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Abstract

Purpose The interpretation is a fundamental phase of life cy-
cle assessment (LCA). It ensures the robustness and the reli-
ability of the overall study. Moving towards more circular
economy requires that different waste management options
are systematically scrutinized to assess the environmental im-
pacts and benefits associated to them. The present work aims
at illustrating how a sensitivity analysis could be applied to the
impact assessment step supporting the interpretation of a LCA
study applied to a waste management system that includes
material recovering. The focus is on toxicity-related and
resource-related potential impacts as they are considered
among the most critical ones, which may affect the way the
final benefit from material recovery is evaluated.

Methods Possible alternatives in terms of impact assessment
assumptions and modelling are tested by performing a sensi-
tivity analysis on a case study on electric and electronic waste.
For the toxicity-related impact categories, first, a sensitivity
analysis is performed using different sets of characterization
factors for metals aiming at identifying how they are affecting
the final results. Then, an analysis of the relative contribution
of long-term emissions in upstream processes is carried out
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aiming at unveiling critical issues associated to their inclusion
or exclusion. For the resource depletion impact category, a
sensitivity analysis has been performed, adopting different
sets of characterization factors based on existing models for
minerals and metals as well as recently proposed sets account-
ing for critical raw materials.

Results and discussion The indicator of the ecotoxicity impact
category obtained by applying the updated characterization
factors is about three times higher than the corresponding
obtained by the USEtox model. The long-term emission result
is responsible for the major part of all the toxicity impact
indicators. Moreover, for the ecotoxicity indicator, excluding
the long-term emissions changes the total results from being
negative into positive. The sensitivity analysis for the resource
depletion impact category shows that all the models applied
result in a total avoided impact. A quantitative comparison
among all the results is not possible as the different models
use different units of measure.

Conclusions The application of LCA is crucial for assessing
avoided impacts and uncovers potential impacts due to
recycling. However, contrasting results may stem from the ap-
plication of different assumptions and models for characteriza-
tion. A robust interpretation of the results should be based on
systematic assessment of the differences highlighted by the sen-
sitivity, as guidance for delving into further analysis of the drivers
of impacts and/or to steer ecoinnovation to reduce those impacts.

Keywords Circular economy - Electronic waste -
Interpretation - LCA - Resource recovery - Toxicity

1 Introduction

Circular economy (CE) is a central concept in the current
debate on sustainable production and consumption. CE could
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be defined as an economic model based on resource optimi-
zation while promoting the use of waste as resource. Within
more circular economies, the resources are used efficiently
within the life cycle of a product and the wastes generated
along the supply chains are minimized and used as much as
possible, directly or after transformation, as input to other
products and systems. Supporting a transition towards circular
economy means improving the analysis of resource flows
within sectors and products, defining and implementing new
ecodesign strategies, ensuring low toxicity in products and
waste as well as fostering waste prevention and recovery.

Life cycle assessment (LCA) methodology may support
the analysis of the impacts and benefits associated to
recycling, and in the literature, there are several examples of
application (among others, Brogaard et al. 2014 and
Rigamonti et al. 2010). The basic idea is to ensure that the
recovery of material is not posing additional burdens on the
environment to an extent to which benefits are offset. The
analysis should be conducted in a multi-indicator setting, be-
yond a mere energy-related perspective, including impacts in
different impact categories.

Indeed, to ensure consistency and robustness of the results,
LCA should be critically applied, especially focusing on the
interpretation of the results. The importance of a proper inter-
pretation of the results of an LCA study is recognized by
relevant standards, guides and research articles.

Interpretation is one of the four phases identified in the ISO
14040 2006 standard and the ISO 14044 2006 standard, which
require interpretation of life cycle inventory (LCI) and life
cycle impact assessment (LCIA) phases according to the goal
and scope of the study. Furthermore, a sensitivity check of
significant inputs, outputs and methodological choices shall
be performed.

The Product Environmental Footprint (PEF) guideline (EC
2013) explains that the interpretation of the results of a PEF
study serves two purposes: (1) to ensure that the performance
of'the PEF model corresponds to the goals and quality require-
ments of the study, in this sense, PEF interpretation may in-
form iterative improvements of the PEF model until all goals
and requirements are met; and (2) to derive robust conclusions
and recommendations from the analysis, for example, in sup-
port of environmental improvements.

Several authors have provided evidence that interpretation
is one of the key steps of an LCA study and provides guidance
and/or recommendations depending on the purpose of the
study. Initially, it was recognized that interpretation was not
one of the hot topics in literature studies (Heijungs and Kleijn
2001), and authors provided numerical techniques for inter-
pretation. More recently, other authors, such as Gaudreault
et al. (2009), while recognizing that LCA has become an im-
portant methodology for more sustainable process design, ob-
served that its application in a decision-making context has
been limited by a poor understanding of methodological
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choices and assumptions; therefore, they recommend careful
interpretation of the results to improve the quality of the out-
come (i.e. improve the decision-making process). This view is
shared by authors such as Prado-Lopez et al. (2014), who have
identified the lack of robust methods of interpretation to sup-
port decision makers; hence, they provide a novel approach
based on a multi-criteria decision analytic method (stochastic
multi-attribute analysis for life cycle impact assessment
(SMAA-LCIA)) which in their view should support both inter-
pretation of the results and the decision-making process. Van
Hoof et al. (2013) explained how normalization helps maintain
a multi-indicator approach while keeping the most relevant
indicators, allowing effective decision-making. Finally, other
authors, such as Cellura et al. (2011) and Huang et al. (2013),
performed LCA of specific products (tiles and road pavements)
and they pointed out the relevance of sensitivity analysis to
strengthen the reliability of the results obtained and draw con-
clusions to support sector-specific guidelines.

Given the risks associated with the interpretation of the
results, when adopting a single model in the evaluation of
burdens and benefits, there is the need of specific guidelines
on what should be taken into account when running an LCA
case study. This is particularly relevant when there are expect-
ed benefits associated to certain interventions (e.g. recycling),
whereas also burdens may arise from the system under con-
sideration, potentially offsetting the benefits. The present
work aims at illustrating how a sensitivity analysis using dif-
ferent impact assessment models and characterization factors
(CFs) in the impact assessment phase may help the interpre-
tation of an LCA study applied to a waste management system
that includes recycling, unveiling possible critical elements
and challenges. The study is based on a previous paper
(Biganzoli et al. 2015), where a more in-depth analysis related
to human toxicity-cancer effects and freshwater ecotoxicity
category indicators was identified as a priority area.
Therefore, we tested possible alternatives in terms of impact
assessment assumptions and modelling, performing a sensi-
tivity analysis on a case study on electric and electronic waste.
The focus was on toxicity-related and resource-related poten-
tial impacts as they are considered among the most controver-
sial ones, which may affect the way the final benefit from
material and energy recovery is evaluated.

The paper is organized as follows: in Sect. 2, the method-
ology for the sensitivity analysis is illustrated along with the
description of the specific case study selected for the testing.
In Sect. 3, the results of the testing are reported and discussed,
highlighting the major challenges for the result interpretation.

2 Methodology

The methodology for supporting the interpretation of the re-
sults has been focused on resource-related and toxicity-related
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impact categories. A testing phase has been performed
through sensitivity analyses in order to highlight where there
are critical aspects which may undermine results and interpre-
tation thereof.

We selected a case study in which LCA has been applied to
assess a waste electrical and electronic equipment (WEEE)
management system (Biganzoli et al. 2015). The case study
has been run using International Reference Life Cycle Data
System (ILCD) methodology (EC-JRC 2010), currently rec-
ommended for the EU context and for the PEF (EC 2013) as
life cycle impact assessment method. Currently, the models
used in several impact categories are subject to a process of
revision based on testing the strengths and weaknesses of
available models. Therefore, we tested several options of in-
terest for the evaluation of benefits associated to recycling,
selected based on the extent they are debated within circular
economy context (e.g. resource recovery and toxicity-related
impacts).

The methodological steps are detailed in Sect 2.1, whereas
the case study is described in Sect. 2.2.

2.1 Rationale for defining the sensitivity analysis
for the impact assessment phase

Firstly, we tested impact characterization models and charac-
terization factors (CFs) for toxicity-related impact categories:
human toxicity (cancer and non-cancer) and ecotoxicity.
Toxicity-related impact categories are already considered rel-
evant for the recycling processes (Lim and Schoenung 2010).
However, there is an evolving debate on the robustness of
these impact categories and specifically for what concern im-
pacts due to metals (see e.g. Pizzol et al. 2011). In fact, some
specific features of the metals (e.g. metal essentiality), as well
as elements affecting their fate modelling (e.g. different con-
ditions affecting their bioavailability), are not fully captured
by currently available models applied in LCA. Those aspects
are also affecting the USEtox model (Rosenbaum et al. 2008)
currently recommended within the ILCD methodology.
Different sets of CFs have been proposed for metals (such as
Gandhi et al. 2011 and Dong et al. 2014) to improve the way
in which metals are characterized and are now included in
USEtox version 2. Additionally, long-term emissions are al-
ready identified as a relevant aspect to be taken into account in
life cycle inventories and impact assessment, especially
concerning emission of metals in specific contexts (e.g. min-
ing and landfilling) (Bakas et al. 2015). The results of toxicity
impact categories may vary for several orders of magnitude
(e.g. the case study presented by Huijbregts et al. 2003 in
which the toxic impact of metals is reported to differ more
than six orders of magnitude depending on the time horizon
chosen). A guideline for their treatment in the context of EU
recommendation is needed based on the recent literature (e.g.
Pettersen and Hertwich 2008; Hauschild et al. 2008; Clavreul

et al. 2012), given the prominence of these emissions in the
characterized results. Hence, we performed:

* asensitivity analysis, where updated CFs for metals were
tested, along the lines of the recent literature (Dong et al.
2014), aiming at identifying the differences in the results
of ecotoxicity associated to metals.

 an analysis of the relative contribution of long-term emis-
sions in upstream processes aiming at identifying effects
in the assessment due to presence of long-term emissions
of metals.

Secondly, we tested impact assessment models for the re-
source depletion impact category. Models currently available
differ both in the modelling approach, in the perspective
adopted for assessing the resources (Dewulf et al. 2015) and,
as consequence, in the metric and factors adopted for the char-
acterization (Mancini et al. 2015a). Beyond the potential ben-
efit associated to a mass-based approach to recycling (e.g.
kilogramme of material recycled), there is indeed the need of
understanding to which extent the recycled materials are con-
tributing to the resource depletion impact category.

Traditionally, LCIA models focusing on resource depletion
have been based on different assumptions (Steen 2006), name-
ly: (1) assuming mining cost being a limiting factor, (2) as-
suming increasing demand of energy due to extraction from
low-grade sources, (3) assuming that scarcity is a major threat
and (4) assuming that environmental impacts from mining and
processing of mineral resources are the main problem. The
characterization models express the available amount of a re-
source at a given point in time (e.g. ore deposits or fossil fuel
reserves) or the future consequences (e.g. higher economic
and/or energetic costs) of the extraction of a certain amount
of a resource in the present. Furthermore, in business and
policy context, there is an increasing need of assessing the
so-called critical raw materials (CRMs), having a strategic
economic role for certain sectors (Mancini et al. 2015b) and
for which a set of CFs has been recently proposed (Mancini
et al. 2016).

Therefore, we performed the sensitivity analysis on the
resource-related impacts adopting different sets of CFs based
on existing models, including a model for CRM’s.

The different sets of CFs based on existing models that we
tested are mainly based on the review of Klinglmair et al.
(2014). We tested abiotic depletion potential (ADP) (CML
2012), which is focusing on potential resource depletion based
on the ratio between resource consumption and availability
(either considering ultimate reserves in the earth crust, known
base reserves or economically viable reserves); ILCD model
(EC-JRC 2010), which is an extended version of CML 2012
reserve based (based on CML algorithm, few other resources
have been added by (Sala et al. 2012)); EDIP97 (Hauschild
and Wenzel 1998), which is comparing the resource with the
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deposits economically exploitable, without accounting for
current level of consumption; EPS2000 (Steen 1999), which
is assessing the cost (as the society’s willingness to pay) of
substituting a resource by an alternative for future generations
affected by the current level of depletion; ReCiPe 2008
(Goedkoop et al. 2009), which is assessing the marginal in-
crease of extraction cost per kilogramme of extracted re-
source, differentiating it by deposit and assuming a discount
rate over an indefinite time span; the anthropogenic stock
extended abiotic depletion potential (AADP, Schneider et al.
2011), which is accounting for the potential of resource
recycling, assuming urban mining as an additional source of
resources. The recent update of the AADP (2015) (Schneider
et al. 2015) was also considered. It introduces the concepts of
“ultimately extractable reserves” represented by the amount
available in the upper earth’s crust that is ultimately
recoverable.

Regarding CRMs, the sets of CFs recently developed by
Mangcini et al. (2016) have been tested. This is of particular
relevance for a case study related to WEEE giving the number
of CRMs, both metals and materials, which currently lacks
CFs in LCIA and which may represent a further benefit of
recycling to be accounted for. The new CFs benefitted from
the results of a workshop exploring the role of LCA for the
accounting and the assessment of CRMs (Mancini et al.
2013). The characterization model is based on the use and
adaptation to LCA of the supply risk indicators developed
by the European Commission (EC 2014). Among those pro-
posed by Mancini et al. (2016), three sets of CFs are tested,
based on different assumptions: (1) a baseline option, the sup-
ply risk factors as such—(SR); (2) an exponential function
which magnifies the differences between the CRMs—
(SR)"6 and (3) the ratio between supply risk and production
data (SR/world mine production in 2011), which reflects the
size of the market, giving more importance to the materials
used in small amounts in products and applications, like, e.g.
specialty metals that are often perceived as critical.

2.2 Case study on WEEE

The LCA of the WEEE management system implemented in
the Lombardy region (Italy) and described by Biganzoli et al.
(2015) was taken as a case study. In that study, the assessment
was carried out to quantify the mass balance of the WEEE
management system in the Lombardy region in the year
2011 and to calculate its environmental benefits and burdens.
All the five categories of WEEE (i.e. according to the Italian
legislation, heaters and refrigerators—R1, large household ap-
pliances—R2, TV and monitors—R3, small household appli-
ances—R4 and lighting equipment—R5) were included in the
analysis. The main goal was the assessment of the environ-
mental performance of the treatment of each WEEE category,
with the aim to understand if the benefits arising from the
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material and energy recovery were offsetting the burdens
due to the processing of the waste itself.

The present study focuses on the management of the small
household appliances (R4). This WEEE category was specif-
ically selected as it is the most heterogeneous one and includes
various components (e.g. printed wiring boards, base metals,
different types of plastics, etc.), none of which is predominant.

The functional unit (FU) was defined as the treatment of 1 t
of R4. The system boundaries included all the treatment pro-
cesses, from the moment the waste enters the first treatment
plant to when it leaves the system as an emission (solid, liquid
or gaseous) or as secondary raw material, following the “zero
burden assumption” (Ekvall et al. 2007). They thus included
the preprocessing at the first treatment plant and the subse-
quent treatment of the separated components in recycling/
disposal of final plants. The collection and the transport to
the first treatment plant were excluded from the system
boundaries, as their impacts resulted negligible in the previous
study (Biganzoli et al. 2015).

Due to the complexity of the treated waste, it was not pos-
sible to quantify the kind of materials entering the system
based on their composition; consequently, it was not possible
to quantify how much of a specific element (e.g. gold, silver,
etc.) was lost during the recycling processes. Literature stud-
ies, such as the UNEP reports (UNEP 2011 and 2013), can
complement the missing information, by providing typical
compositions and recovery rates, but they were not applied
in the specific case analysed, which focused only on the
amount of materials recovered. The available information to
date are mainly related to the typologies of materials which are
recycled. For the specific case study, Table Al of the
Electronic supplementary material shows the amount of each
component separated in the first treatment plant, together with
its destination.

Cases of multi-functionality were resolved by expanding
the system boundaries to include avoided productions due to
material and energy recovery from waste (EC-JRC 2010;
Finnveden et al. 2009). Avoided primary material and energy
productions were based on average technologies. Table A2 of
the Electronic supplementary material shows the amount of
avoided primary materials and energy associated with the
treatment of 1 t of R4.

For each process, a new module was designed in the
SimaPro software, including the energy and material con-
sumption, the direct emissions as well as the substituted ma-
terials and energy, with the same approach adopted in previ-
ous studies (Rigamonti et al. 2010; Rigamonti et al. 2013a, b).
Primary data were used in the modelling of the foreground
system, in particular, for the mass and energy balances of the
first treatment plant and of the treatment of some of the sepa-
rated components. These data derived from the Italian regional
database O.R.So. (Osservatorio Rifiuti Sovraregionale) and
from field visits to the main treatment plants located in the
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Lombardy region. For some components, primary data were
not available and so data from the literature and from the
ecoinvent database version 2.2 (Swiss Centre for Life Cycle
Inventories 2010) were used.

The life cycle impact assessment step was performed as
explained in Sect. 2.1.

3 Results and discussion

3.1 Testing impact assessment models
and characterization factors of toxicity-related impact
categories

3.1.1 Dong et al. 2014 vs USEtox

The indicator of the impact category ecotoxicity, expressed
per 1 t of R4, results —1.04E—4 PAF day m’ if applying the
CFs of Dong and —1.24E—5 PAF day m® when applying the
USEtox model as implemented in the ILCD method v.1.05.
We underline that Dong et al. (2014) report CFs only for
freshwater compartment and have only CFs for 15 metals.
The comparison of the results is reported in Fig. 1, focusing
on metals considered in both models (i.e. zinc, lead, copper,
chromium, cadmium, beryllium and barium). The total impact
obtained by applying Dong et al.’s (2014) CFs results about
three times higher than the corresponding impact obtained by
the USEtox model. This is mainly due to the Dong et al.

(2014) CFs of copper (Cu) and zinc (Zn) which are higher
than those adopted in the USEtox model when considering
the freshwater archetype proposed in the paper of Dong
et al. as default when the location of the emission is not
known.

3.1.2 Long-term vs short-term emissions

Figures 2 and 3 show the human toxicity (cancer and non-
cancer effects) impact indicators and the freshwater
ecotoxicity impact indicator relative to the treatment of 1 t of
R4. The total values are divided into the two contributions:
long-term emissions and short-term emissions.

The long-term emissions are responsible for the major part
of the impact. Excluding these emissions, the total values of
the indicators change but the qualitative results in terms of
benefit or burden for the environment do not change for the
human toxicity indicator. The situation is different for the
ecotoxicity indicator: in this case, by excluding the long-
term emissions, the total value changes from being negative
(i.e. a benefit for the environment) into positive (i.e. a burden
for the environment). This is because most of the long-term
emissions are avoided emissions, associated with the material
and energy recovery.

A detailed contribution analysis was carried out to under-
stand better the results associated with the long-term emis-
sions (Figs. B1-B3 and Tables B1-B10 of the Electronic sup-
plementary material).

Total
7n -2.85E+0
-5.64E-01
Pb -4.51E-01
-2.57E+02
Cul 350E+03
7.80E-01
cr 8.09E-03
3.45E-01
cd 1 5.68E+01
Be 2.08E-04
4.41E-04
Ba -3.75E+00
-8.09E+01
-4.00E+03 -3.50E+03 -3.00E+03 -2.50E+03 -2.00E+03 -1.50E+03 -1.00E+03 -5.00E+02 0.00E+00
m|L.CD m Dong

Fig. 1 Freshwater ecotoxicity impact indicator, expressed in PAF day m®, due to the treatment of 1 t of R4 calculated by applying the USEtox
characterization factors (as in ILCD) and Dong et al.’s (2014) characterization factors (considering only the metals in common)
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3.00E-03

Main contribution to the impact indicator: recovery of steel and ferrous

2.00E-03
1.00E-03 1..3
0.00E+00 4 4

-1.00E-03
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metals.
Main contribution to the long term emissions: disposal of the furnace slag

produced by ferrous scraps recycling process.
Main substance associated with long term emissions: Cr VI (2.14E-03 CTUh)

-2.00E-03

mLT

-3.00E-03
-4.00E-03 6 3 usT
-5.00E-03
-6.00E-03
-7.00E-03

Main contribution to the impact indicator: recovery of printed wiring boards

Main contribution to the long term emissions: disposal of sulfidic tailings

produced by non-iron metal mining
Main substances associated with long term emissions: Zn (-3.88E-03 CTUh)

and As (-2.44E-03 CTUh)

-8.00E-03
Human toxicity,
non-cancer effects

Human toxicity,
cancer effects

Fig. 2 Human toxicity (cancer effects and non-cancer effects) impact
indicators associated with the treatment of 1 t of R4. Total values are
divided into short-term emission (S7) and long-term emission (LT7)

The recovery of steel and ferrous metals is the main process
that contributes to the human toxicity cancer effect impact
indicator: most of the long-term emissions derive from the
sub-process of disposal of the furnace slag are produced by
the ferrous scrap recycling process. The metal causing this
result is chromium (VI).

Considering the human toxicity non-cancer effect impact indi-
cator, the main contribution is the recovery of the printed wiring
boards. Its sub-process of disposal of sulfidic tailings produced by
non-iron metal mining is the main process responsible for the long-
term avoided emissions, represented mainly by zinc and arsenic.

The same process, i.e. the recovery of the printed wiring
boards, with the same sub-process, is responsible for most of
the long-term avoided emissions in the freshwater ecotoxicity
impact indicator. Zinc is, in this case, the most important
avoided long-term emission.

3.2 Testing impact assessment models
and characterization factors of resource depletion impact
category

The comparison among the different models was, first of all,
made considering the mineral resources present in the in-
ventory of the case study covered by each of them. Table 1

2.00E+03

1.00E+03

ELT

contributions. The boxes explain the main processes and the main
substances associated with long-term emissions

shows that the ILCD method is the most comprehensive one
with 31 mineral resources included in its model for the re-
source depletion category. On the contrary, the supply risk
(3) is the one that covers the minor number of substances
(i.e. 7).

A second step of the analysis was the comparison of the
sign and the value of the impact indicator. First of all, all the
models result in avoided impacts (Table 1). Then, the
models that express the indicator with the same unit of mea-
sure were compared, i.e. AADP, ILCD and CML 2012.
Results are shown in Fig. 4. The biggest avoided impact is
associated with the model applied in the CML 2012 (¢). This
is not so different from the total value obtained by applying
the models considered in CML 2012 (b) and ILCD methods.
The results of the AADP models are one order of magnitude
less. AADP (2011) (Schneider et al. 2011) considers, in fact,
a limited number of mineral resources (e.g. it does not
include silver that, where considered, gives an important
contribution to the avoided impacts, see Fig. 5). AADP
(2015) (Schneider et al. 2015) considers more substances
than AADP (2011) (Schneider et al. 2011), in a number
similar to that of the CML 2012 (c).

Finally, a contribution analysis was performed (Fig. 5
and Table C2 of the Electronic supplementary material).

0.00E+00

uSsT Main contribution to the impact indicator: recovery of printed wiring boards

-1.00E+03

Main contribution to the long term emissions: disposal of sulfidic tailings

-2.00E+03

CTUe
v

-3.00E+03

produced by non-iron metal mining
Main substance associated with long term emissions: Zn (-117E-03 CTUe)

-4.00E+03
-5.00E+03 1

-6.00E+03 -

Fig. 3 Freshwater ecotoxicity impact indicator associated with the
treatment of 1 t of R4: the total value is divided into short-term
emission (S7) and long-term emission (LT) contributions. The boxes
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explain the main processes and the main substances associated with
long-term emissions
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Table 1 Coverage of the selected

mineral resources in the selected Model Total selected mineral Total impact

models and corresponding resources (of which

mineral resource depletion critical raw materials) Value Unit of

indicator measure
AADP (2011) 8(1) —7.45E-01 kg Sb-eq.
AADP (2015) 23 (7) —1.53E-01 kg Sb-eq.
ILCD 3109 —2.25E+00 kg Sb-eq.
CML 2012* 28 (8) —1.01E+00 kg Sb-eq.
CML 2012° 25 (6) —2.25E+00 kg Sb-eq.
CML 2012° 25 (6) —2.53E+00 kg Sb-eq.
EDIP 97 19 (4) —1.38E+01 PR
EPS 2000 25 (8) —1.17E+05 ELU
ReCiPe 2008 15 (3) —6.85E+03 $
Supply risk (1) 21 (8) —1.97E+01 SR
Supply risk (2)° 21 (8) —2.96E+00 SR
Supply risk (3)° 7Q) ~1.72E+00 SR

PR person reserves, ELU environmental load units, SR supply risk

@ Ultimate reserves
® Base reserves

¢ Economic reserves
9 Baseline option
€(SR)"6

fSR/(world mine production in 2011)

Silver (Ag) gives the main percentage contribution to the
indicator in the five models (i.e. CML 2012 versions b and
¢, ILCD, supply risk (3) and EDIP97). Cobalt (Co) is the
main contributor in the supply risk (2), copper (Cu) in the
ReCiPe 2008, palladium (Pd) in the EPS 2000 and AADP
(2015) Schneider et al. (2015) and nickel (Ni) in the AADP
(2011) Schneider et al. (2011). In the CML 2012, (a) tel-
lurium, gold (Au) and silver (Ag) are the most important
substances, whereas aluminium (Al), copper (Cu) and
nickel (Ni) are the main contributors in the case of the
supply risk (3).

These results reveal that the relative importance of one
substance compared to another changes with the model. This
is because the models differ in the substances that they include
and in the CFs of each substance.

4 Conclusions

Moving towards more circular economy requires that different
waste management options are more and more systematically
scrutinized to assess the environmental impacts and benefits
associated to them. To ensure that proper decisions are taken
on waste streams, LCA plays a crucial role for assessing
avoided impacts and uncovers potential impacts due to
recycling. However, given the possible limitations of current
life cycle impact assessment models, there is the need of
conducting extensive sensitivity analysis of the results. In fact,
contrasting results may stem from the application of different
assumptions and models for characterization. In the present
study, we focused on toxicity- and resource-related aspects,
being critical in the current debate on fostering circular

Flg. 4 Comparison among the CML 2012 (c)
mineral resource depletion
iqdicators expressed in CML 2012 (b)
kilogramme Sbeq per 1 t of R4
calculated by different models CML 2012 (a)
ILCD
AADP (2015)
AADP (2011)
-3.00 -2.50

-2.00 -1.50 -1.00 -0.50 0.00
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Supply Risk (3)
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Fig.5 Contribution analysis for the resource-related indicators calculated by different characterization models. The asterisk indicates critical raw materials

economy. A robust interpretation of the results should be
based on systematic assessment of the differences highlighted
by the sensitivity, as guidance for delving into further analysis
of the major drivers of impacts and/or to steer ecoinnovation
to reduce the impacts.

The specific results of the current study are related to the
R4 waste treatment in the Lombardy region. This means that
in other contexts, the recovery of materials and the associated
impacts may change. However, some conclusions of general
interest and applicability could be drawn.

Regarding the toxicity-related impact categories, the im-
pacts and the avoided impacts for the R4 treatment are focused
on metals, a well-known critical issue within LCA. Metal
impacts are considered generally overestimated by existing
multi-media models adopted in LCA and used for developing
the consensus model USEtox. Recent publications, such as of
Dong et al. (2014), have improved the theoretical foundation
for modelling the impact of metals, discriminating between
site-specific conditions which may influence metal fate and
bioavailability. However, when the location of the emission is
not known and the practitioner is using the proposed default
set of characterization factors, the impact of metals is even
higher than before for specific substance. This leads again to
a dominance of few metals over the overall toxicity-related
impacts.

Regarding the long-term emissions, this is again an already
known problem in LCA results. A research agenda from the
modelling point of view has been already defined including
the introduction of time-dependent CFs, explicitly addressing
uncertainties and accounting for background concentrations
(Bakas et al. 2015). Considering current available models
and information, the decision to include or not those emissions

@ Springer

should be based on some evidences, such as (i) in comparing
short-term and long-term emissions, the latest have very high
uncertainties in inventories, and (ii) current characterization
models are not able to account for the intensity of the emis-
sions over time. Assessing the results with and without long-
term emissions is fundamental for interpreting the results of
the contribution analysis.

Regarding the resource impact assessment, it is clear how
this assessment is of paramount importance when considering
recycling and in general on the possible avoided impacts due
to applying circular economy strategies. Beyond the mass
accounting (e.g. kilogramme of material recovered for any
tonne of waste treated), there is an increasing interest in un-
derstanding the relative importance of the materials recovered.
Applying more traditionally, depletion-oriented models, some
materials are popping up as major contributors. However, the
practitioner should be aware that those models are using
socio-economic and technological data for calculating charac-
terization factors and that they constantly need to be updated
to reflect the current situation. Among the depletion-oriented
model, AADP is theoretically the most indicated for a study
on recycling and circular economy, as it expands the model-
ling to urban mining. When strategic assessment of specific
resources is needed, models such as those applied for critical
raw materials may help expanding the focus of the assess-
ment, as they include more resources and magnify their im-
portance. Beyond the specific perspective in assessing those
resources, the sensitivity is extremely helpful for highlighting
which resources are somehow of higher relevance, given their
relative contribution from different points of view (e.g. Ag,
which is a high contributor in all the models that compare
current consumption with availability, including those that
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have as numerator the supply risk; Cu is almost always pres-
ent, popping up when assuming extra cost for future extrac-
tion, etc.). Given the different substance coverage and under-
pinning assumptions, the sensitivity could be seen as a way to
complement the models, ranking substances by their rele-
vance under different perspectives. Besides, many resources
that could be recovered by recycling have no characterization
factors at the moment in any impact characterization model.
This may lead to a potential underestimation of the benefit of
the recycling.

Building on the present case study, our recommendations
for improving interpretation of case studies related to circular
economy could be summarized as follows:

* Regarding toxicity-related impact categories, it is recom-
mended to (1) run different models for toxicity, focusing
on commonalities in prioritization of the substances con-
tributing the most to the overall impact and (2) perform the
assessment with and without long-term emissions to ap-
preciate the contribution of the long-term emissions.

* Regarding resource-related impacts, it is recommended to
(1) run models that include considerations related to
recycling potentials and anthropogenic stock availability,
such as the AADP, and (2) complete the assessment run-
ning a sensitivity with other models which may highlight
the relative importance of specific resources under differ-
ent socio-economic perspectives.

In the context of circular economy strategies, LCA may
help to ensure that the recovery of resources is not posing
additional burdens on the environment and that avoided im-
pacts are systematically accounted for beyond a mere energy-
related perspective. However, the assessment should be al-
ways coupled with a sensitivity analysis to support sound
interpretation and to guide future improvements.
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