), ‘various environmental
processes that depend on the presence of physical entities
are likely to be altered by the accumulation of MNM in the
environment’. Amongst these processes are the formation of
dust clouds, the influence on atmospheric composition, the
influence on stratospheric temperature and the accumulation
in biological matrices (i.e. toxicity issues). For the present
study, the focus is on the last point, i.e. on the impact of this
kind of releases in the areas of human toxicity and ecotoxicity

@ Springer

since ‘toxicity’ is by far the most often cited concern in
publications dealing with MNM releases to the environment.

4.1 Literature review

In a first round, following a traditional academic procedure, a
literature review was executed in order to identify those prop-
erties that effectively have an influence on the toxicity value of
a MNM release. As basis in order to examine the influence of
the various properties listed in Table 1, the consensus model
for the assessment of (human and eco) toxicity in LCA stud-
ies, the USEtox model (Rosenbaum et al. 2008), is used. This
LCIA model distinguishes between ‘fate’, ‘exposure’ and
‘effect’ of a release. Literature reviews concerning the influ-
ence of specific properties of a released MNM on fate and
exposure respectively on effects in the area of (human and
eco) toxicity have been conducted—their results can be
summarised as following:

» Fate and exposure: The actual environment in air, water,
and soil (like, e.g. the ionic concentration, the organic
carbon content, the fulvic acid concentration, pH, etc.)
are identified as crucial issues concerning the actual be-
haviour of MNM in view of their transformation and their
release (Farré et al. 2011; Lin et al. 2010). On the level of
their own properties the issues of size, surface chemistry
and surface charge—together with particle concentra-
tion—are identified being the most relevant properties of
releases of MNM (Lin et al. 2010; Peralta-Videa et al.
2011; Sanchis et al. 2012). In case of releases into water,
the solubility of the released MNM is an additional im-
portant property (Labille and Brant 2010). Several recent
publications (Alvarez et al. 2009; Lowry et al. 2010; Stone
et al. 2009) note that, for the moment, only a few studies
are dealing with the influence of ‘fate’ and ‘exposure’ by
specific MNM properties. A complete list of the here
reviewed studies can be found in the Electronic
Supplementary Material.

» Effects: Switching the focus to toxicological effects (on
human beings respectively on the environment) of MNM
releases, the number of available reports and publications
is much larger. Of the studies examined, the composition,
the size/particle size distribution, the surface chemistry
and the zeta potential (surface charge) are identified as
the most important and relevant properties of MNM tox-
icity (see, e.g. Choi and Choy 2011; Schrand et al. 2010;
Sharifi et al. 2012). In Warheit et al. 2009, surface chem-
istry is shown as the most important factor in relation to
the toxicity of such a material; while in Choi and Choy
2011, the actual composition of a MNM released is con-
sidered the most fundamentally important property. In
case of metals and metal oxides, water solubility is
highlighted as another important property (Aschberger
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et al. 2011; Scown et al. 2010). In case of shape/
morphology, agglomeration/aggregation and the specific
surface area, the sources reviewed here do not provide
clear conclusions—the information found is either incom-
plete (e.g. Handy et al. 2008b, concerning issue of shape/
morphology) is somehow unclear and/or is contradictory.
While Horie and Fujita (2011) stipulates that specific
surface area is not relevant, Choi and Choy (2011) and
Schrand et al. (2010) together with several other studies
report exactly the opposite opinion concerning this prop-
erty. A complete list of the here reviewed studies can be
found agin in the Electronic Supplementary Material.

Thus, based on the academic approach—taking into account
the knowledge identified about the influence of MNM properties
on fate and exposure respectively on the effect of releases of this
MNM into the environment—the quasi-complete list of the first
dozen of factors in Table 1 can be considered as ‘LCA relevant’
and therefore should be taken into account. However, only one
part of these factors is clearly identified in the literature as having
an influence. For the remaining properties, this is not clear for the
moment—and thus, based on a precautionary approach, they
have to be considered (for the moment at least) as relevant, too.

4.2 Practicality and prioritisation

In a second round, the issue of refining the list to ‘LCA-relevant’
properties is tackled from a more practical viewpoint. The objec-
tive was to achieve a reduction of the list above while keeping a
meaningful balance between simplifications and the accuracy of
the subsequent impact assessment results on an LCA study. In
this context, the following issues were examined further with the
support of expert interviews® and an additional literature review:
taking a (qualitative) life-cycle view, identifying key drivers for
human toxicity and examining the mechanisms and factors
behind decision tools for a safe use:

« Life cycle view: the potential releases of MNMs were
investigated through the whole life cycle of an application
of a given MNM (e.g. Kohler et al. 2008, for two appli-
cation cases of CNTs). An important aspect in this context
is that releases of MNM along the life cycle often do not
have the same properties compared with the original
MNM used in production (i.e. pristine MNM). Thus, they
may potentially behave different than the original MNM
(Klaine et al. 2012; Nowack et al. 2012). A consequence
of'this is that in an LCA study, each single life-stage needs
to be treated a priori separately and independently from
the preceding or subsequent life stages. Unfortunately,

> Prof. Dr. Harald Krug, Dr. Peter Wick (both for human toxicity) and
Prof. Dr. Bernd Nowack (for ecotoxicity) have been interviewed in the
framework of these activities.

research is currently focussed mainly on pristine MNM
alone (Nowack et al. 2012). However, this currently ap-
plied approach results in a lack of information concerning
the properties of released MNM in the various life stages.

* Key drivers for human toxicity: The bodies’ uptake ca-
pacity is a crucial issue in terms of MNM toxicity and the
lungs are probably the main entry point for uptake of
MNM into the human body (Krug and Wick 2011).
According to a recent review, human toxicity depends on
the concentration of MNM ingested, in addition to the
size, shape, surface and corona (by adhering macromole-
cules from the host) of the inhaled MNM particles
(Kendall and Holgate 2012). Not all MNM sizes and
shapes allow easy entry of a particle into the alveoli (the
exchange zone of the lung) and so this is an important
parameter in terms of toxicity. MNM surface and corona
may determine the actual effects of MNM in the human
body, then, e.g. the surface represents the actual interface
for (positive or negative) interactions between particles
and the body (Kendall and Holgate 2012).

* Decision tools for safe MNM use: Investigating various
decision support approaches for a safe implementation of
MNM (like done, e.g. in Som et al. 2013) results in a
rather similar pattern concerning the most relevant issues,
i.e. ‘size’, ‘surface reactivity’, ‘high aspect ratio’ (shape),
‘no or slow dissolution’ (solubility), ‘no agglomeration’
and ‘not being firmly integrated into a matrix material’
(surface chemistry/functionality).

Hence, based on this information and regarding the various
properties listed in Table 1, the following prioritisation can be
established:

First priority—i.e. important aspects that are specific to
MNM release:

» Shape: An MNM of a given elemental composition can be
produced with different shapes (e.g. Starbova et al. 2012,
reporting fibrous forms of nano-TiO, and nano-ZnO; or
Euliss et al. 20006, for a more generic overview). Each
shape could result in different consequences e.g. when
taken up by the body.

»  Size (distribution): This aspect allows the distinction between
release of MNM and releases of the bulk form of a material
(see also the definition for MNM in Section 1 of this paper).
Albanese and co-workers state in a recent publication that,
within a given shape, the size distribution has a major
influence on the likelihood a biological system will uptake
MNM and on subsequent toxicological effects (Albanese
et al. 2012). According to Bakand et al. (2012), this is the
most relevant property in terms of toxicity potential.

» Surface chemistry and properties: According to Kendall
and Holgate (2012), the actual surface conditions (e.g.
chemistry, charge and roughness) are a third relevant

@ Springer
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property of released MNM. Surface coatings can influ-
ence—in a positive or in a negative sense—the toxicolog-
ical effects of released MNM. The surface charge has an
influence on the absorption capability for ions and bio-
molecules, and the roughness is a critical factor for inter-
actions with cells (Sharifi et al. 2012). As is clearly shown
by Pettitt and Lead (2013), the specific surface area is a
key for an accurate characterisation.

Second priority—aspects relevant for all kind of releases
(not only releases of MNM):

»  Composition: Chemical composition is crucial informa-
tion of a MNM or a bulk release to the environment. Then,
in both cases, the LCA model is not only based on the total
amount of respective emissions but also the effects due to
the chemical composition of these emissions (i.e. the
impact assessment step is a result of a multiplication of
the amount with the effect, for each different chemical
composition). Hence, it is of the highest importance to
know the chemical composition of a release. Information
about the composition is usually given via the substance
name (but also via related fields—Ilike CAS number or
molecular formula; a more comprehensive overview
concerning the information content of LCI datasets can
be found, e.g. in Hischier et al. 2001).

* Amount (mass amount and/or particle number concentra-
tion): Also the second property taken into account for bulk
substances is of crucial importance when dealing with
releases of MNM. Then, similar as for bulk material, the
magnitude of the impact is usually a (linear) function of
the amount, calculated by a multiplication of the amount
with the corresponding characterisation factor.

All further properties listed in Table 1 (i.e. ‘agglomeration/
aggregation’, ‘purity/concentration’, ‘crystal structure/
crystallinity’) have not been much stipulated in the documen-
tation of the various decision support approaches examined
here, nor mentioned by the experts contacted. Therefore, they
can all be considered as a 3rd priority here.

In the context of the LCA framework here, the issue of
solubility can be omitted from any further investigation (see
also Som et al. 2013) and prioritisation—the issue of ‘solubil-
ity’ is linked to the composition and thus its value is defined
via the composition information. A separate inclusion of this
property on the level of the LCI modelling is hence not
necessary. On the level of impact assessment, this property
plays, however, an important role. For example, the high
solubility of a MNM released into water leads to a similar
impact assessment factor as for the corresponding ionic form
of this substance (Krug et al. 2013).

All in all, this second step allowed splitting MNM proper-
ties into three levels of priority concerning their respective
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implementation into an LCA model to ensure modelling is
based on releases of MNM along their life cycle.

5 Translation into LCA language (step 3)

For a translation of all these MNM properties into a language
that LCA tools can understand, the format needs to allow the
occurrence and the handling of multiple properties within a
single material flow. With ecoSpold v2 (ecoinvent Centre
2010) and ILCD (EC-JRC 2012), two LCA data formats that
exist today are able to deal with multiple properties. This
functionality was recently added in LCA data formats and
gives the LCA community the possibility to integrate mathe-
matical relationships between various properties and/or in
relation to further parameters/properties that the user can
define (Weidema et al. 2012).

All further explanations here are based on the first of these
formats—the ecoSpold v2 format. According to Weidema
et al. (2012), each elementary exchange (i.e. each exchange
with the environment, like an emission to air) is ‘identified by
an exchange name, its unit, a compartment and a sub-
compartment’. The latter two are not changing for releases
of MNM. Also such a release can be emitted into air, water,
and soil respectively (as compartment)...and there into one of
the sub-compartments® that ecoinvent is distinguishing.
Besides these defining properties, each flow in ecoSpold v2
can be composed of an arbitrary amount of further properties
in order to specify clearly the respective flow.

Using these possibilities of a modern LCA data format,
these in Section 4.2 above identified first and second priority
properties of releases of MNM to the environment could be
translated as shown in Table 2.

This translation shown in Table 2 is the result of the
following reasoning for the various properties:

»  Composition: The composition continues to be one of the
defining elements in the case of MNM releases. It is
described, like for any kind of ordinary elementary flows,
in form of the name of the respective release.

» Shape: This property is added as an additional property in
case of releases of MNM. According to Kendall and
Holgate (2012), as well as the experts contacted, a distinc-
tion between (asbestos-like) fibres and all other particles is
sufficient for an assessment of their toxicological effects.
For this distinction, the WHO definition for fibres (i.e.
aspect ratio greater than 3:1—see e.g. Donaldson and Tran
2004) is used here. Other particles are assumed to be of

® Emissions to air: non-urban air or from high stacks/low population
density, long term/lower stratosphere+upper troposphere/urban air close
to ground/indoor/unspecified—emissions to water: ground-/ground-,
long-term/ocean/surface water/unspecified—emissions to soil:
agricultural/forestry/industrial/unspecified (more in Weidema et al. 2012)
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Table 2 Reporting of (first and second priority) properties of MNM releases for the inclusion into today’s LCA data formats

Criteria Property type Property Value(s) Remarks
Composition Defining property ~ Exchange name Substance name Name, e.g. according to the naming rules of Ecolnvent
(Weidema et al. 2012)
Amount Basic property Mass amount m (kg)
Shape Additional property Particle shape form  S=spherical Fibres have aspect ratio bigger 3:1 (WHO definition)—all
F=fibrous other particles are assumed of ‘spherical’ form
Size distribution Additional property Average size Dajso (nm) For spherical MNM, the Median of ‘equivalent area diameter’
Dayg (nm) Da/s0 is reported/for fibrous MNM, the medium diameter Dy
Additional property Size distribution resp. Das1o (nm) For spherical MNM, the ‘equivalent area diameter’ D, are reported.
D90 (nm) Its values are ideally based on SEM/TEM analysis (other,
appropriate analysis methods can be used as well)
Length L (um) For fibrous MNM, no size distribution, but the average length

of the fibres is reported

spherical form, as their actual form is of minor interest
only for the actual modelling of their toxicological effects.

»  Size (distribution): This property is added as an additional
property in case of releases of MNM. It needs to be
indicated by two elements, which are different for fibres
respectively spherical releases. In case of fibrous MNM,
this average size is characterised by the average diameter
and the average length of these released MNM. For spher-
ical MNM releases, the two elements are the ‘average’ size
(expressed by the median size D, s0) and the size distri-
bution. The distribution is characterised by the values
Da10, size values where 10 % have a smaller size, and
D90, Where 90 % have a smaller size. All three values are
based on the principle of ‘equivalent area diameter, Dy’
(according to Merkus 2009b), i.e. ‘diameter of a circle,
having the same area as the particle’s projection’’. This
type of diameter is used, as (scanning or transmission)
electron microscopy (SEM and TEM) techniques result in
a number-based size distribution of equivalent area diam-
eters (Merkus 2009a).

* Amount: This is a basic property, used similar as in
traditional (i.e. non-MNM) releases. Actually, there is no
other choice for the basic property, as shape, size
(distribution) and surface conditions (i.e. all further 1st
priority properties) are intrinsic properties® and thus can-
not be used as measurement units.

7 As in reality most (non-fibrous) particles are not of a spherical form
(Merkus 2009b); Merkus suggests in his publication for a less ambiguous
way of reporting the use of the ‘equivalent sphere concept’. However,
within the ‘equivalent sphere concept’ various approaches exist (see, e.g.
Fig. 2.2 in Merkus 2009b), which depend on the actual measurement
technique used.

# According to Wikipedia, intrinsic means ‘an essential or inherent prop-
erty of a system or of a material itself or within. It is independent of how
much of the material is present and is independent of the form the
material, e.g., one large piece or a collection of smaller pieces. Intrinsic
properties are dependent mainly on the chemical composition or structure
of the material’.

Here, as stipulated in Section 4.1, the amount of MNM
releases can be measured in two distinct ways: either as a mass
amount or as a particle number concentration. The current
scientific literature does not give a clear indication which of
these two approaches is more appropriate/more important in
the context of MNM releases. For example, in Boverhof and
David (2010), the ‘mass amount’ is stipulated as the important
property, while EC’s SCENIHR® Committee considers num-
ber size distribution the more relevant metric (EC-SCENIHR
2009). In fact, the results of the two ways are respectively
linked, although the mathematical transformation from one to
the other is usually not that straight forward. However, due to
the simplification stipulated above that all non-fibrous parti-
cles are of spherical form, a clear mathematical relationships
between the two values can be defined (the detailed formulas
can be found in the Electronic Supplementary Material). Thus,
the ‘mass amount’ shall be used here for this basic property.
By this choice, a further defining property—i.e. the unit—is
defined at the same time. Similar to ‘traditional” flows (e.g. the
amount of carbon dioxide emissions to air), the mass amount
is used as basic property, defining the flows in ‘kilogram’.

An advantage of using the mass amount as the basic
property is the avoidance of a multiplication of the existing,
very long list of elementary flows in current LCA databases
and software systems. Then, that way, the existing list can be
used also for MNM releases. The distinction between an
emission in its bulk and its MNM form, e.g. for the subsequent
impact assessment, is done by the inclusion of ‘additional
properties’ (i.e. shape and size distribution). An example for
such a distinction: the ‘bulk’ form of TiO, to water is ‘titanium
dioxide, to water’; a release of the respective MNM is also
called ‘titanium dioxide, to water’, but maintains for the

? SCENIHR: Scientific Committee on Emerging and Newly Identified
Health Risks.
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additional properties ‘shape’=‘S’ (for spherical, as TiO, in its
nanoform is usually not of fiberous form) and ‘size distribu-
tion’ DA/50\:45 nm, DA/10:20 nm, DA/90:70 nm. Additional
aspects are included on the level of inventory analysis, and the
more information that can be included the more precise the
picture of the release can be. This is important because preci-
sion here will be carried over in the subsequent impact assess-
ment step.

However, according to the discussions with the toxicolo-
gists contacted, access to data concerning surface conditions,
distinguishing several different, individual properties (e.g.
Kendall and Holgate 2012; Sharifi et al. 2012; Pettitt and
Lead 2013)—is much more difficult than to ensure the two
properties listed above (i.e. shape and size). Thus, the frame-
work here suggests limiting these additional properties of
MNM releases in the first phase to ‘shape’ and ‘size
(distribution)’. The various elements covered by the issue of
surface conditions can then be included in a later stage. Once
these values have been investigated by the scientific commu-
nity and documented in a broader and systematic way, it will
be more clear which of these properties it makes sense to
include, and in which way.

6 Discussion and outlook

To date, this publication is the only attempt known to show a
clearly defined modelling framework concerning the integra-
tion of releases of MNM into air, water and soil respectively in
current LCI models.

The reduction to a group of “key” properties suggested on
the level of inventory models increases the uncertainty in this
second step of the ISO framework for LCA, i.e. the inventory
analysis. At the same time, the more properties that are re-
quired to model releases of MNM, the more data is needed
and the longer it will take to collect the information. It is
therefore important in such cases to take into account not only
the scientific context but also to have feedback from respec-
tive experts in order to be able to prioritise the different
material properties listed in Table 1 concerning their influence
on the toxicological effects of the material. Because of this, the
expert feedback compiled here was strongly weighted in the
establishment of the framework proposed in this current
publication.

Size and shape distribution represent two characteristics
that a priori can be more easily measured than XYZ character-
istics that are not as easily understood. As a consequence, no
default values were given in the description here. Keeping in
mind the fact that released MNM can have very different
properties compared to the original MNM and the fact that
chemically identical MNM can be produced in very different
sizes and forms (as described, e.g. in Euliss et al. 2006), a
definition of such default values seems neither feasible nor
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meaningful. The data availability for most of the further
properties listed in Table 1 is weak according to expert knowl-
edge. Therefore a more detailed inventory model (by includ-
ing further properties) would not automatically have a de-
creased uncertainty. In fact, the opposite may even be true as
a higher number of properties would need estimation proce-
dures for a respective integration. Thus, the framework pro-
posed here can be estimated to be a good compromise be-
tween scholarly knowledge and (toxicological) reality.

Only a broad testing of this framework in various situa-
tions, by different case studies (covering different types of
MNM), will show in the end if the simplifications and reduc-
tions made here keep the characterisation of MNM releases
specific enough. This would ensure to assess respective emis-
sions accurately. A next step must come from the impact
assessment by an estimation of CFs for the most important
MNM as a function of shape and size (distribution) of the
expected release. In parallel to this, average production inven-
tory datasets for the most important MNM (using, e.g. the five
top materials listed in Ogilvie Hendren et al. 2011, as starting
point) have to be established and published. This could be
most useful by integrating this information into the most used
LClI databases (e.g. ecoinvent or ELCD database). Today, only
once such CFs and average datasets are available; the meth-
odology described herein could be readily tested in different
case studies.

Currently used and accessible LCI databases and LCIA
methods often do not distinguish different forms of “bulk”
releases (e.g. releases of metals into water are rarely further
specified according to their oxidation state—but summarised
in one single number only). As already mentioned in
Section 1.3, PM emissions are currently spread into a maxi-
mum of three different size groups, but no substance specific
information can be found in these PM flows. In other words, it
is currently not possible to identify eventual double counting,
especially in cases where one substance is reported as part of
the PM emission and as an individual emission. Therefore, a
change of all releases to the here described, substance-specific
modelling principles, would allow one to avoid such potential
double counting on the level of bulk releases. Admittedly, it
would require a detailed, substance-specific characterisation
of all PM flows in the existing LCA databases, which may not
be available for some time.
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