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PREFAZIONE

L’Associazione Rete Italiana LCA & nata nel giugno 2012 al fine di promuovere
I'approccio di ciclo di vita nella definizione di strategie per lo sviluppo sostenibile.
Le sue attivita scientifiche e formative, contraddistinte da entusiasmo e
dinamicita, hanno dato un grande impulso in questi anni alla diffusione della
metodologia della Life Cycle Assessment (LCA) e hanno condotto I’Associazione
Rete Italiana LCA ad essere un punto di riferimento nel dibattito nazionale sulla
metodologia LCA e su gli strumenti di metrica della sostenibilita.

Tra le attivita di divulgazione scientifica realizzate dall’Associazione Rete Italiana
LCA di particolare rilevanza & il Convegno nazionale, che ogni anno costituisce il
principale momento di confronto e scambio di esperienze scientifiche,
metodologiche e applicative, tra le realta operanti in ambito LCA in ltalia.

Quest’anno il VI Convegno dell’Associazione Rete Italiana LCA, che é stato
anche I’XI Convegno della Rete ltaliana LCA, si € svolto a Siena, con il patrocinio
di Ministero dellAmbiente e della Tutela del Territorio e del Mare, SETAC ltalian
Branch, Universita di Siena, Societa Chimica ltaliana, Ordine dei Chimici della
Toscana, Ordine degli Ingegneri della Provincia di Siena, Provincia di Siena,
Comune di Siena.

La rilevanza e [linteresse dei temi affrontati dal Convegno annuale
dell’Associazione Rete lItaliana LCA sono testimoniati dal numero sempre
crescente degli iscritti, che anche quest'anno sono stati piu di cento, e dalla
presenza di esponenti internazionali della ricerca di settore, che lavorano in centri
di ricerca e in universita italiane ed europee in ambito LCA e che ogni anno
partecipano sempre piu numerosi all’evento.

Tema dell’evento € stato il ruolo del Life Cycle Thinking (LCT) a supporto della
Resource Efficiency e dei Sustainable Development Goals (SDGs). L’approccio
del Life Cycle Thinking (LCT) & diventato ormai un pilastro della politica
ambientale dell’Unione Europea e le politiche nazionali e comunitarie sull’'uso
efficiente delle risorse riguardano i piu svariati settori, tra cui I'edilizia, i trasporti,
i sistemi di produzione dell’energia e i prodotti di largo consumo. A livello
internazionale si & intrapreso un percorso verso uno sviluppo sostenibile e
inclusivo mediante I'adozione del’Agenda 2030 e dei 17 SDGs. |l Convegno ha
aperto i lavori sulle suddette tematiche ed ha illustrato l'attuale situazione
dell’ltalia rispetto al raggiungimento dei target previsti dai SDGs, gli sviluppi futuri
e la possibile implementazione del LCT nell’ambito delle politiche nazionali.

Gli studi presentati al Convegno e pubblicati in questo volume dimostrano la
rilevanza del ruolo del LCT come strumento di supporto per la valutazione ed il
miglioramento delle prestazioni ambientali di prodotti, processi e sistemi in termini
di uso efficiente delle risorse, ma anche sulla definizione di strategie per il
raggiungimento degli obiettivi di sviluppo sostenibile, includendo gli aspetti
economici e sociali.

-iv -



Per la prima volta, quest’anno, ¢ stata eseguita una stima della Carbon Footprint
del Convegno, sulla base delle informazioni fornite dai partecipanti su: luogo di
provenienza, modalita di trasporto impiegata, pernottamento, tipologia di cibo
consumato, stoviglie e consumi nella struttura ospitante. Considerando
l'interesse sempre crescente verso il Convegno annuale dell’Associazione Rete
Italiana LCA, dimostrato dal progressivo incremento degli iscritti di anno in anno,
i risultati di tale stima, sebbene frutto di una valutazione preliminare, potranno
indurre I'’Associazione a operare una riflessione per individuare gli step del
Convegno con maggiori criticita ambientali e delineare azioni di mitigazione.

Questo volume raccoglie 70 lavori scientifici, presentati durante le sessioni
tematiche orali e le sessioni poster, a seguito di un processo di double peer
review, gestita dal Comitato Scientifico.

In dettaglio, i contributi scientifici pubblicati sono stati suddivisi nelle seguenti
sezioni: Life Cycle Sustainability Assessment, Economic Growth and Sustainable
Development, Sviluppi metodologici di LCA, LCC e SLCA e integrazione con altri
strumenti per studi di sostenibilita, PEF e OEF: esperienze applicative e possibili
utilizzi nelle politiche ambientali, Water - Food - Energy — Waste, Poster.

Nell'ultima sezione sono riportati i contributi presentati dai prime tre classificati
dell’'VIll edizione del Premio Giovani Ricercatori LCA, rivolto ai giovani ricercatori
che operano nel campo dell’analisi del ciclo di vita al fine di promuovere la ricerca
e divulgare le loro attivita.

Simone Bastianoni (Chair del Convegno)

Maurizio Cellura (Presidente dell’Associazione Rete Italiana LCA)






Assessment of resource efficiency in a life cycle
perspective: the case of reuse
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Abstract

This work discusses how a life cycle based approach can be tailored for the assessment of
resource efficiency of products, with a specific focus on reuse. A new method is introduced and
illustrated on a washing machine case-study. While case-study results prove the environmental
benefits of reusing the product, the study also highlights the limits of the LCA approach, as it
lacks of robust and widely intelligible impact assessment categories, able to properly capture
resource efficiency in a life cycle perspective. The article also provides suggestions for the
enhancement of the resource efficiency assessment, as: development of new methods based
on the life cycle approach; development of new life cycle impact assessment categories focused
on resources; use of detailed inventory flows for specific materials in place of non-robust life
cycle impact categories; integration of LCA with other methods (as material flow analysis).

1. Introduction

Since 2003, LCA was recognized by EU policies as the “best framework for
assessing the potential environmental impacts of products” (EC, 2003).
However, the use of LCA to assess resource efficiency open to some
discussions about the methodological assumptions and interpretation of results
(Hetherington A. C., 2014). This is more evident when trying to assess
strategies for a circular economy, as the promotion of reuse of products.

The prominence of reuse among different end-of-life (EoL) processes of
products has been largely stated by both legislation (for example, the European
waste hierarchy (EU, 2008)) and scientific community (Graedel and Allenby,
1995; Lindahl et al., 2006). The EU, in its Roadmap to a Resource Efficient
Europe, highlighted the need of creating economic opportunities and improved
security of supply through greater reuse, substitution of materials and resource
savings (EU, 2011). Moreover, reuse has been encouraged by the European
Circular Economy Action Plan as one of the strategies to develop a sustainable,
low carbon, resource efficient and competitive economy (EC, 2015). Measures
to reduce resource consumption and waste generation along the whole cycle of
products and to boost reuse are being encouraged by the Ecodesign Directive
(through e.g. criteria on durability, minimum time for availability of spare parts,
modularity, upgradeability, reparability) (EU, 2009).

However, is reuse an efficient means to enhance resource efficiency? In this
regard, how to assess reuse benefits, in a life cycle perspective? “Resource
efficiency” can be defined as the function delivered by product per unit of



resources needed to perform the function (Huysman et al., 2015). Resource
efficiency encloses the concepts of “energy efficiency” and “material efficiency”.
While energy consumption in the life cycle is well captured by some indicators
(e.g. the cumulative energy demand), it is still questionable which life cycle
indicators are robust enough to assess materials consumption. This article will
firstly describe the approach developed for the assessment of reused products
within the REAPro method. Secondly, the application of the method to the
washing machine case-study will be presented. The results of the case-study
will be used as the basis for a more general discussion on the role of the LCA
methodology to support circular economy strategies.

2. Method for the assessment of reuse of products

A discarded product (A) has the potential to be reused (by the same or different
user) after some processes tailored to restore its useful life. We identify three
different reuse situations, depending on the length of the first use of product (A):

e Reuse situation 1) product (A) is reused after a relatively short first lifetime.

¢ Reuse situation 2) product (A) is reused after an intermediate first lifetime:
the time of the first use is higher than a ‘relatively short time’, but smaller
than the ‘expected average lifetime’.

¢ Reuse situation 3) product (A) is reused after an expected average lifetime:
the time of the first use is comparable to that expected by the manufacturer
for the given product group.

The present article will focus on the ‘reuse situation 3’, which is one of the most
common in reuse centres (for example waste collected at the EoL, processed
and afterwards sold/leased for a second life). The proposed method evaluates
the resource efficiency of a ‘reuse situations’ by setting up two different
scenarios (Figure 1), on which LCA is applied:

o a ‘base-case’ scenario, where a product (A), after its first use, undergoes
EoL treatments and is substituted by a new product (B).

o a ‘reuse’ scenario, where the product (A), after its first use, undergoes a
series of treatments for the reuse and is reused for a ‘second life’.

Timeline Symbols:
I T i - Pa = impactof the production of product (A)
<------ a___ > <————————————————————4:————> [impact];
L - Pg =impactof the production of product (B) [impact];
Base-case l-r Ug ' - Ep =impactof EoL of product (A) [impact];
P EPs i Eg - EE= impactof Eol of product (B) [impfact];
! - R"A =impact of reuse treatments (A) [impact];
a X ! - Ux =impactof using product (A), duringthe firstuse
€------------ »P€----------------- 3 > [impact];
Reuse l-l_' - U’s = impactof using product (A), after reuse
. [impact];
Pa Ra Ea - Ug = impactof using product(B) [impact/year];

- a = time of the firstuseof product (A) [year];

- x =time of the reuse (A) [year];

- T = average lifetime of the replacing product(B)
[year].

Figure 1. Scenarios for the assessment of a reused product.



The assessment of the resource efficiency of the reused product is based on

the difference (A,..,..) between the impact of the ‘standard use’ scenario and
the impact of the ‘reuse’ scenario. Positive values of Areuse represent a
‘beneficial’ reuse situation (for a selected impact category). It results that':

P E .
[1] Areuse:‘:?_'_?_F(é_w).uA:l"x_RA

LCA results are used as input data for the calculation of values in Figure 1 and
equation [1]. In particular the parameter ‘R* groups together all the impacts
related to the reuse treatments, including: impacts due to transport to the reuse
plant; product’s checking for failures; repairs and spare-part substitution; final
testing; cleaning and distribution. The parameter ‘@’ represents the changes? in
the energy consumption of the reused product (A). The parameter ‘3’ represents
the fraction between energy consumption of B and energy consumption of A. In
the reuse situation 3, the reused product is environmentally convenient when:

3. Case-study: assessment of the reuse of a washing machine

The selected case-study refers to the washing machine (WM) product group,
due to the well-established reuse of WMs in Europe and the renewed interest in
the resource efficiency of this product group within the on-going revision of
ecodesign and energy label implementing measures (JRC, 2016).

The input data for performing the LCA study and the following assessment of
the reused product were based on the draft preparatory study on WMs (JRC,
2016), and on scientific literature and inputs from manufacturers (Tecchio et al.,
2016). The calculation of life cycle impacts of the case-study WM? was
performed through GaBi software and databases. The impacts of the
‘preparation for reuse’ operations are based on available statistics on WM repair
services, including spare parts replacement (Tecchio et al., 2016) *°.

* The detailed description of parameters and equations is discussed in (Tecchio et al., 2016).

2 Values of ‘p>1’ imply that the reused product is downgraded and consumes more energy during the operation than
when it was ‘brand new’; values of ‘<1’ imply that the reused product is upgraded after the reuse treatments and it
consumes less energy.

> Main assumptions were: household WM with washing performance ‘class A’ and spin drying performance ‘class B’;
weight: 69.6 kg, nominal rate capacity: 7 kg; expected average lifetime: 12.5 years (considering 220 washing
cycles/year); energy and a water consumption respectively 147.8 kWh/y and 10,318 I/y.

¢ The impacts due to on-site repairs (e.g. cleaning, soldering, removing obstructions, sealing, etc.) have been
considered negligible.

> For the repair, energy, water, detergent and spare parts were taken in account based on available statistics and
stakeholders’ information. More in details, overall transport, to and from the reuse centre: 200 km, with a light truck.
Testing (pre and post refurbishment), including the running of washing tests: electricity 4.02 kWh; water 140.7 litres. Use
of water for washing and cleaning operations: 50 litres of water; 100 g detergent (generic). Use of new spare parts: door
seal (6.4 % of cases), drain pump (6.2 %), heater (2 %), PCB (1.1 %), circulation pump (0.1 %).



Table 1: Summary of the environmental impacts used for the assessment of reused WM

Functional unit: 1 WM P U R* E

Acidification Potential (AP)? [Mole of H+eq] 2,63E+00 | 2,84E+00 | 2,38E-02 | 8,49E-03

Global Warming Potential (GWP)? [kgcozeq.] | 2,68E+02 | 1,38E+03 | 5,26E+00 | 1,85E+00

Abiotic Depletion Potential (ADPel)° [kgsbeq] | 3,16E-02 | 6,31E-04 | 1,01E-04 | 5,72E-07

@ ILCD impact categories
® CML 2001 Impact Assessment Method
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Figure 2: Results of the assessment of reused WM (reuse situation 3) for impact categories:
acidification (AP), global warming potential (GWP) and abiotic depletion potential
(ADPg)).

In this work, three exemplary indicators were selected as representing three
different groups of impact categories: 1) impact affected by both the
manufacturing and the use phase (i.e. acidification potential - AP); 2) impact
largely affected by the energy consumption during the use phase (i.e. Global
Warming Potential - GWP); 3) impact largely affected by the manufacturing
phase (e.g. the Abiotic Depletion Potential elements - ADPe). Table 1



summarizes the LCIA results of the case-study WM. Successively, Figure 2
shows the assessment of the reuse of the WM for the above-mentioned impact
categories (based on equation [1]), considering 4 and 6 years as the time for
reuse (x). Results prove that reuse generally implies some benefits for the
considered impact categories, even when the replacing product B is
characterized by a better energy efficiency. The higher is the time of the reuse
(x), the higher can be the life cycle environmental benefits, especially for impact
categories largely influenced by energy. For instance, concerning the GWP,
considering that the reused WM maintains its performance (¢ = 100%) and it
will be working for additional 6 years, the overall GWP is reduced by 5%
compared to the replacement with a WM 10% more energy efficient (6 = 90%).
In some cases the reuse resulted not beneficial for the GWP, for example, when
the reused WM is used in place of a product 30% more efficient (6 = 70%).

Moreover, benefits are higher for those impact categories dominated by
resource consumption (e.g. ADP). Indeed, ADP results show that the
environmental benefits are influenced by the length of the reuse (x) more than
by the decay of performances of the reused product (A) (Figure 2c).

4. LCA and resource efficiency assessment

Looking at Figure 2 results, one could conclude on the relevance of reusing the
appliance to achieve some environmental benefits in a life cycle perspective.
However, only the ADPe impact category clearly shows a prominence of the
reuse. In the case of GWP, benefits are still limited (up to 4% of GWP savings,
for 4 years reuse, 6% for 6 years, for ¢ = 105%) and in some scenarios results
are negative (i.e. reuse not convenient for GWP).

According to our experience (also shared by various LCA practitioners):

- decision makers generally base their decisions on a limited set of life cycle
indicators, mainly GWP and energy consumption indicators (Cerutti et al., 2017;
JRC, 2010)

. These are indeed well-established indicators, generally understood by a wide
audience, and also linked to international, national and local policy targets. It is
important to remark that energy consumption indicators do not capture the
consumption of non-energy materials.

- the ADPe is one of the few indicators that relates to the consumption of non-
energy resources®, and it can be potentially used to assess “material efficiency”.
However, its robustness is at the moment largely questioned within the scientific
community (Oers and Guinée, 2016), and its understanding is also very limited
for the wider public of stakeholders. Moreover, the characterization factors of
the ADPe do not reflect the regional characters of resource consumption, nor
quality losses during e.g. material uses and EoL treatments (Hiete, 2013).
Ongoing research is currently dealing with this subject’.

6 Other impacts related to resource consumption are those related to water consumption and scarcity.
7 http://www.euromines.org/events/2015-10-14-mineral-resources-Icia-mapping-path-forward



This is bringing therefore to a fundamental question:
“Is LCA an effective method to assess material efficiency of products?”

Based on our experience (as in the analysis previously discussed on reuse), the
LCA methodology ‘alone’ cannot capture all facets of material efficiency. It is
necessary to develop tailored indicators (including LCA elements, e.g. life cycle
inventory flows and impact categories) that are able to capture the flows and
quality changes of materials (especially during EoL processes). The Joint
Research Centre (JRC) — Directorate for Sustainable Resources — has been
working on these topics since 2010, by developing the method REAPro
(REsource Efficiency Assessment of Products), in which different scenarios and
assumptions are modelled to assess the resource efficiency of energy using
products, along their overall life cycle. Previous JRC researches focused on the
assessment of recyclability (Ardente and Mathieux, 2014a), and durability
(Ardente and Mathieux, 2014b; Bobba et al., 2016). This article aims at
extending the discussion to the reuse.

Moreover, if the LCA community wants to support a positive answer to this
question, it is essential to focus on the development of robust impact categories
related to resource consumption. Moreover, this should be intelligible for the
decision makers if we would like these to be used in decision processes.

Beside of all its merits, LCA is currently not fully able to capture some impacts
and aspects in the product life cycle as the change of the quality of resources
used (e.g. the downgrading of material after EoL treatments), and the
dispersion of the flow of certain materials. As an example, the European
Commission published a list of Critical Raw Materials (CRMs) which are
relevant due to their relevance for the economy and supply risks (EC, 2014).
Such materials are usually embedded in household appliances (for example
palladium, rare earths, silicon and indium are generally present in WMs).
Current recycling of CRMs is null (or very low) and these materials are lost in
other flows of recycled materials (e.g. rare earths in recycled steel) or landfilled
(e.g. indium contained in displays).

The scientific literature contains interesting examples of resource efficiency
assessment of products in which the LCA methodology has been integrated
with other method specifically focused on resource flows (e.g.
Material/Substance Flow Analysis (MFA/SFA) )). MFA/SFA permits to quantify
the flows and stocks of products, components and materials, describing the
system and identifying the actual and forecasted size of the life cycle stages.
The integration of LCA and MFA/SFA could contribute: to better quantify the
materials flows of material (including some relevant ones, as CRMs) in the
product systems; to identify changes in material stocks and to model more
precisely life cycle consequences (for example, due to the delay of waste
reaching end-of-life related to extension of product lifetime, and the consequent
changes in the EoL scenarios); to identify potential material losses or
downgrading of material quality (especially those due to EoL processes).



Based on the previous considerations, we highlight some recommendations to
enhance the assessment of resource efficiency in a life cycle perspective:

- to use life cycle data to develop tailored indicators to assess material
efficiency aspects in certain specific situations (e.g. the assessment of
reusability or recyclability of products; or the provision of a certain function
divided by the amount of material(s) used);

- to develop more robust life cycle impact categories related to material
consumption and material efficiency (a crucial challenge for the whole LCA
community in the next future);

- to provide more precise (or disaggregated) figures of the flows of certain
materials within the life cycle of the product. Material flows (i.e. life cycle
inventory flows) can be used, in place of LCIA, to demonstrate/communicate
that certain practices have benefits in terms of material savings or additional
quality/quantity of material recycled (e.g. the recycling of indium (a CRMs) due
to a better design of the displays (Ardente and Mathieux, 2014a)).

- to develop integrated methods where LCA is coupled with other methods (e.g.
MFA/SFA) that more specifically address material flows in the product system.

5. Conclusions

The article discussed a method, based on a life cycle approach, tailored to
assess the benefits of reuse. The method has been applied to the reuse of a
washing machine, and results showed that reuse is environmentally beneficial.
However, benefits in terms of resource efficiency are difficult to be assessed
and communicated through LCA results. The main LCA impact category
related to non-energy consumption is the ADP, which robustness and
intelligibility is largely questioned. It is necessary to invest more research in the
development of new indicators related to resource consumption. Moreover, LCA
could be integrated with other methods to better capture the time dimension of
relevant flows of materials within the product life cycle. The complementarity of
LCA with other tools (including MFA and methods for the assessment of
resource savings and recovery at the end-of-life of the products) is particularly
necessary for policy related applications, in order to grant the transition from
current product policy requirements (mainly focused on energy and GWP
targets) to broader resource efficiency ones. This is indeed the research
objective of the JRC within the development of the REAPro method.
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Abstract

There is an urgent need to provide companies with guidance on how to measure the
performance of their products and activities in the implementation of circular economy (CE)
strategies. This paper aims to contribute to the discussion on the identification of the most
suited metrics for CE at the micro level. We discuss the role of Life Cycle Thinking (LCT) in the
development of meaningful circularity indicators at the product level taking into account the
absolute perspective on CE. Our analysis is limited to the environmental aspect of sustainability
with a focus on the climate change impact. We use a case study of an aluminium can to
illustrate the challenges arising from the use of some of the available metrics either directly or
indirectly based on LCT, i.e. the Material Circularity Indicator and the Materials Reutilization
Score for the product and the Sectorial Decarbonization Approach at the corporate level.

List of abbreviations used

CA = Company Activity MCDA = Multi Criteria Decision Analysis
CC = Climate Change MCI = Material Circularity Indicator

Cl = Carbon Intensity MRS = Material Reutilization Score

CE = Circular Economy PB = Planetary Boundaries

C2C = Cradle to Cradle® RC = Recycled Content

GHG = Greenhouse Gases RR = Recycling Rate

LCA = Life Cycle Assessment SA = Sector Activity

LCSA = Life Cycle Sustainability Assessment SI = Sector Intensity

LCT = Life Cycle Thinking SBT = Science Based Target

1. Introduction

Most current industrial sectors are still organized according to a linear economy,
i.e. a so-called take-make-waste system. The circular economy (CE) provides
an alternative to such economic system, being an industrial system that is
restorative or regenerative by intention and design (EMF, 2013). The CE has
been proposed to address environmental issues by transforming waste into
resources, and bridging production and consumption activities. The transition to
a functioning CE regime requires a systemic multi-level change, including
technological innovation, new business models, and stakeholder collaboration
(Witjes and Lozano, 2016).

As highlighted in recents reviews (Ghisellini et al. 2016, Geissdorfer et al. 2017)
the conceptual development of the CE traces back to different disciplines,
visions and schools of thought, such as the Cradle to cradle design framework
(McDonough and Braungart 2002) or the Performance Economy (Stahel 2016).
Several authors have recently proposed alternative frameworks to implement
CE strategies at different levels. Niero et al (2017) defined a framework
combining Life Cycle Assessment (LCA) and the Cradle to Cradle® (C2C)

-11 -



certification program to identify which actions should be prioritized to achieve a
continuous material loop for beverage packaging, both from an environmental
and an economic point of view. Niero and Hauschild (2017) recommends to use
the Life Cycle Sustainability Assessment (LCSA) framework to evaluate circular
economy strategies in the beverage packaging sector, since it is the most
comprehensive and still operational framework and best at preventing burden
shifting between stakeholders in the value chain. Lieder and Rashid (2016)
proposed a practical implementation strategy for a regenerative economy and
natural environment, which emphasizes a combined view of three main aspects
i.e. environment, resources and economic benefits and underlines that joint
support of all stakeholders is necessary in order to successfully implement the
CE concept at large scale. Ronnlund et al (2016) developed an eco-efficiency
indicator framework based on LCA covering 10 important issues of product
environmental sustainability, e.g. some key aspects for implementing a CE,
such as material efficiency and reutilization of secondary raw materials.

Life Cycle Thinking (LCT), which allows to get reliable information about
environmental, social and economic impacts of product systems in a life cycle
perspective (UNEP, 2012), deserves a central role in all the abovementioned
CE frameworks, but it is not enough. There is an urgent need to provide
companies with guidance on how to measure the performance of their products
in the implementation of CE strategies. Most attempts to define indicators for
measuring circularity have so far addressed the macro (i.e. region, nation,
sector) and meso levels (i.e. eco-industrial parks) and only a limited number of
indicators is available at the product level scale (Linder et al, 2017).

Moreover, as discussed in Niero et al. (2016a), when moving from the product
to the company level, the main gap to be filled is to define targets for
implementing circularity strategies at the corporate level considering an
absolute environonmental sustainability perspective. To be sustainable in
absolute terms, industries should indeed benchmark their activities not just
against their competitors and their own previous offerings, but also against the
space which will be available to them in a sustainable world (Hauschild, 2015).
The so-called Science Based Targets (SBT) refer to emission reduction targets
set by companies to reduce their Greenhouse Gases (GHG) emissions in line
with the level of decarbonization required to keep global temperature increase
below 2°C compared to pre-industrial temperatures (Krabbe et al. 2015). The
use of SBT is spreading among companies and several methods are available,
either based on physical or monetary indicators.

The aim of this paper is to contribute to the discussion on the identification of
the most suited metrics for CE at the micro level, i.e. products and company.
We discuss the role of LCT in the development of meaningful circularity
indicators at the product level taking into account the absolute perspective on
CE. Our analysis is limited to the climate change impacts and we use a case
study of a packaging for beer, i.e. aluminium can, to illustrate the challenges
arising from the use of available metrics, both directly and indirectly based on
LCT.
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2. Materials and methods

2.1. Selection of metrics and criteria

Of all the product-level circularity indicators available (see Linder et al. 2017 for
a review) two have been developed to be used within a company context, i.e.
the Material Circularity Indicator (MCl) and the Material Reutilization Score
(MRS).

The MCI was developed by the Ellen Mac Arthur Foundation and Granta (2015)
in the context of the MCI Project aiming to find indicators to measure how well a
product performs in the CE context. Several indices were developed, i.e. the
main indicator MCIl measuring how restorative the material flows of a product or
company are, and complementary indicators allowing additional impacts and
risks to be taken into account. The MCI is essentially constructed from a
combination of three product characteristics: the mass of virgin raw material
used in manufacture, the mass of unrecoverable waste that is attributed to the
product, and a utility factor that accounts for the length and intensity of the
product's use. The parameters used to calculate the MCI refer to: i) recycled
content (RC); ii) utility during use stage; iii) destination after use, i.e. the
recycling rate (RR) and iv) efficiency of recycling, i.e. the yield of the recycling
process.

The MRS is the metric used to quantify material reutilization (MR), being one of
the § criteria included in the C2C certification program (C2CPII, 2016). The
MRS quantifies the recyclabilty potential of a product considering two variables:
the intrinsic recyclability of the product, i.e the % of the product that can be
recycled at least once after its initial use stage and the %RC. The MRS is given
by the weighted average of the two variables, where the first one is given twice
the weight of the second one. Table 1 summarizes the criteria considered by
such indicators to calculate the circularity of a product, as well as their formula.

Apart from the MCI and MRS, also LCA is recognized as a suitable tool to
measure the environmental performances of products in a CE, although some
adjustments are needed, e.g. to assess multiple life cycles in the case of
aluminium products (Niero and Olsen, 2016). One challenge that needs to be
overcome regards the quantification of the benefits from recycling, since the
traditional 1:1 substitution ratio of recycled to virgin materials is questioned by
some authors, e.g. Gala et al. (2015) who suggest to calculate such benefits
considering the market-average mix of virgin and recycled materials.
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Table 1: Main criteria to assess the circularity of a product with the Material Circularity Indicator
(MCI) and Material Reutilization Score (MRS).

Metric Formula %RC | %RR Intrinsic Yield | Utility |Substitution
recyclability potential
MCI https://www.ellenmacarthurf | X X N/A X X N/A

oundation.org/programmesf/i
nsight/circularity-indicators.

MRS (Y%product recyclable *2 + | X N/A X N/A N/A N/A
%RC*1)/3

2.2. Case study: aluminium can

We considered the case of a 33cl aluminium can used to contain beer and
calculated the MCI, MRS and the climate change impacts (CC, kg COz2eq). We
considered 8 scenarios, i.e two baseline scenarios (n.1,2 in Table 2), and six
alternative scenarios (n.3-8 in Table 2), obtained varying the following criteria:
%RC, %RR, %intrinsic recyclability, substitution ratio. For all scenarios the yield
during recycling is kept constant, equal to 96.5%, considering pre-processing
yield and remelting yield, which in the case of a closed loop recycling are equal
to 99% and 97.5%, respectively (Niero and Olsen, 2016). The can under study
is assumed to be representative of an industry-average product, therefore the
utility is considered equal to 1.

Moreover, we applied a method that allows calculating SBT to align corporate
GHG emissions with climate goals, i.e. the so-called Sectorial Decarbonization
Approach (Krabbe et al. 2015). This method derives carbon intensity (ClI)
pathways for companies based on sectoral intensity (SI) pathways from existing
mitigation scenarios. According to Krabbe et al. (2015), Sl (year 2050) = 1.42 t
COg2 /t Al, SI (year 2030) = 1.54 t CO2 /t Al and SI (baseline year 2015) = 1.61 t
CO2 t Al. The parameters used to perform the calculations of the annual
emissions target are summarized in Table 2. They refer to an illustrative case of
a company producing aluminium cans, considering 3 options: constant (50%),
increase (75%) and decrease (25%) of market share for two of the scenarios
reported in Table 2, i.e scenario 1 and 3.
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Table 2: Input parameters used to calculate the Material Circularity Indicators (MCI), Material
Reutilization Score (MRS), Climate Change impacts (CC) and the absolute annual
emissions target. RC= Recycled Content, RR=Recycling Rate, Cl= Company Intensity,
Substitution refers to the substitution ratio of recycled to virgin material.

Scenario > 1- 2- 3 4 s 6- 7 8-

Baseline| Baseline| RC=100%| RC=100% | RR=100% | RR=100% | Intrinsic Intrinsic
(1:1) (0:25:1) (1:1) (0.25:1) (1:1) (0.25:1) rec (1:1) | rec(0.25:1)

Parameter|

RC [%] 50 50 100 100 50 50 50 50

RR [%] 50 50 50 50 100 100 50 50

Intrinsic 96.8° 96.8° 96.8° 96.8° 96.8° 96.8° 100 100

recyclability[%]

Substitution[-] 1:1 0.25:1° 1:1 0.25:1° 1:1 0.25:1° 1:1 0.25:1°

Cl baseline (2015)

[t COseq/t Al 8.29 - 6.14 - - - - -

2equal to the weight of the can minus the lacquer, according to Niero et al. (2016b)
b equal to 0.25:1, according to (Gala et al. 2015).

3. Results and discussion

3.1. Circularity metrics at the product level

The results of the calculation of MCIl, MRS and CC for the 33cl aluminium can
case are reported in Table 3.

Table 3: Material Circularity Indicators (MCI), Material Reutilization Score (MRS) and Climate
Change impacts (CC) in the 8 scenarios considered.

1- 2- 3- 4 5- 6- 7- 8-
Metric Baseline | Baseline| RC=100%| RC=100%| RR=100%| RR=100%| Intrinsic| Intrinsic

(1:1) (0:25:1) (1:1) (0.25:1) (1:1) (0.25:1) | rec (1:1)| rec(0.25:1)
MCI [1] 0.55 0.55 0.77 0.77 0.77 0.77 0.55 0.55
MRS [-] 81.2 81.2 97.9 97.9 81.2 81.2 83.3 83.3
feeozeqn]| 350 42.0 25.9 32.9 26.7 40.7 40.2 N/A

2Niero et al. (2016b)

The same results are also reported in Figure 1 in relative terms, i.e. normalized
to the highest score for MRS and MCI and presented as percentages. For those
two indicators, the higher the score, the better the scenario is. Meanwhile for
CC a higher value corresponds to a higher impact, therefore the scores are
normalized against the highest score and inverted to be presented as 100%
minus the normalized score. In this way the better solutions are those
corresponding to a higher score and their ranking of the scenarios can be
compared with the ranking obtained with the other two indicators. Some minor
differences in the ranking patterns are observed between the three metrics,
although the scenarios with 100%RC and 100%RR perform best for all metrics.
For CC there is a distinction between the cases of 1:1 and 0.25 substitution
ratio of secondary to primary, meanwhile MRS and MCI there is no distinction.
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Figure 1: Normalized score (%) of the Material Reutilization Score (MRS),
Material Circularity Indicator (MCI) and Climate Change impact
(CC) for the scenarios listed in Tables 2 and 3.

3.2. Reduction targets at the corporate level

The outcome of the Carbon Intensity (Cl) calculation for a company producing
only 33cl aluminium cans, considering a baseline Cl of 8.29 kg COzeq
(corresponding to case 1 in Table 3) and lower baseline Cl of 6.14 kg CO2eq
(corresponding to case 3 in Table 3) are reported in Figure 2. Three different
options for their market share in year 2030 have been assumed, i.e. constant
value of market share (CA=50%), increased (CA=75%) and decreased
(CA=25%). The results in Figure 2 show that the variation required to be
compliant with the SBT between baseline year (i.e. 2015) and 2030 is higher if
the value of Cl in the baseline year is higher, e.g. the difference of the Cl in year
2015 and 2030 between case a (with initial Cl of 8.29 t COzeq/t) and case b
(with initial Cl of 6.14 t COzeq/t) is of -31% and -28%, respectively. The
influence of the market share is even higher than that of the initial Cl: see case
¢, where a reduction of 48% is required (8.29 t CO2eq/t vs 4.31 t CO2eq/t). On
the contrary, if a company reduces its market share from 50% to 25%, then it
could increase its Cl up to 22% and still be compliant with its SBT (according to
the SDA method), see case e (8.29 t COzeq/t vs 10.10 t CO2eq/t).
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Figure 2: Carbon Intensity (Cl) in year 2015 and year 2030
considering as baseline Cl 8.29 kgCOz, and a lower
value of 6.14 kgCO2q and 3 options for market share
(50%, 25%, 75%).

3.3. On the features of meaningful indicators for CE

The results obtained from the aluminium can case provide some interesting
perspectives on the use of different metrics to measure the circularity of a
product and the definition of absolute target reductions for companies. Each
metric only includes a selection of features: %RC and potential recyclability
(MRS), %RC and %RR (MCI). However, the MCI does not distinguish between
the case of 100%RC and 100%RR, meanwhile the MRS does not include the
influence of %RR. Both MCI and MRS do not take into account the substitution
ratio of recycled to virgin materials. Only the CC, calculated based on the LCA
methodology is able to include all these relevant parameters, since it is the only
metric based on LCT. However, even CC should not be used alone, since there
may be trade-offs between impact categories associated with e.g. increased
RC, as demonstrated by Niero et al. (2017) for the impact categories metal
depletion and freshwater ecotoxicity.

Several authors recently advocated the use of circularity indicators based on
economic value, such as the ratio of recirculated economic value to total
product value proposed by Linder et al. (2017) or the Circular Economy Index
defined by Di Maio and Rem (2016) as the ratio of the material value produced
by the recycler by the intrinsic material value entering the recycling facility.
However, the use of metrics based on economic value does not necessarily
provide meaningful information, as shown in Figure 2 by the calculation on the
target GHG emission reduction, where the relevance of the % market share
appeared to be higher than the initial baseline carbon intensity. This suggests
that calculations on absolute GHG reduction targets should not only rely on
physical or monetary indicators, but rather take into account a broader
perspective in terms of absolute environmental sustainability, e.g. in accordance
to the Planetary Boundaries (PB) framework. The integration of the PB into LCA
is currently under development (Ryberg et al. 2016).

Finally, the LCT should be applied consistently to both the economic and
environmental dimension of the CE, in terms of scoping of the system, and this
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necessitates development of comprehensive CE indicators. However, in order
to be meaningful such indicators should not only address the environmental and
socio-economic impacts of circularity strategies, but also to include an
integrated perspective on the two. Multi-Criteria Decision Analysis (MCDA)
methodology is suited to address this challenge, since it provides an integration
approach to aggregate results of different methods and to rank alternative
scenarios (Halog et al. 2011).

4. Conclusions

The development of meaningful indicators for the CE should be based on LCT.
At the product level, all different aspects related to product circularity should be
investigated, such as %RC, %RR, intrinsic recyclability, yield during recycling,
potential to substitute primary resources. Moreover, the potential environmental
impacts quantified by means of LCA should also be included, as well as a
quantification of the socio-economic implications. The open challenge is to find
the balance between comprehensiveness and applicability, as well as how to
relate such indicators to the absolute sustainability perspective.
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Abstract

The present work has evaluated the environmental sustainability of hypothetical biofuel
productions in the African continent, by adopting two environmental accounting methods such
as LCA and emergy. The joint adoption of these two methodologies has been fundamental in
order to provide a thorough complementary picture about the sustainability of the systems under
study. Biofuel production chains have been evaluated on the basis of two different feasible
biowastes that can be used to implement biorefinery systems (i.e. cassava peels and corn
stover). According to LCA outcomes corn stover generates higher environmental burdens
against cassava peels, because of the higher energy requirement for treating biomass. Also
from an emergy perspective, cassava peels proved to be the most promising biowaste in terms
of sustainable production of biofuels.

1. Introduction

As known crude oil is a non-renewable energy source whose exploitation
generates several negative implications for the environment and human beings.
Recent decades have seen a rising awareness about the need of a transition of
human society from the dependence on fossil fuels towards the use of
sustainable energy sources. In this regard the adoption of the Sustainable
Development Goals in September 2015 (United Nations, 2015a) and the Paris
agreement about the reduction of global emissions for addressing climate
change, in December of the same year (United Nations, 2015b), represent two
crucial milestones.

The need to replace fossil fuels has posed the attention on alternative energy
sources such as biofuels, in both developed and developing countries (Lamers
et al., 2011). The implementation of biorefinery systems for producing biofuels
is one of the actions that have been taken against climate change, because
such productions are considered a valuable and sustainable alternative to oil
refineries. The biorefinery concept relies on the integrated approach according
to which the value of biomass is maximized by converting it into a variety of
products, such as energy vectors, biomaterials, feed and fertilizers (Kamm and
Kamm, 2004).

In the last 20 years, various studies have investigated the sustainability of
biofuels (see e.g. Gopalakrishnan et al.,, 2009; Markeviius et al., 2010;
Solomon, 2010). The most used methodologies are Energy analyses, Life Cycle
Assessment (LCA), Carbon and Water Footprint and Emergy evaluation. An
integrated approach that combines more than one method is fundamental to
outline an environmental profile of biorefinery systems that is as complete as
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possible, especially to provide a robust support to the decision-making process
and to the elaboration of policies about renewable energy sources.

LCA is for sure one of the most helpful methodology usually adopted for
investigating sustainability of biofuel production systems (see e.g. Cherubini
and Stremman, 2011). It is a tool for the analysis of the environmental burdens
of products at all stages in their life cycle (‘from the cradle to the grave’) (Guinée
et al.,, 2001). Thanks to LCA it is possible to investigate the technosphere
processes in an accurate and analytical way.

Emergy, defined as the solar energy directly and indirectly used to make a
service or product, and emergy-related indicators are also widely used in this
context (e.g. Bastianoni and Marchettini, 1996; Carraretto et al., 2004; Seghetta
et al., 2014). The relevance of emergy relies on the fact that it is an
environmental accounting method by means of which it is possible to evaluate
the effort of the environment in providing resources, i.e. Nature’s “labor” for re-
producing something once it is consumed. In this way it is possible to integrate
the work done by LCA, providing a complete view of the evaluated system. In
fact emergy can estimate the work done by the environment in providing
resources (i.e. donor-side perspective), while LCA defines the aspects that
generate negative impacts on the surrounding environment (i.e. user-side
perspective).

In the light of such considerations, the present study has been carried out with a
focus on the integrated sustainability assessment of biorefinery systems by
means of LCA and emergy. The focus of the study was the hypothetical biofuel
production to be implemented by using bioresidues and biowaste produced by
agriculture and food-processing industry in two African countries (see Saladini,
2017).

2. Materials and methods

2.1. Case study

Bioresidues and biowaste produced by agricultural productions and food
industries represent viable biomass to be exploited to support biofuel
productions. The exploitation of such types of resource can give a fundamental
contribution to the development of bioeconomy sector, especially in developing
countries where there is a large amount of bio-based waste (e.g. African
countries).

The case study evaluated within the present work regarded the potential
development of sustainable biotechnological processes (i.e. biorefinery
systems) fed by biowaste and bioresidues produced by agriculture and
industrial food processing in two African countries (i.e. Ghana and Egypt).
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Figure 1: African countries considered in the present
case study (i.e. Ghana and Egypt).

Specifically the present study has compared the biofuel production based on
two different sugar rich feedstocks:

- Corn stover (i.e. lignocellulosic feedstock)
- Cassava peels (i.e. starch feedstock)

2.2. Life Cycle Assessment (LCA)

LCA is defined as “the compilation and the evaluation of the inputs, outputs and
potential environmental impacts of a product system throughout its life cycle”
(ISO, 2006). Thus, LCA is a tool for the analysis of the environmental burden of
products at all stages in their life cycle — from the extraction of the resources,
through the production of material, product parts and product itself, and the use
of the product to the management after it is discarded, either by reuse, recycling
or final disposal (in effect, therefore, ‘from the cradle to the grave’) (Guinée et
al., 2001).

The environmental burden covers all types of impact upon the environment,
including extraction of different types of resources, emission of hazardous
substances and different type of land use (Guinée et al., 2001). Through this
approach it is possible to identify processes that generate the main
environmental burdens in order to hypothesize scenarios to improve or mitigate
the produced impacts. In this study LCA has been adopted to investigate the
potential environmental impacts related to the transformation phase of biomass
feedstocks into bioethanol, as shown in Figure 2.
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Figure 2: Life cycle flowchart of biofuel productions
based on sugar-rich feedstocks.

Table 1 summarizes input data that support the production system of biofuel
based on starch rich feedstock (i.e. cassava peels). All input data referred to the
main product of biorefinery system, namely 1 ton of bioethanol, and they were
collected from the case study analyzed by Le et al. (2013). The LCI was
developed according to the secondary data available in the Ecoinvent v3
database (Ecoinvent, 2014).

Table 1: Life cycle inventory profile for the production of 1 t of bioethanol based on cassava
peels feedstock.

CASSAVA PEELS

PROCESSING Item Unit | Quantity Primary data Secondary data
Transport | to plant II:r?1 176200 Assumption
Input Feedstock nggﬁgm kg 3524 This study

Enzymes | Enzymes kg 1.27 Leetal., 2013 -

Additives | NaOH | kg | 3.80 | Leetal,2013 dat';g‘;!‘f;& .

Urea kg 3.80 Le etal., 2013 datig(;?ev,e;ém

DAP kg | 380 | Leetal,2013 datiggi:ev,e;(; ”

Energy | Electricity |kWh| 355.70 | Leetal, 2013 datig‘;isr‘;ezr‘é ”

Fuel Coal kg | 759.49 | Leetal, 2013 daég‘a’li:;e;é ”

Plant | Concrete | kg | 20.18 | Patrizietal., 2013 daég‘a’li:;e;é ”

ReIforeing | kg | 1135 | Patrizi etal., 2013 daéggi;‘;e;é ”

Output Product Ethanol kg 1000

The biofuel production based on corn stover was evaluated according to the
collected data from the case study analyzed by Jensen and Thyo (2007). For
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both production chains under study the transportation of feedstock from the
biomass production site to the transformation plant was assumed to cover a
distance of 50 km (Gidamis et al., 2015) by using a truck (7.5 t).

With the support of software SimaPro the LCA of bioethanol production based
on corn stover and cassava peels was performed, by using the characterization
method CML-IA, the updated version of CML 2 Baseline Method 2000 (Guinée
et al.,, 2001). Acidification, Eutrophication and Global Warming were the
evaluated impact categories.

2.3. Emergy evaluation

Emergy evaluation is an environmental accounting method based on
thermodynamic principles (Odum, 1996). It quantifies the relationships between
human-made systems and the biosphere and is used to assess environmental
sustainability of processes and systems. Emergy is defined as the available
solar energy (i.e. exergy) previously used, directly and indirectly, to make a
service or product (Odum, 1996). “The unit of solar emergy is the solar emergy
joule (sej), to distinguish it from the regular joule (J) and point out a different
quality assessment based on a donor-side point of view” (Odum and Odum,
2006). Emergy can be considered as an “energy memory” that is the memory of
all solar energy is needed to support a system, taking into account the work has
been previously done by environment to produce a good.

Emergy evaluation assigns a value to products and services by converting them
into equivalents of a single form of energy, solar energy, that is used as the
common denominator and through which different types of resources, either
energy or matter, can be measured and compared to each other. Emergy of
different products is assessed multiplying mass or energy quantities by a
transformation coefficient, called Unit Emergy Value (UEV). UEV is the solar
emergy required, directly or indirectly, to make 1 unit (usually J or g) of a
product. By definition, the solar emergy Em of a product or process is:

Em = ZEE- UEV,
= (1)

where E; is the actual energy content of the ith independent input flow to the
process and UEVi is the unit emergy value of the ith input flow.

As shown in Figure 3, emergy was adopted to evaluate the first part of biofuel
production chain (i.e. the production of biowaste).
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Figure 3: Energy system diagram of biofuel prodLH)n chain. R stands for emergy flow related to
local renewable resources; N stands for emergy flow related to local non-renewable
resources.

As the selected feedstocks were chosen for their potential of transformation into
biofuels, i.e. bioethanol, it was therefore necessary to evaluate them on a
common basis to enable comparison in terms of emergy of both types of
residues. Glucan content was assumed to reflect the sugar content of
feedstocks, being the sum of starch and cellulose (Gustavsson et al., 2014).
Given these values for both types of residues, we calculated their UEVs, as
explained below:

Sejyg of glucan = ( SGJVQ) / (g of glucan/g) (2)

To compare the potential of different residues for transformation into value-
added products, their UEVs based on glucan content were calculated starting
from their specific emergies. Dividing the specific emergy by the content of
glucan per unit of mass it is possible to calculate the UEV according to the
related content of glucan.

3. Results and discussion

As shown in Figure 4, with regard to the Global Warming the production system
based on corn stover produces potential environmental impacts that are higher
than the biorefinery fed by cassava peels. In this regard a pivotal role is played
by energy input that is responsible for a quantity of emissions equal to 2063.43
kg COz2 eq. Such a result can be explained by the higher energy requirement of
lignocellulosic-based biorefineries with respect to the starch-based ones, as the
pretreatment phase represent a crucial step in order to make cellulose and
hemicellulose accessible for the subsequent enzymatic hydrolysis (Sims et al.,
2008).
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Figure 4: Results for the impact category Global Warming, comparing bioethanol
productions from corn stover (green) and cassava peels (red).

A similar trend was observed for the Acidification, for which the production
based on corn stover produced 10.24 kg SO2 eq against 3.53 kg SOz eq
associated to cassava peels.

Figure 5 shows the results of the two biowaste according to the polar
representation presented in Saladini et al. (2016). The colored segments
indicate the different feedstocks. Segment lengths are proportional to UEV (in
sej g of glucan) and slopes indicate the percentage renewability of the total
emergy supporting the production system, from 100% (right end of horizontal
axis) to 0% renewability (left end). A system with 50% renewability will fall on
the vertical axis. In this way it is possible to have an emergy snapshot of the
feedstock and its production system.

By means of LCA, it was possible to evaluate and compare the potential
environmental impacts produced by biofuel production phase, based on
agricultural feedstocks such as cassava peels and corn stover. Such a work has
been integrated by means of emergy evaluation of the previous phase, i.e. the
cultivations that produce biowaste. In this regard emergy provides a
fundamental support to the evaluation as it works very well for evaluating
systems having an interface between natural and man-made capital.
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Figure 5: Summary of UEVs (expressed in sej/g of glucan). R stands for emergy flow related to
local renewable resources; N stands for emergy flow related to local non-renewable
resources; F stands for emergy flow related to resources purchased outside the
system.

UEVs based on glucan content suggest that corn stover is less efficient in
transforming the past and present solar energy needed for the production
system into glucans. This is mainly due to the fact that it has a lower glucan
content against cassava peels feedstock. On the contrary, the lowest UEV, i.e.
highest efficiencies, is reported for cassava peels; the high sugar content and
low production intensity are responsible for this good result.

4. Conclusions

The present study evaluated the sustainability of biofuel production based on
starch and lignocellulosic feedstocks (i.e. cassava peels and corn stover,
respectively). To have a whole perspective of the case studies from a
sustainability viewpoint, we have adopted LCA and emergy jointly.

According to LCA results, impact categories such as Global Warming and
Acidification showed that the production system fed by cassava peels for
producing bioethanol generates lower potential environmental impacts against
the biorefinery based on corn stover. This is mainly due to the higher energy
requirement for pretreating lignocellulosic biomass in order to make sugars
available for the subsequent fermentation process.

The transformation phase analyzed by means of LCA has been integrated with
the emergy evaluation of biowaste productions. Emergy outcomes highlighted
that the starch rich feestock (i.e. cassava peels) proved to be the most
promising residues from an emergy viewpoint, as it had the lowest UEVs and
the highest percentage renewability. Such good results identify biorefinery
system based on cassava peels as the best one from a sustainability viewpoint,
from both user and donor side perspectives.
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Abstract

The aim of this study is to evaluate the environmental profile of a charging station used to power
eight electric bicycles during a lifetime of 15 years, through the application of the Life Cycle
Assessment (LCA) method. The analysis was carried out following a cradle-to-grave approach
including the material and energy sources related to the whole life cycle of the charging station
and of the electric bycicles. The study included four different phases: 1) production, 2)
installation, 3) use and maintenance, and 4) end of life. The functional unit of one charging
station installed in Bergen (Germany) and used for a lifetime of 15 years was selected to carry
out the analysis. Results related to the fuctional unit show a value of 12,043.3 kg CO: eq in
terms of Climate Change and 208.9 GJ eq in terms of Energy Use.

1. Introduction

Transport is one of the most important sector in all country economies and
represents the basis of many economic and social activities, allowing the
moving of people and goods. However, the transport sector is also responsible
for high environmental impacts, contributing for 14% to the global greenhouse
gas (GHG) emissions (7 Gt CO2 eq) in 2010 and for 25% to the total world
energy consumption in 2012 (Sims et al., 2014; EIA, 2016). In accordance with
the European Environment Agency (EEA) the main environmental impacts
connected to the transport sector in EU-28 are due to road transportation that
accounts for 73% of the total GHGs and, in particular, to the passenger cars
that contribute for 44% to these emissions (EEA, 2016). In this context, the
European Commission proposed a roadmap to achieve a competitive transport
system reducing the GHG emissions of about 60% by 2050. One of the key
objectives of these initiatives includes the reduction of conventional cars used in
the cities allowing more sustainable and widely available options such as the
utilisation of electric vehicles (EVs) and bicycles (EC, 2011). Pierce et al. (2013)
suggested that switching from cars to electric bicycle (e-bicycle) could play an
important role in the mitigation of carbon dioxide (CO2) emissions as well as in
the reduction of energy consumption. However, the use of e-bicycle could be
directly related to the local cycling safety condition (Pierce et al., 2013).

In the last years many authors analysed the environmental performances of
EVs through the application of the Life Cycle Assessment (LCA) method aiming
to the evaluation of different stages in the life cycle of vehicles (e.g. Faria et al.,
2013; Helmers et al., 2017; Hernandez et al., 2017), to analyse various types of
batteries used to power EVs (e.g. Dunn et al., 2015; Kim et al., 2016) as well as
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the comparison with others transport systems, such as conventional or hybrid
(e.g. Bicer and Dincer, 2017; Hawkins et al., 2013). In addition, different articles
focused the attention on the assessment of the environmental impacts related
to electric two-wheelers such as scooters and bicycles (e.g. Li et al., 2014,
Cherry et al., 2009; Zhang et al., 2001). Despite many studies related to the
assessment of the environmental impacts of EVs have already been carried out,
there are few data and information regarding the environmental impacts
connected to the life cycle of the charging infrastructures to operate EVs (see
for example Lucas et al., 2012). Only one LCA study focused the attention on
the analysis of charging facilities for electric two-wheelers, considering in
particular electric scooters (Mendoza et al., 2016). Furthermore, to the authors
knowledge, there are not details regarding the life cycle environmental
performance of charging infrastructures for e-bicycles. In this context, the aim of
this study is to evaluate the environmental profile of a charging station used to
power eight e-bicycles during a lifetime of 15 years, through the application of
the LCA method.

2. Material and methods

The potential environmental impacts of the charging station were assessed
using the LCA method. LCA is a standardized tool that allow to analyse the
potential environmental impacts of a product, process or service throughout its
whole life cycle, from raw material extraction and processing, through
manufacturing, transport, use, reuse, recycling and final disposal (Guinée,
2002). In accordance with the ISO standards (ISO, 2006a; 1SO, 2006b) LCA
consistes of four iterative phases: goal and scope definition, inventory analysis,
impact assessment and interpretation.

2.1. Goal and scope definition

The goal of this study is to assess the potential environmental impacts related
to the life cycle of a real case of stand-alone e-bycicle charging station
manufactured in ltaly by the Giulio Barbieri SRL company (Giulio Baribieri,
2017) and installed in Bergen on the Island of Rugen (Germany). The LCA
analysis has been carried out, on the one hand, to propose a detailed picture of
the environmental performance related to the system and to find the
environmental “hot-spots” or benefits connected to the whole life cycle (from the
production processes to the end of life) of the charging station, on the other, the
analysis allows to provide supplementary information directly related to the
charging infrastructures for EVs. Considering a lifetime of 15 year and in order
to better appreciate the environmental burden of the charging station, the life
cycle of eight e-bicycle is also assessed in the analysis. Therefore, the fuctional
unit (FU) is one charging station installed in Bergen (Germany) and used for a
lifetime of 15 years. This FU has been selected in order to assess the
environmental impacts related to the whole life cycle of the charging station as
well as to evaluate the service offered to charge eight e-bicycles.

The charging station is composed of eight designated positions to charge the e-
bicycles’ battery. The electricity delivered by the station is produced through two
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wind-solar energy modular systems, and stored in four gel lead-acid batteries,
which are connected in series (6.96 kW, maximum energy stored). The two
wind-solar systems are respectively equipped with one photovoltaic (PV)
module (240 Wp, maximum power output) and three low profile vertical axis
wind turbines (500 W, maximum power output) The structure is also geared with
a system connected to the conventional electricity grid.

System bounderies are defined following a cradle-to-grave approach and
include four main phases: 1) production phase, in which the materials and
energy sources required for the charging station and e-bicycles manufacturing
processes are considered, 2) installation phase, that includes the transportation
of the charging station and the disposal of the packaging materials, 3) use and
maintenance phase, in which the use of the charging station and the e-bicycles
(production and consumption of electricity), as well as the substitution and
disposal of the components for both charging station and e-bicycles (e.g.
batteries, plastic components, electronic components, etc.) are included, and 4)
end of life phase, in which the disposal of the charging station and of the e-
bicycles is considered. Some processes are omitted from the analysis due to
the lack of data and information: the final manufacturing process related to the
materials (e.g. steel, aluminum, galvanized steel, etc.) used in the charging
station production phase, as well as the manufacturing processes for the wind
turbines and the billboards for which only the raw materials production are
included in the analysis. In addition, a “cut-off’ approach is adopted for
materials and energy used in the recycling processes of the metal and plastic
components during the use/maintenance and end of life phases. The “cut-off”
approach refers to the fact that “the first life (virgin product) and the second life
(recycled product) are considered separate systems and the post-consumer
waste from the first life does not bear any environmental burden when it is used
as the feedstock in the second life” (Shen et al., 2010). This means that the
environmental impact of the recycling process is entirely allocated to the last
recycled product (the second life system) while, in the first life system, the
recycling activity is considered free of environmental impact.

Regarding the use and maintenance phase as well as the lifetime and the
percentage amount of the components to be substituted, some assumptions are
made. A lifetime of three years for the charging station batteries (Yang et al.,
2006) and of one year for the e-bicycle battery (Weinert et al., 2007) are
respectively considered. For the charging station use and maintenance, a
lifetime of three years and 3% substitution rates for the electronic components
and 100% substitution rates for the tranformer and the fan, are considered,
except for the light-emitting diode (LED) for which a lifetime of five years is
assumed. Concerning the use and maintenance of the e-bicycles, a lifetime of
one year and 100% substitution rate for the rubber components, as well as a
lifetime of three years and 3% substitution rate for the plastic and aluminum
materials are also selected. In addition, an average distance of 10 km for the
transport of the materials to the recycling plant during the use/maintenance and
the end of life phases is assumed. The amount of electricity produced by the
charging station by means of the combined solar/wind power generation
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system, during a lifetime of 15 years, is estimated considering an average
energy production of 6.9 kWh per day. The energy consumption is estimated
considering the amount of electricity required by eight e-bicycles (3.22 kWh per
day) assuming one charge process per day. Finally, the surplus of electricity
produced by the charging station that is not used for the e-bicycles charging
activities is assumed to be distributed to the electricity grid system. This choice
allows to assess the environmental benefits connected to the replacement of
the conventional mix electricity source from Germany with the alternative
electricity (solar and wind power generation) produced by the station.

2.2.Inventory analysis

Foreground data and background data were adopted to carry out the analysis.
Primary data have been obtained by means of direct interviews and specific
questionnaires and related to the materials input (Table 1) and the electricity
consumption for the production of the investigated charging station. The
international scientific literature has been adopted to collect the secondary data
regarding, in particular, the production of the e-bicycles (Cherry et al., 2009) as
well as the production of the batteries (Spanos et al., 2015; Weinert et al., 2007;
Salomone et al., 2005). The international scientific literaturature has also been
adopted to estimate the amount of electricity produced by the charging station.
In particular, the PV electricity generation has been obtained through the
Photovoltaic Geographical Information System (PVGIS) tool (EC, 2017), while
the energy produced from the low profile vertical axis wind turbines has been
estimated by multypling the maximum power output by capacity factor (22.7%)
related to the wind energy generation in Germany (IEA, 2016). In addition,
international databases (Ecoinvent, 2007; ELCD, 2010) have been used to
include the inventory data related to the transport activities, the raw materials
and the energy sources, as well as the disposal of the components during the
use/maintenance and end of life phases.

Table 1: Primary data related to the materials of one charging station
(excluded e-bycicle).

Component Amount (kg/charging station)
Steel 344.9
Aluminum 175.4
Stainless steel 4.4
Galvanized steel 80
Plastic? 39.8
Electronic components 41.9
PV module? 91.6
Wind turbine® 76.4
Battery* 167.7

Tamount of plastic components including Polyvinylchloride (PVC), Polyamide (PA),
Polyethylene(PE), Polycarbonate (PC)

2amount related to two PV modules

Samount related to six low profile vertical axis wind turbines

4amount related to four gel lead-acid batteries
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2.3.Impact assessment

SimaPro 8.0.2 software (PRé Consultant, 2010) has been used to assess the
environmental impacts related to the life cycle of the charging station. In
accordance with Mendoza et al. (2016), the impact assessment has been
carried out analysing both, the Climate Change (CC) impact category, (IPCC
2007 GWP 100a v. 1.02 method - IPCC, 2007), and the Energy Use (EU)
impact category (Cumulative Energy Demand method - VDI, 1997; Frischknecht
et al., 2004).

3. Results and discussion

The CC and EU results related to the FU of one charging station installed in
Bergen (Germany) and used for a lifetime of 15 years are shown in Table 1.
Results highlight that the total Climate Change and EU related to the FU are
respectively, 12,043.3 kg CO2 eq and 208.9 GJ eq.

Table 2: Climate Change (CC) and Energy Use (EU) results related to the FU (one charging

station installed in Bergen and used for a lifetime of 15 years).
Impact | Unit Total Phase.1 Phase.2 Ph.ase 3 Phase 4
Production | Installation | Use/maintenance | End of Life
CcC kg COz2eq | 12,043.3 12,196.1 1,444.6 -1,889.4 291.9
EU GJ eq 208.9 214.8 24.2 -32.8 2.7

Regarding the CC impact category (Table 2 and Figure 1), the lowest
contribution is due to the end of life phase (4), which contributes for 2.1% (291.9
kg COz2 eq per FU), followed by the installation phase (2), which contributes for
10.4% (1,444.6 kg CO2 eq per FU). Instead, the highest potential environmental
impacts are connected to the production phase (1), which contributes for 87.5%
(12,196.1 kg CO2 eq per FU). On the other hand, the use and maintenance
phase (3) shows a potential environmental benefit, allowing the reduction of the
impacts for about -1,889.4 kg CO2 eq per FU.
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Figure 1: Contribution analysis to climate change per FU (one charging
station installed in Bergen and used for a lifetime of 15 years).
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An analysis in depth of each phase underscores that the main impacts related
to the production phase (1) are connected to the production of the e-bicycles
(8,081.4 kg CO2 eq per FU), for which background data were adopted in this
analysis, and in particular to the consumption of electricity during the e-bicycles’
manufacturing process which contributes for about 54.7% to the total CC
related to the FU. The transport of the charging station from the manufacturing
plant to the installation site shows the main contribution in phase 2 (10.2% of
the total CC per FU), while the disposal of the packaging materials accounts for
27 kg CO2 eq per FU. The replacement of conventional electricity with the
electricity surplus produced by the charging station allows a reduction of -
11,012.5 kg CO2 eq per FU in the use and maintenance phase (3). Instead, the
highest potential environmental impacts in phase 3 are due to the replacement
of the batteries in the e-bicycles and in particular, to the manufacturing process
during the production of new batteries, which contributes 2,560 kg CO2 eq per
FU to the total CC. Finally, the disposal of the charging station’ batteries causes
the main impacts in the end of life phase (4), contributing to the CC impact
category for about 1%.

Regarding the EU (table 1), the contribution from each phase is, respectively,
88.9% for the production phase (214.8 GJ eq per FU), 10.1% for the installation
phase (24.2 GJ eq per FU), -13.7% for the use and maintenance phase (-32.8
GJ eq per FU), and 1.1% for end of life phase (2.7 GJ eq per FU). Results
underscore that the highest impacts are connected to the electricity consumed
to produce the e-bicycles in phase 1, which shows a value of 133 GJ eq per FU
and contributes for 55% to the total EU. Furthermore, the main potential
environmental impacts related to the installation phase (2) and to the end of life
phase (4) are respectively due to the transport activities in phase 2, which
contributes for about 10% (24.4 GJ eq per FU), and the disposal of the batteries
installed in the charging station, which contributes for 0.8% to the potential
impacts. Finally, the avoided production of the conventional electricity in the use
and maintenance phase causes a reduction of the EU for about -192.6 GJ per
FU. It is important to underscore that the disposal of the components through
the recycling activities during the use/maintenance and end of life phases was
considered with a “cut-off’ approach. Therefore, the potential environmental
impacts connected to the disposal process, in particular related to the recycling
of metal and plastic components, are not included in the CC and EU results.

4. Conclusions

The LCA analysis presented in this study assesses the environmental
performances related to the production, installation, use and end of life of a
charging system for e-bicycles. The main findings of the study showed that the
total CC and EU related to the FU of the considered charging station, used for a
lifetime of 15 years, are respectively 12,043.3 kg CO2 eq and 208.9 GJ eq. The
main potential environmental impacts are due to the phase 1 and, in particular,
to the manufacturing of the e-bicycles, which respectively contributed to the CC
and EU impact categories for 54.7% and 55%. Considering that the inventory
data related to the production of the e-bicycles have been obtained through the
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international literature, in future analysis a sensitivity analysis including
inventory data from different sources will be performed. Furthermore, higher
environmental benefits are associated to the use and maintenece phase (2) for
which the avoided production of the conventional electricity allows a reduction
of the impacts for about 14% (CC) and 13.7% (EU). The amount of electricity
produced by the solar and wind system has been estimated considering an
average energy production of 6.9 kWh per day. Considering that the energy
produced from the low profile vertical axis wind turbines has been estimated
using the wind energy generation capacity factor related to Germany (the wind
power generation that is directly connected to the installation site), future
analysis will include an uncertainty analysis including the capacity factors
associated to different European countries. In addition, the PV electricity
generation will be further investigated considering other hypothetical installation
sites as well as the avoided production of different electricity mix sources from
different countries, through the implementation of a sensitivity analysis.
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Abstract

La geotermia é una risorsa di energia naturale e rinnovabile ed il suo sfruttamento in Toscana
contribuisce in modo significativo alla quota di generazione elettrica da fonti rinnovabili regionale,
con un valore che é cresciuto fino a circa il 35% nel 2015. L’energia prodotta da fonte geotermica,
come quella prodotta dalle altre fonti energetiche, genera comunque degli impatti non trascurabili
sullambiente, strettamente correlati alla sito-specificita della fonte stessa. In questo studio
preliminare si analizza la fase operativa di sette impianti geotermici localizzati nelle tre aree
geotermiche toscane principali, con un focus specifico sugli impatti generati dalle emissioni in
atmosfera, per la valutazione delle loro performance ambientali in relazione alle caratteristiche
geomorfologiche dei siti e delle tecnologie utilizzate per lo sfruttamento della risorsa.

1. Introduzione

La geotermia oggi nel Mondo contribuisce alla produzione di energia elettrica per
una quota pari circa all'1%, generata da 613 impianti geotermoelettrici per un
totale di 12.640 MWe di potenza installata; di questa 2,133 MWe sono relativi alle
centrali in Europa e 916 MWe a quelle in ltalia, localizzate in Toscana nelle due
zone di Larderello-Travale (795 MWe) e del Monte Amiata (121 MWe). In questa
regione la geotermia contribuisce in modo significativo al fabbisogno elettrico ed
energetico regionale (Bertani, 2015; Bravi e Basosi, 2015).

In una prospettiva di decarbonizzazione del sistema energetico mondiale, la
geotermia pud giocare un ruolo fondamentale nel contribuire agli scenari di
produzione di un’energia sicura ed accessibile economicamente (COM, 2011;
SEC, 2011). L’energia geotermica pud essere un’energia pulita, sostenibile e
rinnovabile se utilizzata in modo opportuno. Infatti le proprieta delle sorgenti
geotermiche sono legate a fattori altamente sito-specifici in quanto determinate
dai fenomeni geo-mineralogici, peculiari per ogni area geotermica, che ne hanno
permesso la creazione, 'accumulo e la conservazione. Come ogni fonte
energetica, l'utilizzo della geotermia ha degli impatti sul’ambiente che sono
anch’essi altamente sito specifici data la natura della fonte in relazione alle
caratteristiche che cambiano a seconda delle profondita nello spazio e nel tempo.
A questi impatti, si aggiungono quelli relativi al tipo di tecnologia impiegata per lo
sfruttamento geotermico.

Nell’analisi delle fonti di CO2 e di gas climalteranti, ne il Protocollo di Kyoto né
'IPCC (IPCC, 2008) hanno considerato fino ad ora le attivita delle centrali
geotermiche come contributi effettivi su scala globale. Questo approccio €& stato
basato sul concetto che le emissioni naturali di CO2 nelle aree geotermiche
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fossero comparabili a quelle dovute allo sfruttamento per fini energetici nelle
stesse aree, trascurando del tutto la variabile temporale. Assumere che le
emissioni prodotte nell’arco di vita di un impianto geotermico (circa 30 anni) siano
comparabili con quelle naturali generate in centinaia di migliaia di anni &
evidentemente errato e in conflitto con tutte le iniziative in atto per invertire
'andamento del riscaldamento globale in una finestra temporale dei 30 anni.

Per queste ragioni e per il potenziale che la geotermia rappresenta nel mondo per
le strategie di politica energetica (IEA, 2011), il grado e I'estensione di questi
impatti devono essere individuati e analizzati per gli impianti esistenti e, nel caso
di nuovi progetti, prima di avviare lo sfruttamento della risorsa geotermica al fine
di considerare metodi di mitigazione o eliminazione delle emissioni piu idonei.

2. Impatti ambientali della risorsa geotermica

In letteratura sono presenti molti studi relativi agli impatti generati dalla geotermia
(Hagedoorn, 2006), alcuni dei quali inquadrano questo tema in un’ ottica di ciclo
di vita (Bayer et al, 2013) mentre altri propongono modelli per la produzione di
energia da geotermia in modo sostenibile attraverso dei modelli di gestione delle
sorgenti geotermiche (Axelsson e Stefansson, 2003).

Come gia discusso, la geotermia € una fonte energetica che genera degli impatti
nel’ambiente, alcuni dei quali altamente sito specifici (uso del suolo ed effetti
sulla biodiversita, fenomeni di subsidenza, dispersione di calore nellambiente
circostante in funzione della tecnologia utilizzata; consumo di acqua nelle fasi di
perforazione e operativita dell'impianto che aumenta in presenza di sistemi di re-
immissione dei fluidi nel serbatoio geotermico; emissioni di radon; emissioni nel
suolo legate ai contaminanti presenti nel volume di fluido geotermico estratto e
nel risultante rifiuto, particolarmente per i sistemi a liquido-dominante).

Le emissioni in atmosfera legate alla geotermia sono l'aspetto ambientale
probabilmente piu discusso attualmente e per questo sono il focus dell’analisi
svolta in questo studio. | gas sono naturalmente presenti nel fluido geotermico,
disciolti nella fase liquida o liberi in fase vapore a seconda della pressione e della
temperatura del serbatoio. Gas comunemente trovati nel fluido geotermico sono
anidride carbonica (CO2), acido solfidrico (H2S), idrogeno (H2), azoto (N2),
metano (CH4), ammoniaca (NHs), argon (Ar) e radon (Rn) (Fridriksson et al.,
2016). Questi gas sono detti non condensabili (NCG) poiché non condensano
nelle stesse condizioni del vapore acqueo, di solito presente in fase gassosa in
maggiore quantita, ma restano in fase gassosa generando non pochi problemi
dal punto di vista sia della produttivita ed efficienza dellimpianto sia della
sostenibilita ambientale della generazione di energia. Per questo motivo devono
essere rimossi dai condensatori e dagli scambiatori di calore. La rimozione degli
NCG ha tuttavia un impatto sia economico che energetico, poiché il processo di
eliminazione richiede costi aggiuntivi e l'utilizzo di parte dell’energia prodotta
dallimpianto stesso. Quindi studiare la composizione chimica del serbatoio pud
risultare utile in fase di sviluppo dell’impianto, poiché permette di allestire il
sistema con tecnologie adatte alla composizione del fluido geotermico.
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3. Obiettivo dello studio e assunzioni

L’obiettivo di questo lavoro € quello di valutare le prestazioni ambientali di alcuni
impianti geotermoelettrici italiani per la produzione di energia elettrica allo scopo
di valutare e proporre soluzioni per la minimizzazione dell'impatto ambientale
nello sfruttamento della risorsa geotermica. Nella fase preliminare dello studio, il
focus & posto sulle emissioni in atmosfera generate dall'attivita degli impianti
geotermoelettrici al fine di comparare i risultati con quelli relativi alla produzione
elettrica da fonti fossili, in particolare da impianti a carbone e gas di potenze
comparabili.

In Italia esistono due principali aree geotermiche in sfruttamento ad alta entalpia,
entrambe posizionate nella Toscana meridionale:

- La zona boracifera a Sud-Ovest di Siena che comprende i campi geotermici
di Larderello e Travale-Radicondoli

- L’area del Monte Amiata a Nord-Est di Grosseto, dove si trovano i campi
geotermici di Bagnore e Piancastagnaio.
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Figura 1: Distribuzione delle aree geotermiche in Toscana.

Ad oggi in Toscana sono presenti 36 centrali geotermiche ENEL ubicate nelle
quattro aree territoriali di Larderello, Radicondoli, Lago e Piancastagnaio afferenti
alle province di Pisa, Siena e Grosseto, con una generazione elettrica nel 2015
pari circa al 2% della produzione a livello nazionale e al 35,6% della produzione
regionale complessiva.

| serbatoi geotermici utilizzati nelle aree di Larderello-Travale/Radicondoli e del
Monte Amiata sono due: un serbatoio superficiale all'interno di livelli cataclastici
delle rocce carbonatiche-evaporitiche il quale produce un vapore surriscaldato, ed
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un serbatoio piu profondo, molto piu esteso, caratterizzato da un sistema di rocce
metamorfiche fratturate posto ad una profondita maggiore di 2 km.

All'interno del serbatoio profondo del campo di Larderello-Travale/Radicondoli a
vapore-dominante si riscontrano valori di 20 MPa e 300-350°C a circa 3 km di
profondita. Nell'area dell'’Amiata il serbatorio € di tipo acqua dominante e si
riscontrano valori intorno ai 20 MPa e 300-350°C trai 2,5 e i 4 km di profondita.

L’unita funzionale utilizzata per questo studio € I'energia elettrica prodotta (MWhe)
dai vari impianti per la conversione di energia geotermica. |l periodo di riferimento
per I'analisi degli impianti & la serie storica 2010-2014.

Lo studio é centrato sulla fase operativa del ciclo di vita degli impianti. Tale scelta
e determinata dal fatto che gli impatti derivanti dalle fasi di perforazione dei pozzi,
costruzione e decommissioning dellimpianto geotermico possono essere
tralasciati senza rischiare di sottostimare troppo le reali performance ambientali,
dal momento che influiscono sul bilancio dell’intero ciclo di vita in modo contenuto
[Brown e Ulgiati, 2002].

Le categorie di impatto selezionate sono quelle relative agli effetti sul
riscaldamento globale, sull'acidificazione del suolo e sulla salute umana. Per
ragioni di continuita e confrontabilita dell’analisi svolta in questo studio con studi
pubblicati in letteratura (Bravi e Basosi, 2014), gli indicatori scelti sono quelli
definiti nel metodo di valutazione degli impatti CML 2001 V2.05: il Global Warming
Potential su una finestra temporale di 100 anni (GWP100), I'’Acidification Potential
(ACP) e Human Toxicity Potential (HTP100). Il Software utilizzato & il Simapro
8.0.5.

3.1. Analisi di Inventario

Gli impianti geotermici toscani analizzati in questo studio sono 7 e sono ubicati
nelle aree territoriali di Piancastagnaio, Larderello e Radicondoli. In dettaglio gl
impianti sono:

- Monte Amiata: Bagnore 3, Piancastagnaio 5
- Larderello: Farinello, Sesta 1 e Nuova Larderello
- Travale-Radicondoli: Nuova Radicondoli 1 e Nuova Radicondoli 2

| dati relativi alle emissioni generate dagli impianti analizzati sono stati collezionati
a partire dai report annuali dei monitoraggi delle aree geotermiche toscane
eseguiti dall'’Agenzia Regionale per la Protezione Ambientale ARPAT (ARPAT
2010-2014). | dati delle misurazioni ARPAT sono il risultato di campionamenti di
prelievi agli scarichi delle centrali in periodi definiti del’anno. Si assume che questi
valori campione corrispondano ad un valore medio e costante durante lintero
anno.

Tabella 1: Caratteristiche degli impianti geotermoelettrici toscani selezionati per lo studio. Tutti gli
impianti sono forniti di tecnologia AMIS (Impianto di Abbattimento Mercurio e Idrogeno
Solforato) nel periodo di riferimento analizzato.
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Impianto Provincia Data di MWe MWe Tecnologia
avviamento nominali effettivi

Piancastagnaio 5 Sl 1991 20 13,6 Dry Steam
Bagnore 3 GR 1998 20 19,4 Flash
Farinello PI 1995 60 46 Dry Steam
Sesta 1 SI 2002 20 55 Dry Steam
Nuova Larderello PI 2005 20 14,3 Dry Steam
Nuova Radicondoli Sl 2002 40 33,6 Dry Steam
1

Nuova Radicondoli Sl 2010 20 17,5 Dry Steam
2

Questo studio si & focalizzato sui potenziali effetti ambientali delle emissioni degli
NCG che si trovano in maggiori concentrazione nel fluido geotermico (COz2, CHa,
NHs, H2S) e che determinano un impatto sulle categorie selezionate, oltre alle
emissioni di mercurio (Hg), altri metalli e composti metallici e acido borico
(HsBO:3).

A partire dai dati di composizione del fluido geotermico nelle varie aree analizzate
e dalla capacita di produzione in base ai MWhe generati per i vari impianti nel
periodo di riferimento analizzato, € stata fatta una stima del flusso di massa di
fluido geotermico in entrata nelle centrali per ogni anno della serie storica. Sulla
base di questi calcoli & stato possibile determinare i fattori di emisione medi delle
centrali analizzate come rapporto dei flussi di massa (kg/h) sul carico medio degli
impianti misurati in MWe/h.

| dati secondari per il confronto con carbone e gas sono stati presi dalla banca
dati Ecoinvent 2.2 Gli impatti potenziali legati a queste tecnologie di produzione
energetica da fonti fossili tengono conto di tutto il ciclo di vita degli impianti. E'
stato calcolato che anche in questo caso gli effetti sulle categorie di impatto scelte
per questo studio sono principalmente determinati dalle emissioni dirette durante
la fase operativa degli impianti (Emmenegger et al., 2007; Roder et al., 2007).

4. Risultati e Discussione

| risultati dell'analisi effettuata per le tre categorie di impatto selezionate sono
riportati in Figura 2. Dall'andamento degli indicatori nella serie storica & evidente
che gli effetti delle emissioni in ambiente dovute al rilascio di NCG sono molto
consistenti per almeno due delle categorie di impatto considerate, quando
paragonate agli impatti potenziali dovuti alla generazione di energia elettrica da
carbone fossile e gas naturale.
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Figura 2: Impatti ambientali per gli indicatori GWP, ACP, HTP delle centrali geotermiche analizzate
nella serie storica 2010-2014.

Il valore calcolato del GWP dipende dalle elevate quantita di CO2 nel fluido
geotermico di tutte le aree studiate, dovute alla presenza nei serbatoi di rocce
carbonatiche che ad alte temperature liberano CO2 gassosa nei fluidi. Nella zona
del Monte Amiata, il valore medio di GWP per Bagnore 3 & di 772 kg CO2 eq./
MWh, mentre per Piancastagnaio 5 € stato calcolato un valore medio di 646 kg
CO2 eq./ MWh. Questa differenza & dovuta alla diversa tecnologia di conversione,
ma soprattutto dipende dalla diversa geochimica dei serbatoi da cui € estratto il
fluido di produzione: i valori elevati per Bagnore 3 sono dovuti al serbatoio piu
profondo che viene sfruttato che si estende in formazioni metamorfiche con
conseguente presenza di alte concentrazioni di CH4 nel fluido geotermico che,
sebbene si presenti in quantita minori della COz2, ha un impatto 34 volte maggiore
sul GWP. Nella zona di Travale-Radicondoli, le differenze tra i due impianti sono
dovute principalmente alla capacita istallata visto che i due impianti sono
alimentati dallo stesso serbatoio geotermico (valori medi: 383 kg CO2 eq./ MWh e
550 kg CO2 eq./ MWh per Radicondoli1 e 2 rispettivamente) . Nella zona di
Larderello si registrano i valori medi piu bassi per il GWP con differenze che
dipendono in questo caso dalle capacita effettive di lavoro degliimpianti (Farinello:
259 kg CO2 eq./ MWh, Nuova Larderello: 196 kg CO2 eq./ MWh, Sesta 1: 109 kg
CO2 eq./ MWh).
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Per quanto riguarda i valori di ACP, nella zona dell Amiata si registrano gli impatti
piu importanti con valori medi pari a 11.35 kg SO2 eq./ MWh per Bagnore 3 e a
1.94 kg SO2 eq./ MWh per Piancastagnaio 5. Nel primo caso, i valori piu alti di
acidificazione dipendono dall’anomalo contenuto di NHs nel fluido geotermico del
serbatoio di Bagnore. Nelle zone di Travale-Radicondoli e Larderello si calcolano
dei valori in media piu bassi rispetto alla zona dell’Amiata a causa del contenuto
pit basso di NHs, ma pur sempre considerevoli se comparati con gli effetti dovuti
alla generazione elettrica dalle due fonti fossili selezionate (valori medi espressi
in kg SO2 eq./ MWh: Nuova Radicondoli 1: 1.84; Nuova Radicondoli 2: 3.2;
Farinello: 2.96; Sesta 1: 3.11; Nuova Larderello: 2.07).

Diversamente, gli impatti calcolati per I'indicatore HTP sono piu bassi di circa 15
volte rispetto a quelli generati dall'impiego di carbon fossile e gas naturale; cid
significa che almeno dal punto di vista della tossicita la produzione geotermica ha
un impatto molto minore. Gli effetti su questa categoria di impatto sono
principalmente dovuti alla presenza nei fluidi geotermici di NHs, H2S, H3BOs e
metalli vari. Anche in questo caso la zona del Monte Amiata é caratterizzata dagli
effetti piu cospicui per la presenza di Hg, NHs, H2S e H3BOs3 nel fluido geotermico
di entrambi i serbatoi che alimentano i due impianti (valori medi in kg 1.4 DB
eq./MWh: Bagnore 3: 0.88; Piancastagnaio 5: 0.5). Nella zona di Travale-
Radicondoli i valori medi si assestano su 0.7 per Radicondoli 1 e 1.1 per
Radicondoli 2. Sebbene non sia stato rilevato Hg nel 2010, il valore per
Radicondoli 2 € doppio rispetto all'altro impianto a causa dei contributi di
ammoniaca e acido solfidrico. Nella zona del Larderello i valori calcolati sono
ancora piu bassi, per ragioni legate al contenuto dei fluidi geotermici e alle
capacita effettive degli impianti (valori medi in 1.4 DB eq./MWh: Farinello: 0,33;
Sesta 1: 0,361; Nuova Larderello: 0.26).

5. Conclusioni

| risultati di questo studio mostrano che lo sfruttamento della risorsa geotermica
non pud essere considerata ad impatto zero ed in particolare carbon-free.
Concentrando I'attenzione sulle emissioni in atmosfera, si puo dimostrare che ci
sono vari fattori responsabili delle variazioni nella composizione e nella massa di
NCG e metalli che viene liberata dalle torri di raffreddamento dei vari impianti:
localizzazione e profondta dei serbatoi, caratteristiche della tecnologia impiegata
(flash, dry steam, a ciclo binario, a ciclo combinato, etc.) e sistemi di
abbattimento adottati. Per queste ragioni, appare evidente che non € possibile
fare analisi ad ampio raggio, previsioni valide per piu siti e raccogliere dati
universali derivanti dal confronto tra tecnologie situate in regioni diverse. La
valutazione degli impatti legati allo sfruttamento dei sistemi geotermici &
altamente sito-specifica e deve essere condotta a partire da dati di inventario
quanto piu accurati e completi per poter proporre soluzioni e interventi tesi
all'ottimizzazione delle prestazioni degli impianti, in un’ottica che privilegi la
minimizzazione della pressione ambientale piuttosto che la massimizzazione
della produzione e del profitto economico. Accanto ai sistemi di abbattimento
correttamente funzionanti e in continuo, la reiniezione totale dei fluidi geotermici
nello stesso bacino di prelievo in condizioni controllate & la strada da percorrere
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per poter rendere la geotermia una fonte pulita e sicura di energia ad alta
accettabilita sociale. Solo con lo sviluppo di tecnologie di sfruttamento della
geotermia piu avanzate e messe a punto per minimizzare la pressione
sullambiente sara possibile perseguire I'utilizzo di questa risorsa naturale e
rinnovabile. Ad oggi i progressi fatti con la tecnologia a ciclo chiuso (basata in
genere sul Ciclo Rankine Organico - ORC), che sfrutta i fluidi geotermici solo per
trasferire calore ad un fluido di lavoro in un sistema a circuito che alimenta
'impianto, permettono di ipotizzare soluzioni percorribili anche per sistemi
geotermici con fluidi ad alta entalpia e con un’alta concentrazione di NCG come

quelli in Toscana.

Lo sviluppo futuro di questo studio sara concentrato sull’estensione dell’analisi
Su una serie storica piu ampia comprendendo quindi tutti gli impianti attivi nel
periodo, e sulla modellazione delle altre fasi del ciclo di vita per completare I'eco-
profilo della geotermia in Toscana.
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Abstract

In riferimento al panorama normativo sempre piu attento ai principi di sostenibilita e alle relative
ricadute sul mercato, le scelte dei produttori di prodotti per I'edilizia, in particolare del laterizio,
sono sempre piu spesso orientate alla riduzione degli impatti ambientali e del consumo delle
risorse durante la fase di produzione, alla progettazione dei prodotti considerando l’intero ciclo
di vita, e alla necessita di adottare sistemi di certificazione ambientali. L’articolo riporta i risultati
di un’analisi LCA sulla produzione del laterizio della fornace Vincenzo Pilone srl, condotta
allinterno di una ricerca di innovazione di processo e prodotto finanziata dalla Regione
Piemonte. L’eco-profilo oftenuto € stato messo a confronto con altri prodotti e, nell’ultima parte,
sono riportati alcuni scenari di ottimizzazione finalizzati al miglioramento, dal punto di vista
ambientale, dei processi a piu alto impatto nella produzione del laterizio.

1. Introduzione

Il laterizio € uno dei materiali maggiormente utilizzati in edilizia, soprattutto in
Italia dove spesso le nuove costruzioni si devono confrontare con il recupero di
edifici storici caratterizzati da struttura portante di mattoni. Il laterizio ha origini
antiche riconducibili a civilta egizie e mesopotamiche. Gia in epoca romana la
produzione avveniva in fabbriche ante litteram, chiamate figlinae o figline, poste
in prossimita di cave di argilla e di fiumi facilitando il trasporto dei materiali. I
laterizio € un materiale che si ricava dalla cottura di argille con qualita variabili
di sabbia, ossido di ferro e carbonato di calcio (UNI EN 771-1) e comprende
diverse tipologie di prodotti suddivisi in laterizi pieni, forati e da copertura.

Molti studi evidenziano che il processo produttivo del laterizio € ad alta intensita
energetica e contribuisce allaumento delle emissioni in atmosfera per questo
occorre ripensare alla gestione ambientale di tale processo anche attraverso
'uso di fonti rinnovabili e alternative per la produzione dell’energia (ANDIL,
2005; Koroneos and Dompros, 2007; Kumbhar et al., 2014). In Italia, TANDIL,
associazione di categoria dell'industria italiana dei produttori di laterizi, si
occupa della promozione del laterizio in relazione sia agli aspetti prestazionali
sia a quelli di sostenibilita ambientale e di energia. In quest’ottica, ha messo a
punto un software che permette di calcolare in forma integrata le prestazioni
energetiche e ambientali di soluzioni costruttive in laterizio ' secondo la
metodologia di Valutazione del Ciclo di Vita del prodotto (LCA) in conformita
alle prescrizioni della norme ISO 14040 e della UNI EN 15804, elaborata dal
gruppo di lavoro TC 350 “Sustainability of Construction Works” - WG3 “Product
Level”. La volonta dei gruppi di lavoro europei e nazionali (ad es. CEN e UNI) di
estendere le prestazioni di prodotto anche agli aspetti energetico-ambientali si

' http://www.andil.it/laterlife.html (ultimo accesso 3/4/2017)
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lega strettamente alle strategie di mercato delle aziende produttrici, stimolando
la competizione e incoraggiando pratiche rivolte alla sostenibilita di prodotto
(Almeida et al., 2015).

1.1 Quadro normativo di rifermento

Negli ultimi anni, nel settore delle costruzioni, la ricerca industriale si € posta
I'obiettivo di coniugare alte prestazioni in fase d’'uso con minimo impatto
ambientale in fase di produzione e smaltimento. Tale impegno nasce
soprattutto dalla diffusione di direttive, norme, regolamenti che raccomandano
'uso di risorse rinnovabili e riciclate, la riduzione dei rifiuti e la salvaguardia
dellambiente. In questo quadro un ruolo sempre piu importante & giocato dai
regolamenti e dalle politiche che favoriscono o impongono ai centri di spesa
pubblica gli “acquisti verdi”. |l decreto DM 24/12/2015, successivamente
modificato con il DM 11/01/2017 “Adozione dei criteri ambientali minimi per gli
arredi per interni, per I'edilizia e per i prodotti tessili’, individua la volonta di
implementare il livello di sostenibilita all’intero ciclo di vita dei prodotti. || decreto
prevede, infatti, che in caso di gare per l'appalto di edifici pubblici, sia
riconosciuta una premialita alle imprese dotate di certificazione ambientale
(EMAS, 1ISO14001) e ai progetti che prevedano l'uso di: materiali composti da
materie prime rinnovabili, minima distanza di approvvigionamento dei prodotti
da costruzione e miglioramento delle prestazioni ambientali dell’edificio nella
fase d’'uso. Inoltre 'uso di materia recuperata o riciclata deve essere almeno il
15% in peso valutato sul totale di tutti i materiali utilizzati.

I DM 11/01/2017 da, inoltre, indicazioni specifiche sui requisiti minimi dei
laterizi. | prodotti per muratura e solai devono avere un contenuto di materiale
riciclato (secco) di almeno il 10% sul peso del prodotto, mentre i laterizi per
coperture, pavimenti e muratura faccia vista, di almeno il 5% sul peso del
prodotto. Tali criteri ambientali minimi (CAM) devono quindi essere dimostrati
attraverso certificazioni o marcature ambientali di prodotto di Tipo Ill (norme
UNI EN 15804 e ISO 14025) rilasciate da un organismo di valutazione della
conformita che attesti il contenuto di riciclato o con una autodichiarazione
ambientale di Tipo Il (norma ISO 14021).

2. Analisi LCA dei blocchi in laterizio

2.1 Obiettivo dello studio

L’articolo riporta i risultati di un’analisi condotta sulla produzione del laterizio
della fornace Vincenzo Pilone srl, svolta in seno a Block-Plaster, progetto di
ricerca industriale e di sviluppo sperimentale finanziato dalla Regione Piemonte.
L’obiettivo del progetto &€ la messa a punto di un nuovo sistema costruttivo per
involucri opachi costituito da blocchi in laterizio assemblati ad incastro con strati
che assolvono alle funzioni strutturali, di termo-resistenza, di ventilazione, di
assorbimento di inquinati indoor, garantendo velocita e bassi costi ambientali ed
economici in fase di cantierizzazione e smaltimento. Le prime fasi analitiche
sono state indirizzate ad analizzare gli attuali sistemi produttivi dell’azienda, con
lo scopo di tracciarne un profilo ambientale che evidenziasse punti di forza e
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criticita. In particolare, I'analisi del ciclo di vita del laterizio, & stata sviluppata
per:

e Ridurre i consumi di energia e gli eventuali sprechi di materiale al fine di
minimizzare gli impatti ambientali nella fase di produzione;

e Individuare le possibilita di intervenire sulle materie prime, riducendone
'impatto ambientale e incrementandone la termo resistenza;

e Stabilire le forme e I'accoppiamento di piu materiali al fine di favorire i
sistemi ad incastro e il design for disassembling;

¢ Individuare il metodo e il contenuto necessario alla certificazione di prodotto
denominata EPD (Environmental Product Declaration).

In questo articolo sara riportato il risultato della prima fase dello studio.
2.2 Confini del sistema e metodologia

Per lo studio sono state utilizzate le norme di riferimento delle EPD di tipo Il e
le norme ISO 14040/44 per le analisi LCA. Le EPD devono fare riferimento a
specifiche linee guida di prodotto, le Product Category Rules (PCR). Lo studio
presentato si € basato sulla PCR 2012:01 Construction products and
construction services, sviluppata da Environdec. L’uso della metodologia LCA &
motivato dalla volonta di quantificare gli impatti ambientali associati alla
fabbricazione di elementi in laterizio dell’attuale produzione e dall’individuazione
di possibili miglioramenti di prodotto per la realizzazione di prodotti innovativi in
laterizio. L'utilizzo di linee guida per le etichettature di prodotto ha permesso di
confrontare il prodotto specifico con altri disponibili sul mercato, oggetto di
valutazioni ambientali, e con dati presenti in letteratura o in database.

La fornace Vincenzo Pilone srl ha diverse tipologie di elementi per I'edilizia
(blocchi, tavelle, ecc.). L'unita funzionale scelta € 1 kg di elementi in laterizio
secondo i valori medi di produzione annuale dell’azienda. | confini del sistema
cosi come € previsto dalle PCR 2012:01, sono suddivisi in tre macro moduli. Il
primo & Upstream module, modulo che contiene i processi a “monte” rispetto
alla manifattura del prodotto, inerenti la catena di fornitura (supply-chain). |l
Core module, che contiene i processi “centrali” dell’azienda che riguardano la
produzione del prodotto (manufacturing processes). Infine, per le analisi di tipo
“cradle-to-gate with options”, I Downstream module, che contiene Ila
distribuzione, l'uso e il fine vita. Nel presente studio i confini del sistema delle
analisi svolte sono di tipo “cradle-to-gate” condotte sulla produzione generica di
laterizio dall’azienda includono i seguenti processi:

UPSTREAM PROCESSESS

A1) Raw material supply: Estrazione delle materie prime (argilla, marna e
additivi o altri additivi); Produzione dei materiali per I'imballaggio (film LDPE
termoretraibile, pallet in legno); produzione di energia da fonti primarie
(elettricita, calore e aria calda).

CORE PROCESSESS

- 49 -



A2) Transportation: trasporti delle materie prime, dei materiali e degli imballaggi
dai siti di estrazione o dai fornitori al sito di produzione dell'azienda.

A3) Manufacturing: pre-lavorazione della miscela a base di argilla; trasporto e
stoccaggio della miscela nel silos; preparazione dell'impasto, estrusione e taglio
degli elementi; essiccazione degli elementi in laterizio; cottura dei laterizi;
imballaggio e stoccaggio elementi in laterizio; smaltimento dei rifiuti prodotti nel
processo di produzione.

Dai confini del sistema sono esclusi: la costruzione della fornace e degli uffici, le
infrastrutture comprese di impianti per la produzione di energia; la produzione
dei macchinari, la manutenzione e la produzione di pezzi di ricambio; le attivita
del personale.

| dati utilizzati per la valutazione del ciclo di vita dei manufatti in laterizio sono
per la maggior parte dati diretti forniti dal produttore e riferiti agli anni dal 2012
al 2014. L'utilizzo delle cave, la durata e gli interventi di ripristino sono stati
considerati in quanto cave di proprieta dellazienda. Tutti i dati indiretti usati
nell’analisi LCA appartengono alla banca dati Ecoinvent v. 2.0 (2009). L’ambito
geografico &€ quello europeo. | dati indiretti utilizzati per la produzione del
additivi sono basati su riferimenti europei e extra-europei. | dati diretti sono stati
raccolti in loco attraverso un questionario e successivamente elaborati con il
software Sima-Pro 7.1.

L’energia elettrica usata nel processo produttivo & calcolata secondo i dati
dell’azienda: una quota prelevata da rete, una prodotta da fotovoltaico e una da
impianto di cogenerazione. La produzione di energia elettrica da fotovoltaico di
riferisce alla produzione di un anno. | tipi di veicoli e le distanze per la
rappresentazione dei trasporti sono quelli reali appartenenti alla catena di
fornitura.

Nellambito del presente studio LCA sono state considerate le seguenti
categorie di effetti ambientali:

e Uso di risorse energetiche: i principali flussi di risorse energetiche primarie e
derivate utilizzate nella produzione del materiale sono stati convertiti in un
consumo di energia primaria Il fattore di caratterizzazione & in questo caso il
potere calorifico del materiale considerato (contenente [I'energia di
feedstock) e del mix energetico caratteristico delle nazioni di provenienza
del materiale o componente inclusi ello studio LCA. La caratterizzazione &
stata condotta utilizzando il metodo CED 1.05, sviluppato da Boustead &
Hancock nel 1979.

e Potenziali impatti ambientali: la caratterizzazione degli impatti & stata
condotta con il metodo CML baseline. In Europa la norma EN 15804 riporta
che per il calcolo degli impatti si possano utilizzare i fattori di
caratterizzazione contenuti nel metodo CML, uno dei primi metodi resi
disponibili, prodotto dal Centre of Environmental Studies (CML)
dell’'Universita di Leiden (Paesi Bassi) nel 1992. Il metodo ha un approccio
problem-oriented, ed & basato su una lista di categorie di impatto e sugli
effetti che queste hanno nei diversi ambiti. Le principali categorie
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considerate fanno riferimento al consumo di risorse e di energia (risorse
biotiche e abiotiche) e allinquinamento (cambiamento climatico,
assottigliamento dello strato di ozono stratosferico, tossicita umana,
ecotossicita delle acque dolci e marine, formazione di smog fotochimico,
acidificazione, eutrofizzazione). Pur avendo applicato il metodo nella sua
interezza, nel presente articolo sono stati riportati solo gli indicatori piu
significativi ai fini dello studio.

2.3 Dati di inventario e analisi degli impatti
| dati di inventario diretti, raccolti in azienda, sono stati integrati con dati indiretti

per completare l'analisi di inventario ed elaborati secondo il flow-chart
rappresentato nella figura 1.
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Figura 1: Flow-chart dei processi unitari con i flussi di materia ed energia in ingresso
e in uscita.

L’analisi degli impatti € stata condotta inizialmente sulluso di risorse
energetiche, differenziando le risorse rinnovabili (3,06 MJ eq) da quelle non
rinnovabili (0,35 MJ eq) per 1 kg di laterizio dalla culla al cancello.
Successivamente, sono stati esaminati i valori relativi ai singoli processi
necessari per la produzione del laterizio. Osservando la fig. 2 si nota che i
processi ad alto impatto sono quelli relativi all’estrazione e lavorazione delle
materie prime, in particolare degli additivi di origine chimica, e alla produzione
del laterizio, imputabile soprattutto al gas naturale utilizzato per la cottura dei
laterizi.
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Figura 2: consumo di risorse energetiche per la produzione di 1 kg di laterizio
Fornaci Pilone. Elaborazione dati con metodo CED 1.06.

La valutazione degli impatti secondo la metodologia midpoint & stata condotta
anche con il metodo CML 2 baseline 2.0. La figura 3 mostra i principali impatti
potenziali considerati: AP, acidificazione, EP, eutrofizzazione, GWP, serra
cambiamento climatico, POCP, formazione di smog fotochimico. Osservando i
valori del GWP, piu significativi in termini quantitativi, si pud evidenziare che la
fase di produzione €& quella a maggiore impatto.
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Figura 3: analisi di impatto ambientale per la produzione di 1 kg di laterizio
Fornaci Pilone. Elaborazione dati con metodo CML2000 baseline.

2.4 Interpretazione dei risultati e scenari di ottimizzazione

Al fine di valutare la consistenza dei risultati ottenuti nella prima fase della
ricerca Block-Plaster, & stato fatto un confronto con dati tratti da letteratura
(Beccali et. Al., 2009, Campioli e Lavagna, 2011), da EPD di aziende europee e
da banche dati (Ecolnvent 2.0 e Inventory of Carbon & Energy ICE v.2.0). La
tabella 1 mostra che i risultati delle analisi, relative agli indicatori del metodo
CML selezionati e agli indicatori relativi alle risorse energetiche non rinnovabili
(RNR) e alle risorse energetiche rinnovabili (RR), sono conformi e confrontabili
per ordine di grandezza.

Tabella 1: confronto tra eco profili relativi a 1 kg di laterizio (N/C=valori non confrontabili).

RNR RR AP EP GWP (100a) POCP
ri;orse non ‘risorse” Acidification |Eutrophication GlOb.al Photqchelmical
rinnovabili rinnovabili warming oxidation

ANNO LUOGO [M] eq] [M] eq] g SO2 eq g PO4 eq kg CO2 eq | g C2H4 eq
Ricerca Block-Plaster 2014 I 3,06 0,35 0,34 0,04 0,12 0,002
BECCALI E AL. 2009 I 4,45 0,10 N/C N/C 0,32 0,110
EPD ZIEGEL GASSER 2006 I 3,92 0,42 N/C N/C 0,42 0,085
EPD MEIN ZIEGELHOUSE 2008 D 1,39 0,23 0,18 0,02 0,28 0,014
EPD HELUZ 2013 Ccz 2,19 0,03 0,53 0,04 0,18 0,031
EPD WIENERBERGER 2014 N 3,43 1,16 0,62 0,08 0,28 N/C
ICE V.2.0 2001 UK 3,00 - - - 0,24 -
ECOINVENT V.2.0 2009 |CH-D-AT 2,47 0,25 0,51 0,06 0,23 0,040
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Al fine di ridurre I'impatto del processo produttivo sono stati ipotizzati degli
scenari possibili basati sulla possibilita di aumentare I'uso di energia on-site. I
processo attuale dell’azienda, denominato “Current”, & stato ottimizzato con tre
scenari alternativi.

e Current: il fabbisogno di energia elettrica & coperto da fotovoltaico (14,6%),
da impianto di cogenerazione (48,8%) e dalla rete elettrica italiana (36,6%).
Il fabbisogno di energia termica per I'essiccazione & soddisfatto dall'impianto
di cogenerazione a metano e da bruciatore a metano;

e Scenario 2: il fabbisogno di energia elettrica & coperto da fotovoltaico
(51,1%) e da impianto di cogenerazione (48,8%). Il fabbisogno di energia
termica per l'essiccazione e soddisfatto dall’impianto di cogenerazione a
metano e da bruciatore a metano;

e Scenario 3: il fabbisogno di energia elettrica € coperto da fotovoltaico
(14,6%), da impianto di cogenerazione (48,8%) e da una quota prelevata
dalla rete italiana (36,6%). Il fabbisogno di energia termica per
I'essiccazione €& soddisfatto dall’impianto di cogenerazione a biomassa e da
bruciatore a metano;

e Scenario 4: il fabbisogno di energia elettrica € coperto da fotovoltaico
(14,6%), da impianto di cogenerazione (85,4%). |l fabbisogno di energia
termica per l'essiccazione &€ completamente soddisfatto dall'impianto di
cogenerazione a biomassa.

Gli scenari considerano I'energia elettrica per l'intero processo produttivo e
'energia termica solo per la fase di essicazione. Il processo di cottura a gas
metano, che richiede circa 81% dell’energia termica utile, non & stato variato
per impossibilita tecniche nella modifica del forno esistente. Coerentemente a
quanto gia dichiarato al paragrafo 2.2, anche negli scenari di ottimizzazione,
non si e tenuto conto degli impatti delle strutture e dei componenti d’'impianto
per la produzione di energia. Come si evince dal grafico (fig. 4.a), la possibilita
di aumentare al massimo la quota di energia elettrica da fotovoltaico (scenario
2) determina una riduzione del solo 2% della quota di CED non rinnovabile. Piu
significativo & il passaggio ad un cogeneratore alimentato a biomassa, che
determinerebbe una riduzione della quota del 10% circa (scenario 3), che pud
arrivare a 12,8% eliminando i bruciatori a metano (scenario 4).
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Figura 4: Scenari di oftimizzazione del processo produttivo. 4.a/ massimizzazione fonti
rinnovabili per la riduzione di energia; 4.b/ sostituzione additivi nella composizione
della miscela.
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E’ evidente, quindi, che in termini energetici sarebbe piu conveniente intervenire
sulla quota termica, e, se possibile, anche sulla fase della cottura, a piu alto
consumo.

Analogamente é stato condotto uno studio sulla sostituzione degli additivi
chimici nella composizione della miscela, per abbassare I'impatto anche nella
fase di estrazione e lavorazione delle materie prime. Lo scenario ipotizzato si
basa sulla sostituzione in volume degli additivi con argilla e marna, aumentando
i metri cubi di gas naturale utilizzati per la cottura con la quantita corrispondente
allenergia termica liberata dalla loro combustione nel forno di cottura. In tal
modo si trasferisce il consumo di energia termica dalla combustione all'interno
del laterizio alla combustione del gas naturale nel forno. Dal calcolo effettuato
con il metodo CED, si evidenzia che gli additivi incidono per il 28% circa sul
valore totale del contenuto di energia (fig. 4.b). Nonostante tale scenario non
sia attuabile, in quanto gli additivi garantiscono determinate prestazioni
tecnologiche della miscela, il risultato fa comprendere come sia auspicabile una
ipotesi di sostituzione della tipologia di additivi, per una riduzione dell'impatto
ambientale dei prodotti.

3. Conclusioni

La ricerca presentata nel paper dimostra I'importanza dell'uso della LCA in
ambito industriale. |l metodo rappresenta infatti uno strumento utile sia per
garantire la rintracciabilita della filiera di prodotto, aumentando la disponibilita di
prodotti eco-compatibili certificati sul mercato, sia per ottimizzare il processo
produttivo dal punto di vista economico, energetico e ambientale.
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Abstract

Rare earth elements are metals that show unique characteristics in a range of applications for
the new technological paradigm.This research aims to assess the environmental impacts in
connection with the production of rare earth elements from a Brazilian ore; the Life Cycle
Assessment methodology, was employed. Modeled data were collected from a monazite-
based productive system that possesses the characteristics associated with the Brazilian
scenario. According to the results hereby obtained, the main environmental impacts of the rare
earth eements production are those associated with the climate change categories related to
health and eco-systems, urban land occupation and fossile fuel depletion, of which the most
contributive inputs are the hydrocloridric acid and ammonium hydroxide.

1. Introduction

Rare earths (REs) or rare earth elements (REEs) are a group comprising 17
chemical elements (15 lanthanides plus scandium and yttrium). REEs occur in
over 250 species of known minerals; however, only a few appear in
concentrations large enough to justify their exploitation. REEs are primarily
contained in the following groups of minerals: Bastnasite (Ce, La)CO3F,
Monazite (Ce, La)PO4, ion-adsorption clays and Xenotime (Koltun &
Tharunarajah, 2014).

According to Ortiz & Junior (2014), there is an increasing demand for REEs
due to their unique physical and chemical properties, since they play an
essential role in the transition to a new technological paradigm. They are now
being employed in a growing number of applications such as clean power
technologies, hybrid vehicles, pollution control, optics and cooling.

Nevertheless, the increase in the international prices of REEs is caused
especially by China’s dominance over the market and its export quota policy
(Sprecher et al., 2014). This dominance occurs owing to the Chinese large
production, as well as their pricing policy, which have resulted in worldwide
supply dependence. This set of circumstances has spurred the discussion
about new REEs-related projects, and has led countries such as Brazil, the
United States and Australia to step up REEs research and production
activities.

On the other hand, REEs production activities require large amounts of
resources and energy. This, in turn, causes vast amounts of emissions,
effluents and waste, which contaminate the environment; thus, REEs
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production must be assessed with regard to environmental issues. We must
be aware and able to evaluate the amount and type of the resources
employed, as well as the resulting waste and emissions. Therefore, studies
which represent the production data should be conducted for providing an
overview of the actual order of magnitude of REEs life cycle environmental
impacts (Zaimes et al., 2015).

In this context, it is important to carry out Life Cycle Assessment (LCA)
studies. LCA is an instrument for the assessment of environmental impacts
associated with a product or process, which comprises a number of steps.
These steps go from raw materials — nature’s elements — which enter in the
productive system (cradle) until the product’s disposition after use (gate). LCA
is, currently, one of the most promising methods to evaluate and rank the
environmental aspects and impacts of products and processes (Blengini et al.,
2012).

LCA studies focussed on REEs have demonstrated that their production is
chemical-intensive and it requires more attention for the treatment of the
generated effluent. Another concern is the large amount of waste in the REEs
acquisition process, since such materials concentrate radioactive elements,
especially uranium and thorium, which may result in considerable
environmental contamination (Haque et. al. de 2014; Vahidi et al., 2016).

According to Weng et al. (2016), there are still knowledge gaps between the
LCA database and the various REEs’ production configurations by region and
type of mineral. Thus, this study aims to assess the environmental impacts
associated to REEs’ production from a Brazilian ore, in order to help in
creating mitigating steps for environmental impact reduction by employing the
ISO 14040-based LCA methodology.

2. Methodology

The research methodology is divided into three steps as shown: (1) Scope and
Goal’s Definition; (2) Life Cycle Inventory Assessment; and (3) Life Cycle
Impact Assessment, according to the ISO 14040 standard (Guinée, 2002; I1SO,
2006).

(1) Scope and Goal’s Definition: this step comprises the goal’s definition, the
definition of what an application is intended for, its target consumers and a
justification for the performance of each process, from mining and mineral’s
breakdown to the production of rare earth oxides, as well as each system’s
limitations (Guinée, 2002).

(2) Life Cycle Inventory Assessment: this step contemplates the development
of a REEs production system model, as established in the previous step, and
also the establishment of the system limitations. This step’s research activities
shall be carried out based on the data collected from the production model
system’s inflow and outflow for the studied system, in addition to the
assessment of the environmental loads with regard to its functional unit.
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(3) Life Cicle Impact Assessment: this step includes the identification and
selection of the cause-and-effect chain models and their endpoints, setting the
life cycle inventory results to their relevant impact categories and their
contribution linked to each type of impact assessed.

The ReCiPe v1.08 environmental impact assessment methodology was used
to evaluate inventory data. It was developed by RIVM, Radboud University,
CML and PRé Consultants (Goedkoop et al., 2009). In the ReCiPe
methodology, the following environmental impact categories are used in
relation to three categories of damage: Climate Change; Ozone Depletion;
Human Toxicity; Photochemical Oxidation; Particulate Matter; lonizing
Radiation, Eco-System Climate Changes; Terrestrial Acidification; Freshwater
Eutrophication; Terrestrial, Freshwater and Marine Eco-Toxicity; Agricultural
and Urban Land Occupation; Natural Land Transformation, Mineral Resources
Depletion; Fossil Fuels Depletion.

2.1. Scope and goal’s definition

This study is intended to assess the life cycle impacts of REEs production, in
connection with the operations that range from the mineral breakdown to the
production of rare earth elements or/and oxides from monazite. The functional
unit set is 4 kilos of rare earth oxides and 2 kilos of wet hydroxide. From the
proposed research model, the scope of this LCA was limited according to the
production modeling results.

2.2, System’s modeling

With the help of SimaPro 8.02 software, the eco-inventory database and the
data collected at CETEM's Mineral Technology Center (Shaw, 1957, Da
Cunha & Wildhagem, 2016), the system boundaries were established,
according to Figure 1.

The study was carried out with all available data for the production of rare
earth oxides, except for the mining step, in which it was assumed that the
monazite was obtained from the niobium beneficiation waste. Flowchart
formulation and inputs and energy consumption calculations for this study
were performed taking into consideration the light fraction separation and the
acquisition of four REEs with a specified degree of purity, as well as the
acquisition of two concentrates known as medium and heavy fractions.

Step 2 was modeled for an installation dimension initially based on a monazite
breakdown plant with a 100t/month processing capacity, with about 61.6
t/month of rare earth oxides or 52.7 t/month in RRE for the preparation of the
feeding solution. With an estimated operating time of 528 hours per month, the
installations were sized to operate with a feeding solution of 99.78 Kg / h of
rare earths. The raw material used for the individual separation of REEs,
named as “rare earth normal chloride”, is a chlorine solution originating from
the monazite sulphuric acid breakdown and chemical treatment.

Several simulations were carried out using the LANTEX code for the
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optimization of the five independent circuits of Step 2, in order to improve the
operational conditions, which are the number of stages, concentrations and in-
/outflows of aqueous and organic solutions. The LANTEX code is a simulator
with graphical interface developed to optimize the operational conditions of
any flowchart for the separation of rare earth oxides (Da Cunha&Wildhagem,
2016).
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Figure 1: System boundaries of the rare earth oxides production.

Circuit zero contains two types of cut that are between the neodymium and the
samarium elements, performed by means of aqueous input, and between the
gandolinium and terbium elements, performed by means of organic input.
Thus, in this circuit and with these two types of cut, we obtain three
concentrates known as light fraction (Lanthum - La, Cerium - Ce,
Praseodymium - Pr and Neodymium - Nd), medium fraction (Samarium - Sm,
Europium - Eu and Gadolinium - Gd) and heavy fraction (Terbium - Tb,
Dysprosium - Dy, Holmium - Ho, Y and Erbium - Er). This circuit has four sets
of mixers-decanters with 20, 5, 25 and 5 stages, with a total of 55 stages.
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In circuit 1, the cut is done between the Ce and Pr elements and it is
performed by means of aqueous input of the solution originating from circuit
zero. Thus, in this circuit, with this type of cut, we obtain two concentrates of
La with Ce and another one of Pr with Nd. This circuit has two sets of mixers-
decanters with 45 and 5 stages, with a total of 50 stages.

In circuit 3, the cut is done between the La and Ce elements and it is
performed by means of aqueous input of the solution originating from circuit 1.
Thus, in this circuit, with this type of cut, we obtain La and Ce at the specified
degrees of purity. This circuit has two sets of mixers-decanters with 40 and 5
stages, with a total of 45 stages.

In circuit 5, the cut is done between the Pr and Nd elements and it is
performed by means of aqueous input of the solution originating from circuit 1.
Thus, in this circuit, with this type of cut, we obtain Pr and Nd at the specified
degrees of purity. This circuit has four sets of mixers-decanters with 30, 3, 60
and 3 stages, with a total of 96 stages.

There is still a fifth circuit, circuit 2, responsible for the separation of the
medium and heavy fractions that came from circuit O; for the purpose of
calculating the inventory, these fractions are considered by-products of the
extraction.

2.3.Life Cycle Inventory

The quantities of employed reagents and the by-products formed throughout
the process were described and calculated based on the model shown in
Figure 1 in order to obtain 4 kg of rare earth oxides and 2 of wet hydroxides of
the medium and heavy fractions; their purity levels are between 96.5% to
99.9%.

Table 1 shows the life cycle inventory for the production of rare earth oxides
from a Brazilian ore, considering the consumption of reagents and energy in
the circuits of the chosen route.

For electricity consumption, the Ecoinvent 3 dataset was applied, and all the
other inventory inputs on Table 1 were modeled by the same dataset. In this
case, the post-treatment processes of thorium and uranium residues were not
considered.
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Table 1: life cycle inventory for the production of 4 kg of rare earth oxides and 2 kg of wet
hydroxides as by-products.

Mineral Breakdown Step Unit Quantity
Monazite Kg 9.84
Sulphuric Acid H2S0493% Kg 15.36
Ammonia NHs 28% Kg 1.986
Water L 167.28
Outputs

Thorium G 393.60
Uranium G 14.76
Silica G 295.20
Current Load Kg 187.76
Rare Earth Oxides Production Step

Hydrochloric Acid HCI 37% L 322.92
Ammonium Hydroxide NH4OH 25% L 298.98
Power

Electricity kWh 273.24

3. Results and discussion

3.1 Life Cycle Impact Assessment

Once the inventory table has been obtained, the Life Cycle Impact
Assessment (LCIA) of the system under study can be made, classifying the
environmental loads in different impact categories for the characterization
factors to be applied later, thus, setting the environmental profile of the
production of rare earths from a monazite-based in Brazil.

Table 2 shows the life cycle impact assessment results associated with the
production of rare earth oxides employing the ReCiPe methodology.

Table 2: LCIA results associated with the production of rare earth oxides using the ReCiPe

methodology.
Damage Categories Impact Categories Unit Total %
Human Health Climate Change DALY 1.77E-04 |66%
Ozone Depletion DALY 7.44E-08 | 0%
Human Toxicity DALY 218E-05 | 8%
Photochemical Oxidation DALY 1.51E-08 | 0%
Particulate Matter DALY 6.87E-05 |26%
lonizing Radiation DALY 3.36E-07 | 0%
Eco-System Eco-System Climate Changes species.year 1.00E-06 |85%
Terrestrial Acidification species.year 447E-09 | 0%
Freshwater Eutrophication species.year 2.39E-09 | 0%
Terrestrial Eco-Toxicity species.year 8.82E-09 | 1%
Freshwater Eco-Toxicity species.year 3.19E-11 0%
Marine Eco-Toxicity species.year 7.71E-11 0%
Agricultural Land Occupation species.year 8.22E-08 | 7%
Urban Land Occupation species.year 2.80E-08 | 2%
Natural Land Transformation species.year 4.39E-08 | 4%
Resources Depletion Mineral Resources Depletion $ 1.08E+00 |16%
Fossil Fuels Depletion $ 5.79E+00 |84%
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With regard to the impacts of the "Human Health" damage category it can be
observed that the most significant ones are: Climate Change (66%), followed
by Particulate Matter (26%) and Human Toxicity (8%). For the daage category
"Eco-systems" the most relevant impact is Climate Change (85%); and finally,
for the "Resources Depletion" damage category the impact of Fossil Fuel
Depletion (84%) was the most significant, followed by the Mineral Resources
Depletion (16%).

Life Cycle Impact Assessment results may be evaluated with regard to
processes and contributions in each impact category. Figure 2 shows a bar
chart for the environmental impact categories.
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Figure 2: Results of the LCIA for the rare earth oxides production by the ReCiPe Endpoint
methodology.

Figure 2 shows that the prevailing color is gray, associated with the
hydrochloric acid process that represents, in percentage terms, the
environmental impacts throughout almost all categories. The next highlight
refers to the charcoal color, associated with the ammonium hydroxide use,
which generates great impacts, especially on the categories Climate Change,
Mineral Resources Depletion and Fossil Fuels Depletion. Finally, the use of
sulfuric acid is shown in black, which contributes to the categories Natural
Land Transformation, Agricultural Land Occupation and Terrestrial Ecotoxicity.

4. Conclusion

This is the first study on Life Cycle Assessment of rare earth oxides production
that takes into consideration the set of circumstances prevailing in Brazil. Life
cycle inventory results show the consumption of significant quantities of
H2S04, HCI and NH4OH, in addition to the generation of associated waste
with concentrations of thorium and uranium. The results also show that the
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most relevant environmental impacts with regard to the REEs life cycle are
those associated with the following categories: Climate Change for Human
Health, Climate Change for Eco-systems and Fossil Fuels Depletion.

The results of the present study can be used in other LCA studies of products
and processes that have REEs among their inputs, in order to define
environmental profiles considering the whole life cycle.

In the absence of a database that reflects its energy and environmental
specific features, Brazil needs a wide-ranging, concerted effort to consolidate
LCA as an instrument capable of promoting environmental competitiveness in
its productive processes, especially in the international market.
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Abstract

Lo studio esposto in questo articolo € un caso emblematico di utilizzo della metodologia LCA
come strumento per la gestione ambientale di processi produttivi in aziende farmaceutiche. In
particolare, I'analisi ha riguardato la produzione di Fattore VIII - Emoclot, un fattore della
coagulazione utilizzato per trattare I'emofilia e altri deficit della coagulazione. | risultati
dell’'analisi sono stati utilizzati per I'ottenimento di una pre-certificazione EPD (EPD definitiva in
fase di conferma) e come base per lelaborazione di una PCR specifica per prodotti
emoderivati. L’articolo espone un caso di utilizzo della metodologia LCA per la gestione
ambientale della filiera produttiva industriale a cura di Kedrion Biopharma SpA e la definizione
di strategie di mitigazione e compensazione degli impatti.

1. Introduzione

Dall’analisi di letteratura emerge che non sono state pubblicate valutazioni di
sostenibilita ambientale per prodotti emoderivati. Alcuni studi riguardano la
produzione industriale di farmaci (Jiménez-Gonzalez et al., 2013; Jiménez-
Gonzalez and Overcash, 2014; Wernet et al., 2010). In particolare sono state
elaborate analisi sugli effetti dei farmaci dopo l'assunzione, principalmente
riguardanti la tossicita su organismi acquatici (Cunningham et al., 2006; Fent et
al., 2006) e I'accumulo nei sedimenti fluviali (Bruce et al., 2010; Kimmerer,
2010; Kunkel and Radke, 2011; Rand-Weaver et al., 2013). Nel 2011 & stata
pubblicata la prima PCR sui vaccini (Borla, 2011) seguita dalla prima EPD
riguardante un vaccino per animali (Pfizer, 2012). Recentemente De Soete et
al. (2014) hanno svolto un’accurata analisi d’inventario e d’'impatto ambientale
della produzione del farmaco PREZISTA®.Tutte le analisi reperite in letteratura
evidenziano il consumo di energia, materiali monouso e involucri per il
confezionamento come aspetti critici (hotspots) della filiera.

Il presente studio & stato utilizzato per un primo screening gestionale
dell’azienda e come base per la stesura di una nuova PCR specifica per
prodotti che derivano dalla filiera ematica.
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2. Materiali e metodi
2.1. Caso di studio: ciclo produttivo del Fattore VIiI

L’analisi del ciclo di vita e stata applicata al Fattore VIII, Emoclot in soluzione
concentrata, proteina essenziale della coagulazione del sangue, ottenuta dalla
lavorazione del plasma e predisposta per la somministrazione per via
endovenosa, finalizzata al trattamento di malattie, patologie e condizioni gravi
quali 'emofilia e le immunodeficienze. La filiera produttiva, a cura di Kedrion
Biopharma S.p.A., inizia dalla raccolta e frazionamento del plasma umano fino
alla produzione e distribuzione di prodotti terapeutici, e comprende i servizi
logistici di supporto (Kedrion, 2013). Lo studio ha portato all’ottenimento della
pre-certificazione EPD (INDACO2, 2015a).

L’'unita funzionale (UF) di riferimento € un kit monodose di Emocolot
500U1/10ml, pronto alluso, che comprende: n.1 flacone di vetro da 20ml
contenente 10ml a concentrazione 500Ul di Fattore VIII, una siringa, una
valvola a farfalla, un tubicino con doppio ago, un flacone con solvente 10ml,
foglio di letteratura e scatola. In particolare il processo produttivo studiato
(CORE process) dal quale provengono tutti i dati primari di inventario, & relativo
al flacone di Fattore VIII. E stata scelta la tipologia 10ml a 500Ul perché & la
concentrazione intermedia e la dose piu comune, mediamente rappresentativa
della produzione complessiva del Fattore VIII.

| confini del sistema comprendono i processi di produzione delle materie prime
fino alla distribuzione e ipotetico fine vita del confezionamento (e degli scarti
della lavorazione), con approccio from cradle to grave. Il diagramma di flusso
(Fig.1) illustra i confini del sistema per la produzione di una UF del Fattore VIII,
suddivisi in Upstream, Core e Downstream.

Il processo di Upstream (from cradle to gate) include la produzione e il trasporto
di tutte le materie prime utilizzate (e.g. prodotti chimici, materiali di imballaggio,
materie plastiche, packaging del prodotto finito). Il Core (from gate to gate)
comprende tutti i processi che avvengono all’interno dell’azienda (e.g. trasporto
delle materie prime allazienda, produzione del Fattore VIII, trattamenti dei
reflui, produzione di energia). Questa fase pud essere suddivisa in piu
sottoprocessi: #0 conferimento del plasma dai centri di raccolta all’azienda, #1
controllo e stoccaggio, #2 pool plasma (i.e. apertura delle sacche di plasma,
scongelamento, centrifugazione ed estrazione della pasta di cryo necessaria
alla produzione del Fattore VIII, che costituisce I'1% del plasma; la rimanente
parte & utilizzata per la produzione di altri prodotti), #3 produzione biologica (i.e.
sequenza di processi di frammentazione, solubilizzazione, centrifugazione,
diluizione e filtraggio), #4 inflaconamento (i.e. sterilizzazione, liofilizzazione e
chiusura ermetica dei flaconi contenenti Fattore VIII) e abbinamento con il
flacone di solvente, #5 confezionamento ed assemblaggio del kit monodose. I
Downstream process include il trasporto del prodotto finito ai rivenditori (sara
mostrato solo lo scenario di distribuzione S2 i.e. destinazione Europa via treno),
l'uso e fine vita del prodotto e del packaging (i.e. incenerimento per tutti i
materiali venuti a contatto con la sostanza organica, mentre la maggior parte di
carta, cartone e plastica inviati a riciclo).
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Figura 1: Diagramma della produzione del fattore VIl e confini del
sistema (INDACO2, 2015b).

Sono stati esclusi dall’analisi i processi per il prelievo del sangue dai donatori
nei centri trasfusionali e I'estrazione del plasma. Per la produzione del flacone
con solvente, effettuata da un’azienda esterna, sono stati opportunamente
considerati i processi produttivi e le quantita di acqua iniettabile. | processi per
'assemblaggio del kit monodose finale sono stati trascurati perché I'azione &
svolta manualmente. Sono esclusi anche i processi di trasporto del prodotto
finito dal distributore (i.e. farmacie) all’utilizzatore finale.

In merito alle procedure di allocazione, dall’upstream fino al sottoprocesso #2
del core, le quantita di materiali utilizzati sono state allocate alla produzione di
Fattore VIII per una quota dell’1% (quantita di pasta di cryo estratta dal plasma).
Dal sottoprocesso #3 del core in poi, le quantita di materia ed energia sono
state attribuite per il 100% alla produzione di Fattore VIII, senza ricorrere
all'allocazione, includendo anche gli scarti di produzione trattati in forma di
acque reflue. | consumi generali dell’impianto sono stati allocati al Fattore VIII
per una quantita pari all’'1.25% (ovvero +25%), per approccio cautelativo. |
valori ottenuti per la produzione di Fattore VIII sono stati divisi per il numero di
flaconi prodotti per anno, per ottenere il dato riferito ad un flacone di Fattore VIlI
500Ul. Per quanto riguarda le altre componenti del kit monodose, i dati sono
stati reperiti per singola unita.
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| dati si riferiscono alla produzione annuale di Fattore VIII lavorato nello
stabilimento Bolognana di Kedrion S.p.A, nellanno 2013, e derivano tutti da
intervista diretta con i responsabili delle diverse sezioni dell’azienda.

| calcoli sono stati elaborati secondo i requisiti delle GPI (General Programme
Instructions for the International EPD System; Ingwersen et al., 2013). In attesa
dello sviluppo e pubblicazione della PCR adeguata per il prodotto, si & fatto
riferimento alla PCR UN CPC 35270 (Borla, 2011) in materia di “vaccini per uso
medico e veterinario”, al fine di impostare la struttura dell’analisi per la
procedura di pre-certificazione EPD. Il modello & stato sviluppato con l'ausilio
del software LCA SimaPro 8 (Pré consultants, 2014), selezionando il metodo
CML-IA. Sono state selezionate le categorie di impatto Global Warming
Potential a 100 anni (GWP100, aggiornato ai fattori IPCC,2013), Acidification
Potential (AP), Eutrophication Potential (EP), Photochemical Oxidation Potential
(POP) con fattori di caratterizzazione adattati alla versione non-baseline
(Environdec, 2016), come categorie di default suggerite dall'International EPD
System (Environdec, 2016).

3. Risultati e discussione

3.1. Risultati LCA di plasma-derivati propedeutica per lo sviluppo PCR

| risultati dell’analisi del ciclo di vita riferiti ad una confezione di Emoclot sono
esposti in relazione alle quattro categorie d’'impatto: GWP100; AP; EP; POP

(Fig.2).

GWP 100 kg CO, e AP kg SO, e EPkg PO,*> e POP kg C,H, e

3.24*1003

1.34*10
kg PO,>eq

2.52 3.92%1003

-----
kg C,H, eq 5 DOWNSTREAM

kg CO, eq kg SO, eq

Figura 2: Sintesi dei principali impatti ambientali per processo.

GWP100 - Per produrre un kit monodose di Fattore VIl (UF) sono emessi 2.52
kg CO2eq. La fase Core incide per il 76.86% principalmente a causa della
produzione termoelettrica da metano (41.07%) e di vapore (8.25%), oltre alle
emissioni dirette dei gas refrigeranti (14.15%) e ai consumi di elettricita da rete
(4.47%). La fase di Upstream ha un’incidenza del 20.02%, dovuta all’uso di
prodotti chimici (6.9%, principalmente etanolo) e materiali in plastica (6.27%)
oltre ai materiali per inflaconamento e confezionamento (cartone: 2.39%; vetro:
1.08%). La fase di Downstream contribuisce per una quota del 3.11% dovuta al
trattamento di scarti della produzione e residui del confezionamento. Per limiti di
spazio sara mostrato solo il grafico di dettaglio del GWP 100 (Fig.3).
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Figura 3: Grafico del GWP100 per UF con i contributi di ciascun processo.

AP - L'impatto per UF & di 3.92E-03 kg SOz2eq. La fase Core incide per il
53.99%, principalmente per la produzione termoelettrica da metano (22.53%) e
di vapore (4.15%) oltre ai consumi di elettricita da rete (13.23%). |l trasporto dei
flaconi vuoti e con solvente incide per il 5.16%. La fase di Upstream ha
un’incidenza del 45.09%, dovuta all’'uso di prodotti chimici (14.0%), materiali in
plastica (13.64%) e materiali per I'inflaconamento e confezionamento (vetro:
5.69%; cartone: 5.52%). La fase di downstream contribuisce per lo 0.93%.

EP - L'impatto per UF & di 1.34E-03 kg PO4™ "~ eq. La fase di upstream incide
per il 50.10%, principalmente per I'uso di prodotti chimici (20.0%, soprattutto
etanolo), materiali in plastica (10.62%), e materiali per inflaconamento e
confezionamento (cartone 8.89%; vetro: 2.68%). Nel processo di Core (48.05%)
gli impatti prevalenti sono dovuti a consumo di metano, trattamento delle acque
reflue, consumo di elettricita e utilizzo di acqua (rispettivamente 10.59%, 9.54%,
8.4% e 4.48%). La fase di downstream contribuisce per I'1.85%.

POP - Le emissioni complessive per UF sono pari a 3.24E-03 kg C2H4 eq. La
fase Core incide per il 92.88%, per utilizzo di prodotti chimici, in particolare
etanolo (88.68%). L’'upstream incide per il 7.07% (di cui 4.57% di etanolo).

Riassumendo, la domanda energetica e il consumo di metano sono i fattori piu
critici emersi dall’analisi. In un ipotetico scenario di riduzione degli impatti
ambientali, sarebbe auspicabile una soluzione per supportare parte della
domanda energetica dell'impianto attingendo da fonti rinnovabili. Considerata la
particolare natura del prodotto, la produzione degli scarti di materiali (spesso
con funzioni monouso) durante le fasi della lavorazione e quindi il trattamento di
fine vita imposto dalla classificazione in rifiuti speciali, cosi come I'utilizzo di
prodotti chimici, costituiscono pratiche necessarie che non possono essere

- 68 -



modificate agevolmente senza compromettere la prioritaria qualita del prodotto
o la sicurezza delle operazioni. L'incidenza dei trasporti risulta in alcuni casi un
altro elemento di criticita. La selezione di fornitori (ad esempio di filtri, flaconi) o
di servizi (ad esempio il confezionamento del prodotto finito) entro distanze
contenute sono buone soluzioni per ridurre gli impatti. Al momento
dell’elaborazione, non essendoci ancora una PCR di riferimento, lo studio &
stato verificato e pubblicato da EPD International AB (Environdec, 2016) come
Pre-certified EPDa settembre 2016 (Neri et al., 2016).

3.2. Sviluppo di una nuova PCR per i prodotti ematici

La ricerca di una PCR di riferimento, a partire dai programmi conformi alla ISO
14025 (ISO, 2006), ha confermato I'assenza di una PCR specifica. Una PCR
esistente sotto lo stesso codice di classificazione prodotto (i.e. UN CPC 35270
“other pharmaceutical products”; UN CPC, 2016) riguarda “vaccines for human
or veterinary medicine, whether or not put up as medicaments” (Borla, 2011) ed
€ servita come linea guida per lo svolgimento della prima LCA. La principale
differenza consiste nella materia prima: per i vaccini € costituita da prodotti di
sintesi, mentre per gli emo-derivati & materiale organico prodotto e donato da
individui. Il sangue € una risorsa limitata che non pud essere prodotta in
laboratorio e deve essere gestita con molta attenzione per evitare
contaminazioni. Inoltre, il plasma €& anche considerato come scarto
farmaceutico dal trattamento del sangue (PCR valida anche per UN CPC 39931
“pharmaceutical waste”, UN CPC, 2016).

L’elaborazione preliminare dellLCA per il kit monodose di Emoclot & risultata
fondamentale per procedere alla stesura di una PCR specifica per prodotti
derivanti da sangue umano o animale. A titolo esemplificativo, seguono alcune
osservazioni su contenuti della PCR redatta a partire dalla LCA di Emoclot. In
merito alla fase di upstream, nel caso di prodotti processati (e.g. plasma e
derivati del plasma), il processo di prelievo del sangue, controllo e stoccaggio
nei punti di raccolta, possono essere trascurati; mentre, se il sangue € solo pre-
trattato (e.g. rimozione dei leucociti) e utilizzato per trasfusioni, i processi di
prelievo, trattamento e impacchettamento devono essere inclusi nell’analisi. In
merito ai prodotti riconducibili alla CPC 39, la filiera produttiva & considerata
simile a quella dei prodotti derivati (i.e. inizio dalla fase di trasporto del plasma
dai punti di raccolta). Lo studio LCA si é rilevato basilare anche per definire le
procedure di allocazione e identificare le categorie di impatto addizionali.

Nel Public Consultation Stakeholder Group (PCSG), durante il processo di open
consultation (7/2016-9/2016), sono stati coinvolti enti di ricerca, esperti LCA,
enti certificatori, aziende nazionale ed internazionali, oltre ad associazioni del
settore e consumatori. Dopo I'approvazione delle modifiche suggerite da parte
del PCSG e dalla Technical Commettee, la PCR & stata pubblicata da EPD
International AB (Environdec, 2016) a meta dicembre 2016 (Neri e Pulselli,
2016).
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4. Conclusioni

Attraverso la LCA sono state valutate le implicazioni ambientali del processo
produttivo del Fattore VIII (i.e. plasma-derivato Emoclot) ed evidenziate le
principali criticita (hotspots). L’approvvigionamento energetico (metano;
elettricita) nella fase di Core, I'utilizzo di prodotti chimici e materiali in plastica
nel processo di Upstream e la fase di fine vita nel Downstream sono i fattori di
criticita prevalenti per le categorie d’impatto GWP100, AP ed EP. Il trattamento
delle acque reflue e I'uso di acqua incidono principalmente sulla categoria EP.
Per la categoria POP, risulta rilevante l'effetto dell’'utilizzo di etanolo nei
processi di Upstream e Core. Anche la produzione di scarti e rifiuti (utilizzo di
materiali mono-uso e smaltimento come rifiuti pericolosi) e I'utilizzo di specifici
prodotti chimici determinano effetti rilevanti. Considerato che Emoclot & un
prodotto farmaceutico utilizzato a fini terapeutici, le azioni di mitigazione sono
limitate dalla priorita di garantire qualita e sicurezza del prodotto finale. Possibili
raccomandazioni per il sistema di gestione ambientale sono pertanto
principalmente riferite al settore energetico (produzione elettrica da fonti
rinnovabili). L’analisi LCA del Fattore VIII &€ una prima esperienza di
monitoraggio in ambito di plasma-derivati che pu0 essere estesa ad una serie di
prodotti analoghi. Lo studio & risultato propedeutico per I'elaborazione di una
nuova PCR su prodotti derivati del sangue umano e animale.
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Abstract

This study aims to assess the environmental performances of a novel process of bio-plastic
(polyhydroxyalkanoates, PHAs) production using winery waste. Sustainability is measured by
an attributional life cycle assessment and compared both with results reported in literature for
PHAs, and with results of a fossil-based plastic (polypropylene, PP), and of an alternative bio-
based plastic (bio-polypropylene, bio-PP). PHAs produced from wine industry residues,
although generally better than other PHAs in terms of greenhouse emissions and energy
demand, show mixed results. Large environmental benefits in terms of both global warming
potential reduction, lesser energy use and resource depletion, are counterpoised to higher
impacts on other categories also when compared to both PP and bio-PP. Research shall
deeper investigate the effects of combining different waste and residues in input and of the fate
of co-products and waste obtained by their processing.

1. Introduction

Polyhydroxyalkanoates (PHAs) are generally considered environmentally
friendly biopolymers because they are biodegradable and they can be produced
from different carbon sources, including renewable feedstocks and biomass
wastes instead of petrochemicals.

Life cycle assessment (LCA) is a standardized and powerful method to quantify
environmental impacts of various products and to compare their environmental
performance, able to take into account the products energy and resources
consumed, as well as the generation of emissions and wastes, throughout their
entire life span ‘from cradle to grave’. This kind of application allows avoiding
environmental burden shifting from one process stage to another or from one
environmental compartment to another.

Several LCA studies have been carried out on PHAs. These studies differ from
each other in several features and analysis conditions. Most of them focus only
on greenhouse gases emissions and energy requirements (Harding et al., 2007;
Kim and Dale, 2005; Khoo et al., 2010). The ‘cradle-to-factory-gate’ analysis is
the most recurrent while the study of end-of-life phase is quite uncommon
(Khoo and Tan, 2010; Sakamoto, 2012; Posen et al., 2016). Table 1 lists a
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number of LCA studies and related results regarding cumulative energy
demand and CO2 emissions.

Table 1: Cumulative energy demand and GWRP results for LCA studies on PHASs.

Author MJ/kg PHA | kg COzeq/kg PHA LCA extent/
System boundaries
Kurdikar et al., 2001 - -4.0-5.8 Cradle-to-gate
Nonato et al., 2001 113.7 - Cradle-to-gate
Kim and Dale, 2005 -25-107 1.6-4.1 Cradle-to-gate
Harding et al., 2007 44.7 2.6 Cradle-to-gate
Kim and Dale, 2008 2.5 -2.3 Cradle-to-gate
Khoo et al., 2010 52.53 - Fermentation &
recovery stages
Sakamoto, 2012 183.8 4.6 Cradle-to-grave
Kendall, 2012 49 -76 3.1-5.1 Cradle-to-gate
Fernandez-Dacosta et al., 106 — 158 2-43 Cradle-to-gate
2015
Posen et al., 2016 - 2.7-6.9 Cradle-to-grave

Not surprisingly, the conclusions of these studies are sometimes contradictory:
outcomes are dependent on different inventory analysis and specific process
conditions, and life cycle emissions are strongly tied to modeling assumptions
and feedstock choice (Hottle et al., 2013; Yates and Barlow, 2013).

Greenhouse gaseous emissions of 1 kg of polypropylene (PP) are 2.0 kg
CO2eq, while energy requirements are 73.4 MJ/kg (PlasticsEurope, 2008). So, it
is not clear whether PHAs show any clear advantage compared to fossil-based
polymers. Anyway, all papers state that PHAs could contribute to sustainability
and climate mitigation, and would raise environmental awareness. Current
research shows that the use of low cost raw materials in the production and
greener solvents for the extraction of PHAs could contribute both to climate
objectives and cost drop.

This study aims to assess the overall environmental performances of an
innovative process of PHAs production analyzed in VALSOVIT project
(http://www.valsovit.it), and to compare them with those of a petrochemical-
based plastic, PP, and with those of an alternative bio-based plastic, bio-
polypropylene (bio-PP).

2. Methodology

An attributional LCA model is adopted in the present study.
2.1 System boundary

LCA system boundaries for PHAs include the following steps: volatile fatty acids
(VFAs) production, fermentation, PHAs extraction with dimethyl carbonate
(DMC), plastic end-of-life (EoL). Processes assumed to be identical or similar
both for a typical fossil-based plastic and a plastic coming from renewable
resources are omitted, i.e. use, product manufacturing, waste collection and
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transport phases. This is consistent with previous LCA studies of biopolymers
and conventional polymers (e.g., Posen et al., 2016).

The system boundary is both from ’cradle-to-grave’ and from ’cradle-to-cradle’,
in fact it is assumed that a share of the bioplastic item is landfilled or
incinerated, while another share is recycled. We consider the same fate for the
three types of plastic, due to the fact that specific supply chains for the
collection and processing of bioplastic waste are not yet implemented at
European level. Despite identical for the three plastics, this step has not been
omitted since the individual processes differ, and consequently different results
are foreseen.

Decisions regarding the co-products treatment are potentially important
contributors to differences among LCA studies. System expansion is the
baseline method for handling co-products, consistently with ISO 14044.
Accordingly, in PHAs production model a fate for each co-product is designed.
Biogas and syngas are sent to a combined heat and power (CHP) plant, while
two scenarios are considered for biochar: in the first one (NBT), no treatment is
envisaged, biochar is simply stored; in the second one (BC), biochar is burned
in a power plant. Power and heat are accounted as a credit for the process.

2.1.1 Inventory data and model organization

The study is based both on primary data at laboratory scale and on databases
and engineering calculations for background processes; estimates are used to
scale-up the whole process to an industrial level. The entire process is designed
for a 500 kg/h input capacity. LCA analysis is conducted using GaBi 6 software.
The databases used for obtaining background data are Gabi Professional
Database (Thinkstep, 2016) and Ecoinvent Database (Ecoinvent Centre, 2012).
The model for the production of PP and bio-PP relies on data from Gabi
datasets. The functional unit is defined as 1 kg of plastic material (PP, bio-PP
and PHB) ready for the product’s manufacturing.

2.1.2 VFA production

The biomass in input is a sludge from the anaerobic digestion of wastewater
from Caviro Distillerie processing plant. The drying step is modelled as belt
dryer, and a condensation step for evaporated water with heat recovery
included. Once dried, biomass is pyrolyzed, yielding biochar, syngas and bio-oil.
The latter is sent to an anaerobic digester where acidogenic fermentation
occurs and VFAs are generated. The sludge from the digester is dewatered by
a centrifuge and VFAs are concentrated by an experimental membrane system
which requires a centrifugal pump, and then sent to the aerobic reactors where
microbial biomass able to accumulate PHAs is grown.

2.1.3 Biomass production

Microbial biomass with 44% of PHAs is obtained by coupling a sequencing
batch reactor (SBR), where microbial biomass is produced, and an
accumulation reactor (AR) where microbes convert VFAs into PHAs. Air
sparging and liquid mixing are needed in both SBR and AR. The feeding of
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VFAs to the aerobic reactors, and the transfer of microbial biomass are
performed by pumps. A first dewatering stage to concentrate biomass is carried
out by filtration, and a further one is modelled as a co-current spray dryer to
increase dry matter share before PHAs extraction.

2.1.4 PHAs extraction

The model is designed for the extraction of polyhydroxybutyrate (PHB) with
DMC. The biomass and the solvent are centrifuged and kept at 90°C for 4 h,
then the polymer is recovered after filtering and evaporating the solvent. The
recovery rate is set to 60%. The extraction processes are composed by
centrifuges, batch reaction vessels and air dryers.

2.1.5 End of Life

As mentioned above, the EoL phase is modelled in the same way for the three
plastics analyzed. The percentages provided by Plastics Europe (2015) have
been used to allocate the fate of the plastic and bioplastic waste in our model.

2.2 Life Cycle Impact Assessment

The following impact categories have been chosen: 100-years climate change
(GWP, excluded biogenic COz2), ozone depletion (OD), human toxicity cancer
(HTc) and non-cancer (HTnc) related, freshwater ecotoxicity (FE), acidification
(AC), photochemical ozone formation (POF), freshwater eutrophication (EuF),
marine eutrophication (EuM), terrestrial eutrophication (EuT), particulate matter
(PM), ionizing radiation (IR), resource depletion (RD) and water depletion (WD).
The methods recommended by ILCD Handbook (EC-JRC, 2011) have been
used. Energy demand (ED) has been calculated too.

3. Results

Table 2 reports overall results for PP, bio-PP and the two scenarios for PHAs.

Table 2: Life Cycle Impact Assessment results for PP, bio-PP and PHAs.

Impact Unit PP Bio-PP PHA - NBT PHA -BC
category scenario scenario
AC mole of H* eq. 4,21E-03 3,06E-02 4,95E-02 2,95E-01
GWP kg CO2 eq. 1,90E+00 3,15E+00 1,38E+00 -2,09E+01
FE CTUe -5,24E-03 1,74E+00 1,75E+01 2,41E+01
EuF kg P eq. 8,49E-05 7,21E-04 7,67E-03 7,74E-03
EuM kg N eq. 7,02E-04 1,50E-02 6,37E-02 8,67E-02
EuT mole of N eq. 7,90E-03 1,10E-01 4,10E-01 6,77E-01
HTc CTuUh -3,89E-11 5,40E-08 4,58E-07 5,58E-07
HTnc CTuUh 1,95E-09 9,99E-08 1,00E-06 2,10E-06
IR kBq U235 eq. -1,13E-01 5,22E-02 -6,74E+00 -1,64E+01
oD kg CFC-11 eq. 1,00E-07 1,20E-09 -9,31E-11 2,70E-08
PM kg PM2,5 eq. 2,24E-04 6,26E-02 9,70E-04 2,09E-02
POF kg NMVOC 2,14E-03 1,49E-02 8,93E-02 1,62E-01
WD m® eq. -2,43E-03 5,56E-02 8,52E-01 6,13E-01
RD kg Sb eq. 2,08E-07 5,00E-06 -3,20E-04 -3,91E-04
ED MJ 3,56E+01 9,72E+01 -1,17E+02 -6,24E+02
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Figure 1: 100-years climate change (excluded biogenic carbon) impact category; results
detailed for production and end of life phases.
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Figure 2: Primary energy demand from renewable and non-renewable resources (net calorific
value) impact category; results detailed for production and end of life phases.

Detailed results for PHAs two scenarios are shown in Figure 3 and Figure 4,
where the relative contribution of each LCA phase to each midpoint impact
categories score are reported and compared.
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Figure 3: PHAs model - NBT scenario. Relative contribution of LCA phases to midpoint impact
categories scores.
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Figure 4: PHAs model - BC scenario. Relative contribution of LCA phases to midpoint impact
categories scores.

In terms of GWP and ED, PHAs perform better than PP and bio-PP. The fate of
PHAs production process co-products (biochar, syngas and bio-gas) has a
great influence on results: their use for energy production more than offsets the
energy consumed in the process, generating high credits in terms of both
energy and GWP. Accordingly, the EoL phase for PHAs generates an
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environmental impact, due to the material recycling share and the
corresponding avoided production of the equivalent amount of PHAs.

The positive result for IR impact category is due to credit from avoided use of
EU 27 electricity grid mix, which has a quite high share of nuclear power. For
AC, EuF, EuM, EuT, FE, HTc, HTnc and POF impact categories, PHAs
performs worse than PP and bio-PP, mainly due to the combustion process
involved in co-products valorization. The negative performance in water
depletion category is mainly due to high water consumption in VFAs extraction
phase. The positive result in resource depletion category is due to the use of
residual and renewable materials. The negative result for bio-PP in particulate
matter category is probably highly influenced by emissions in the agricultural
phase.

The EoL phase scores are always opposite to those of PHAs production,
because PHA material recycling causes an environmental benefit to be avoided;
an alternative solution (e.g. composting) shall be studied. The VFA production
phase has high influence in both scenarios and for every impact category,
mainly due to the co-products generation and fate accounted for in this phase;
the use of biochar, syngas and bio-gas for energy production shows both
positive and negative effects. The biomass production phase has high influence
on GWP and ED categories, mainly due to a high electricity consumption of
processes taking place at this stage. The high score of PHAs extraction in
ozone depletion category is probably due to methanol produced in solvent
(DMC) production process.

4. Conclusions and recommendations

PHAs produced from wine industry waste show mixed results, accordingly to
results reported in literature (Weiss et al., 2012). Large environmental benefits
in terms of GHE reduction, lesser energy use and resource depletion, are
counterpoised to higher impacts on other categories when compared to both
fossil-based and bio-based plastic. Nevertheless, these materials are of great
interest and promising also in view of wide margins of improvements still
possible in the production process.

Research in this field shall go on and investigate the combined use of different
organic residual biomass for PHAs production, the different end-of-life pathways
for the co-products obtained by the pyrolysis of winery and distillery waste, and
the energy recovery from biomass remaining after polymer extraction.
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Abstract

This paper presents and discusses the applicability and the main challenges of the methodology
Organisational LCA to an organisation in the sector of agricultural equipment. The main
methodological issues related to the modelling of end of life are discussed, together with the
possible sinergies and complementarities with the ISO 14001:2015.The O-LCA has proven to be
a very useful and complete approach for an organisation, and contributing to make a step towards
Sustainable Development Goals, namely “Sustainable Production and Consumption Patterns”.
By looking both at the product portfolio and at the activities, it provides a global view on the
organisation and allows identifying the most effective and efficient interventions to optimise the
environmental performances. It is close to the way the organisations are used to deal with the
environmental management and, as such, the O-LCA could represent the analytical tools within
the already existing management schemes.

1 Introduction

According to sustainable development principles and aiming at reaching SDGs,
production systems need to adopt accouting methods enabling them to measure,
evaluate and minimize natural resources’ use, toxic emissions and waste
generation throughout their value chain.

Among the available accounting methodologies and tools to measure the
potential environmental impacts, the Greenhouse Gas Protocol (GHGs) is spread
among organizations in order to understand, quantify and manage emissions of
GHGs [EU, 2009]. Other initiatives, such as the Carbon Disclosure Project, Water
and Carbon Footprint [CDP, 1ISO2014, 1ISO2013] are frequently used to measure
and communicate the environmental impacts and commitment of organizations.
The above-metioned tools are focused on one single environmental aspect or
indicators and don’t follow a multi-impact approach.

At European level, the DG Environment, together with the JRC, has worked on
the development of the Organization Environmental Footprint methodology [OEF,
2012], providing a multi-criteria and life-cycle-based approach for organizations.
Then, in 2014 the ISO 14072 on Organisational LCA (ISO 2014) has been
released, further strengthened by the publication of the O-LCA Guidance in 2015
by the UNEP/SETAC Life Cycle Initiative (LCI) [UNEP/SETAC 2015], Martinez-
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Blanco, 2015]. Only few case studies on O-LCA or OEF have been published
[Resta, 2016; Neppach, 2016 JCP], however in 2016 the UNEP/SETAC LCI
launched an International Road Test aimed at gaining experience on th O-LCA
trough the promotion of a Road Test in twelve organisations all over the world.

This paper presents and discusses the applicability and the main methodological
challenges of the O-LCA methodology to an organisation in the sector of
agricultural equipment. This study - carried out as part of a master thesis with
CIRSA (University of Bologna) with the scientific and technical support of
Ecoinnovazione srl - has been conducted within the Road Test promoted by the
UNEP/SETAC LCI, and it is aimed at:

1. Presenting the application of O-LCA to the case study of an organisation
operating in the sector of agricultural equipment;

2. Discussing the challenges of O-LCA;

3. Discussing the added value for the organization.

2 Methodological approach

The O-LCA study was carried out according to the ISO 14072 and the Guidance
on Organizational Life Cycle Assessment [UNEP/SETAC 2015].

In addition, insights for the application of the O-LCA methodology have been
taken from the OEF methodology, following the recommendations and the
requirements set during the Pilot phase on PEF and OEF at European level. More
in detail, this applies to the definition of approaches for dealing with end of life -
EoL (including multi-functionality in recycling), for the data quality evaluation and
for the impact assessment. Within the scope of this paper, only the issues related
to the modelling of EoL are discussed, as they are those that can affect more the
final results.

The reference year of the study is 2012.
3 O-LCA case study: production of agricultural equipment

3.1 Goal and scope definition

The reporting organisation is the Maschio Gaspardo S.p.A., limited to its
production plants in Italy. Maschio Gaspardo is a multinational leader specialised
in the production of agricultural equipment for tillage, seeding, crop care, green
maintenance and hay making. The products’ range covers more than 150 types
of agricultural machineries and the Group manages all the phases of the
production process of the agricultural machines, i.e. from the design to the
production, sale, customer care management, technical assistance, but they do
not recover the agricultural machineries at the end of their life.

The organisation has started its pathway for the assessment of the environmental
impact in 2012 and 2013 with the quantification of the carbon. Afterwards, the
Group decided to voluntary apply the methodology for the quantification of the
Organisation Environmental Footprint.
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After the publication of the ISO/TS 14072, the Group wanted to check the
alignment of the previous work with the new O-LCA. For this purpose, they
decided to candidate the organisation to the road test, considering the following
internal goals:

- Have a deeper knowledge of the potential environmental impacts related
to company’s operations;

- Track their environmental performances over time for internal purposes;

- Expand the scope of the analysis, by including also the use and end-of-life
stages, previously not included in the OEF study;

- Evaluate the degree of internalisation, in the management procedures, of
the O-LCA methodology;

- Evaluate whether simplifications in the approach — compared to the OEF
study — could have been applied, to ease the efforts in the application of
the methodology.

The target audience is the management committee of Maschio Gaspardo and the
coordinator and co-chair of the road test.

As far as the definition of the organisation’s boundary is concerned, the financial
control has been selected as consolidation method. Therefore, only the plants
located in Italy for which Maschio Gaspardo has the whole financial control (100%
owned) have been considered. As such, only the operational plants have been
included, i.e. those that design and produce the product portfolio, namely:
Campodarsego (Padova), Cadoneghe (Padova), Morsano Morsano al
Tagliamento (Udine).

The reporting flow is represented by the overall annual production (expressed in
number of sold products) of the subset of the Italian plants, i.e. 23.196 products.

The system boundary are from cradle-to-grave, thus the life cycle phases/classes
and related activities examined in the study are the following:

e Products: Raw materials extraction and pre-processing; Transport of the raw
materials/semi-finished product to the Maschio Gaspardo’s plants;

e Production plants: Manufacturing of the finished products; Disposal and
treatment of solid and liquid waste; Employee commuting, personnel
travelling, and client and visitor transportation using vehicles owned or leased
by Maschio Gaspardo;

e Use of sold products;

e End-of-life (EoL) of the products sold.

3.2 Life cycle inventory
The data collection was organised as an hybrid approach, i.e. a mix between
(mainly) top-down, considering the reporting organization as a whole, and the

bottom-up, used for the accounting of raw materials and its transport and for use
phase and EoL.

For modelling the product portfolio, a cut-off criterion of 23,2% based on the
economic value has been applied for the collection of the data on the products
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and their modelling. Then, the whole amount of products sold has been
considered as characterized by the most representative product categories, from
the point of view of the annual turnover, namely: Cereal drills; Mulchers; Power
harrows; Rotary tillers; and Vacuum Precision Planters. For each product
category, a representative product has been selected (the most sold one) and
these products have been modelled in terms of % composition of the materials
they are made of. The remain products, which consist mainly of spare parts, are
made of the same materials already accounted for in the representative products,
and, from the point of view of the weight, differences are negligible compared to
the ones considered. Overall, this caused an underestimation of the impact of the
product portfolio, but did not affect the trends of the results (the product portfolio
is the main relevant contributor to the overall life cycle).

Energy and resources use have been calculated according to the invoices/bills.
The electricity is partly self-produced through photovoltaic panels positioned
above the roofs of the plants. Part of the self-produced electricity is sold to the
network. The remaining part of the electricity is anyway purchased by from the
national electricity grid. The self-produced and not used electricity, fed into the
grid, has been accounted for as credit, i.e. avoided impacts of electricity
production according to the national mix.

As far as the waste is concerned, the amount has been retrieved from the
Environmental Declaration Form, and they have been modelled according to the
50:50 approach, as described in the EoL formula of the PEF and OEF Guidance
[2013/179/EU]. It is worth pointing out that the formula, despite being called “EoL
formula”, accounts not only for the recycling, recovery and disposal activities
(these main components have been ointed out by grouping the main factors), but
also the production side, in temrs of both virgin and recycled content.
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The use phase of agricultural machineries is highly dependents on the specific
conditions of use, namely the soil, climate, cultivation techniques, crops
considered, and the different users (e.g., small farms owners vs contractors).
Given this variability, an estimation of the gasoline consumptions for the
agricultural machines during the use phase has been done with the technicians
of the organisation, considering the tillage of 300 ha/yr of land for all the
machineries. The purpose was to evaluate the influence of this phase to the
overall environmental performance of the organization.

3.3 Life Cycle Impact Assessment and Interpretation

The ILCD/PEF recommended method, midpoint, v.1.09 has been applied and the
results are reported in Figure 1.
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Organizational Life Cycle Assessment - 2012

B Products M Production Plants  ® Use of products M EoL prooducts

Figure 1: Characterized results for all impacts category.

The results show that the life cycle phases of “use” and “EoL” are dominant in all
the environmental impact categories, and especially the use phase strongly
affects the overall results, with the exception of the impact categories “ozone
depletion” (6%) and “ionizing radiation” (15%). It is important to note that the use
phase has been quantified by means of a rough estimation, i.e., assuming an
average land parcel and a tillage operation, due to the huge variability of
conditions of use. The same degree of uncertainty is applicable also to the
assessment of the EoL stage.

Given the strong assumptions made for the use and EoL stages and the above
considerations, for easing the interpretation of the results of the study, these two
phases have been excluded from the following steps of the detailed analysis of
the characterized results (Figure 2), but taken into consideration when drawing
the conclusions.
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B Materials ® Facilities

Figure 2: Characterized results for all impacts category.

Products, namely the raw material productions and their manufacturing, give the
major contribution to the overall environmental impact of the organisation. The
material with major environmental impacts is structural steel (used in all the
agricultural machineries and electronic components), while the transport to the
facilities contributes only to a minor extent, with the exception of the impact
categories of Acidification (23,3%) and Eutrophication (marine: 30%, terrestrial:
31%). The trend is confirmed also for the other impact categories. The only
exceptions are given by the impact categories Human toxicity non-cancer effect
and Resource depletion water, for which the activities and related consumptions
within the analysed production plants play a relevant role. However, this does not
mean that the potential impacts at the production plants shall not be considered
because negligible compared to the others. On the contrary, the product portfolio
and the production plants are the two main component of an organisation, and,
for both, improvement actions can be identified and implemented, even if the
degree of influence of the company is different.

A sensitivity analysis was carried out to test the results of the EoL modelling
approach applied to the waste produced in the manufacturing stage. In particular,
the 0-100 approach was tested, which assumes that the recycled materials that
will be produced at the EoL of the product will retain the properties of the original
material input to the life cycle, and credits the product for displacing virgin material
production in proportion to the recyclability rate. The actual content of the
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recycled material is not considered. While the results of the potential impacts at
the analysed plants (those in which waste is produced and has to be treated)
show major differences, the overall results are of the same order of magnitude,
with the exception of the impact category water depletion (75%), human toxicity
cancer effect (114%) and human toxicity non-cancer effect (62%). This is
because the lower contribution of "Production Plants” to the total impacts (Table

1).
For this specific application, the choice of the approach for dealing with multi-
functionality in EoL did not significantly affect the results.

Table 1: An extract of the % difference of the results obtained with the defailt EoL method
and with the 0:100 approach. The last column reports the % difference related to the
contribution of the production plants only, while the previous column reports the
difference with respect to the total results.

Tot O-LCA

2012 Products | Production
(default portfolio Plants

Eol)

% diff | % diff with
with 0:100 on
0:100 the
on the | production
total res | plants res

Impact category

Acidification midpoint
(v1.09) 3,32E+05 | 2,89E+05 | 4,30E+04 -0,9% 148,8%
[mole of H+ eq.]

Climate change
midpoint, incl biogenic
carbon (v1.09)

[kg CO2-Equiv.]
Eutrophication marine
midpoint (v1.09) 7,63E+04 | 6,36E+04 | 1,27E+04 3,2% 218,6%
[kg N-Equiv.]
Regarding the facilities, Cadoneghe is the most relevant plant, because it is the
facility in which the manufacturing activities take place. Morsano plant stands out
as the most relevant one for the impact categories of Acidification, Eutrophication
(marine and terrestrial) and Climate change, due to the contribution of the
employees’ commuting. In Campodarsego, waste management plays a relevant
contribution, while business travels do not affect the overall environmental profile.

5,65E+07 | 4,55E+07 | 1,10E+07 -5,0% 133,0%

4 Discussion and conclusion

As far as the practicability of the O-LCA is concerned, as expected, no significant
differences can be identified compared to the OEF previously implemented for
this organisation. However, an overarching consideration is related to the
dichotomy “prescriptiveness” of the OEF vs “guidance” of the O-LCA. The O-LCA
guidance leaves freedom in several methodological choices of interest for the
study, such as: modelling of multi-functionality in EoL, choice of the impact
assessment method, selection of the most relevant environmental impact
categories. On the other side, the O-LCA proved to be much more clear and
effective in guiding the practitioner in the definition of the system boundaries of
the organisation, by providing a clear guidance on the different consolidation
methods. In this regard, we think that an increased guidance could ease the
application of the methodology and make it less resource-consuming.
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From the organisation point of view, the O-LCA has proven to be a very useful
and complete approach for an organisation. By looking both at the product
portfolio and at the activities, it provides a global view on the organisation, and
allows identifying the most effective and efficient interventions to optimise the
environmental performances. It is closer to the way the companies and the
organisations are used to deal with the environmental management and, as such,
the O-LCA could represent the analytical tools within the already existing
management schemes, such as the ISO 14001.
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Abstract

Although uncertainty issue and the usefulness of a serious uncertainty analysis have been
widely discussed, the quantitative analysis of uncertainty is still an uncommon depth in LCA
studies. Based on a literature survey on the International Journal of LCA from 2010 and 2016,
we have explored what kind of uncertainty is more frequently investigated (parameter, scenario
or model uncertainty) and which methods were used to perform the uncertainty analysis. Survey
results show the increased interest of scientists in the uncertainty estimation. Parameter
uncertainty is the most frequently addressed: most of the papers calculate the uncertainty
associated with impact assessment results, and numerous studies estimate the uncertainty
associated with the input data. The most applied methods concern the evaluation of uncertainty
propagation of input hypotheses in the output results.

1. Introduction

Life Cycle Assessment (LCA) constitutes a viable screening able to point out
environmental hotspots in complex products, processes and value chains
because it tends to be holistic, systematic, and multidisciplinary, but
completeness in scope comes at the price of simplifications and uncertainties.

The international standards to support the LCA implementation do not examines
in depth the issue of uncertainty. In ISO, 2006/a, chapter 3, the uncertainty
analysis is defined a “systematic procedure to quantify the uncertainty
introduced in the results of a life cycle inventory analysis due to the cumulative
effects of model imprecision, input uncertainty and data variability”, and “Either
ranges or probability distributions are used to determine uncertainty in the
results”. In 1ISO 2006/b, chapter 4.4.4, as additional LCIA data quality analysis,
the uncertainty analysis consists in “a procedure to determine how uncertainties
in data and assumptions progress in the calculations and how they affect the
reliability of the results of the LCIA”. In chapter 4.2.3.6, it is stated the data
quality requirements should address uncertainty of the information, e.g. data,
models and assumptions. Moreover, relatively to characterization models,
information about uncertainty of the linkages between the category indicators
and the category endpoints must be provided. Finally, in ISO, 2006/b, chapter
4.5.4, in the interpretation phase, uncertainty in the results can be characterized
with the use of ranges and/or probability distributions and used to support
conclusions.

The concept of uncertainty analysis in LCA studies is also discussed in the
literature, through a decennial debate. In fact, the reliability of LCA is affected
by dependence on data deriving from different sources, different unit
operations, and different countries, data that could not be collected for LCA
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purposes and from subjective methodological choices. Practitioners generally
assign single values to model parameters, build deterministic models to
approximate environmental outcomes, and report results as point estimates
(Lanzuela et al., 2014). This approach fails to capture the variability and
uncertainty inherent in LCA, reducing the effectiveness of LCA for supporting
private and public sector decision making (Lloyd and Ries, 2007; EC, 2010).

In 2007 Tannert et al. called “The ethics of uncertainty” and stated that “when it
comes to decisions that affect people’s lives and health [...] carrying out
research to diminish uncertainty and, consequentially, risks can become an
ethical duty”. In 2013 Gregory et al. stated that “the ILCD Handbook discusses
the importance of sensitivity analysis (like the ISO 14044 standard) and states
that scenario analysis and uncertainty calculations are the methods to support
the sensitivity analysis” but there is “a gap of meaningful guidance on
uncertainty analyses”.

In order to satisfy the needs of scientists and practitioners related guidelines
and expertise to support the uncertainty estimation, in 2004 more focus was
given by the International Journal of LCA (IJLCA) with the opening of the new
section "Uncertainties", exclusively dedicated to research and discussion
concerning this aspect of LCA.

Although uncertainty issue and the importance and usefulness of a serious
uncertainty analysis have been widely discussed (Heijungs and Huijbregts,
2004; Tannert et al., 2007, Toniolo et al, 2014), real uncertainty assessments
were rarely performed in the past. Previous studies underlined that, until
2000th, the quantitative analysis of uncertainties arising from the influence of
data quality on LCA results was still very much in its infancy and has rarely
been analyzed (Bjorklund, 2002; Ross et al., 2002). Starting from these notes, it
would be interesting to verify if and how, in the last few years, among scientists
and practitioners the consciousness and the ability of uncertainty in LCA studies
have increased. In other words, the research question is the following.
Nowadays, comparing to 15 years ago, is there an increasing interest among
scientists and practitioners to understand and reduce uncertainty in LCA?

Coherently with the research question, the aims of this work are mainly these:

- to make a systematic literature survey on IJLCA to understand how many
studies, in recent years, carried out an uncertainty analysis;

- to evaluate what kind of analysis was made (on parameter, on scenario or
on model uncertainty);

- to examine which methods were used in order to perform the uncertainty
analysis.

2. Theoretical framework to categorize the uncertainty in LCA

There are many ways of classifying uncertainty depending on the authors.
Heijungs and Huijbregts in 2004 showed that from 1989 and 2001 several
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authors introduced more than twenty types of uncertainty. Now, the most
unanimously recognised classification of uncertainty is suggested by US
Environmental Protection Agency (EPA, 1989): it considers the presence of
three main types of uncertainties: (a) parameter uncertainty; (b) model
uncertainty; and (c) scenario uncertainty. An example of this approach to the
uncertainty is in Clavreul et al. (2012), who classified uncertainty in parameter,
model and scenario uncertainty and presented the sources of uncertainty
specifically inherent to waste-LCA studies.

2.1 Parameter uncertainty

Parameter uncertainty reflects our incomplete knowledge about the true value
of a parameter (Huijbregts et al., 2003) and it concerns the uncertainty on the
process input data, environmental emissions and technological characteristics.
Coheretly with Lloyd and Ries (2007) we can summarize three types of
parameter uncertainty: parameters may be difficult to measure precisely
(imprecise measurements), precise values may be unavailable (lack of
data/measurements), and measures may be unrepresentative of parameters
(incomplete or outdated data). Parameters may only be based on expert
estimations or assumptions or, also, they can be inherently variable and
random, that is, not maintain a single value over time. Several procedures have
been developed to estimate the inaccuracy of inventory data, both qualitatively
and quantitatively, and its effect on LCA outcomes in order to improve their
reliability. Some of these procedures require the knowledge of uncertainty
distributions and correlation between parameters or uncertainty ranges of input
and output of specific processes.

2.2 Model uncertainty

Model uncertainty is the uncertainty related to simplifications of aspects of the
reality that cannot be modelled within the LCA structure (Bjorklund, 2002).
Assumptions, together with simplifications, lead to uncertainty concerning the
validity of the model predictions. We can assert that models add uncertainty
because of the structure and mathematical relationships in the models. If a
model suffers from large model uncertainties, the results of a parameter
uncertainty analysis may be misleading (Sonnemann et al., 2003). Important
model uncertainties are spatial and temporal characteristics that are generally
lost by the aggregation of emissions in the inventory analysis. Models may not
capture exact cause-and-effect mechanisms, there may be unknown
interactions among model parameters or a lack of knowledge about the
functioning of the system being studied.

2.3 Scenario uncertainty

Scenario uncertainty is the uncertainty related to choices that are unavoidable
in LCAs. A typical example of a choice that an LCA practitioner has to do in life
cycle assessment is the one of the functional unit, system boundaries and the
type of allocation rule of impacts for multi-output processes, multi-waste
processes and open-loop recycling. Other choices could concern the
assessment of future situations like the fate and disposal of long-life products.
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Very often, there is not one single correct choice and uncertainty arises from
these decisions because different choices can generate different LCA outcomes
(Huijbregts et al., 2003). Due to the discrete nature of the choice-related
uncertainties, these are not described by a continuous statistical distribution but
rather modelled as separate settings for the LCA, e.g. as distinct scenarios (EC,
2010). Significant choices having the potential to strongly influence the
precision of the final results of the LCA have to be identified in a different way
than the other contributors: by running the different possible choices as
scenarios and comparing the scenario results (L/loyd and Ries, 2007). However,
it is very important to not confuse the analysis of two different scenarios,
consisting in the check of how the change of a choice or of a parameter value
influences LCA results and equal in practice to a sensitivity analysis, with the
scenario uncertainty analysis. Indeed, the main difference between uncertainty
and sensitivity concerns the probabilistic dimension, that is present in the
uncertainty analysis; on the contrary, the sensitivity analysis refers to
deterministic information, that are assumed as true. It is possible to consider
both the uncertainty of the sensitivity analysis, for example estimating the
uncertainty variation in the final results that is caused by choice-related
differences.

3. Research methodology

This research, based on a literature survey, investigates the current situation on
the adoption of uncertainty analysis in LCA studies published in the IJLCA. To
conduct a systematic survey, the first methodological choice concerns the
method adopted to search and classify the papers. Coherently with the USEPA
model (EPA, 1989), as summarized in previous section 2, we have considered
the main three sources of uncertainty to classify the papers: uncertainty
parameters, scenarios and models. LCA studies and articles were identified by
searching in a scientific database, Springer Link (link.springer.com), and were
acquired from a unique source, the IJLCA, in a period of release from January
2010 to December 2016. The terms entered in the search bar were
"uncertainty" and "uncertainty analysis" and have produced the finding of
roughly 1130 publications, ordered by relevance.

A brief review of each identified publication was conducted in order to determine
if and in which part of the article the search terms appeared. This cursory
review was useful also to understand whether or not discussions of uncertainty
figured prominently in the presentation of the results, if uncertainty was only
acknowledged or only mentioned but not taken effectively into account. In the
following step, the articles selected were reviewed in detail and each study
examined using the following set of questions: (i) In which year was the paper
published? (ii) Was uncertainty analysis effectively performed and reported in
the paper? (iii) What type of uncertainty was evaluated? Parameter, scenario or
model uncertainty? (iv) What methods were used for uncertainty analysis?
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4. Results and discussion

At the end of the first selection procedure, 100 studies published were identified
addressing the uncertainty issue in LCA and useful in order to reach the goal of
the study. All these articles show evidences that indicate awareness and
interest towards uncertainty issue in LCAs.
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papers with uncertainty considerations M papers with uncertianty estimation

Figure 1: Papers published in IJLCA from 2010 and 2016 with uncertainty analysis.

Despite the first cursory review, 30 papers do not carried out an uncertainty
analysis of any kind. In these papers uncertainty was only nominated and
authors, even if they are aware of the presence of humerous uncertainties and
know their importance for the interpretation of the results of an LCAs study,
neglected the performance of an uncertainty analysis. Moreover, in some
limited cases there was also a wrong use of the terms, with sensitivity analysis
wrongly named and exchanged for an uncertainty analysis. Figure 1 represents
the annual distribution of LCA studies that discussed on the uncertainty (grey
bars), and that conducted an uncertainty analysis (black bars).

4.1 Discussion about the type of uncertainty evaluated

The first thing that was examined was the type of uncertainty evaluated in each
study, reminding that uncertainty was categorised in section 2, as parameter,
scenario and model uncertainty.

Figure 2 shows that the great maijority of the authors take into account the
parameter uncertainty. Therefore, this survey reflects the expectations.
Parameter uncertainty is the type of uncertainty most frequently addressed.
Causes can be of different nature. It could be because parameter uncertainty is
the most easily computable form of uncertainty due to the existence of methods
implemented in the software present on the market (e.g SimaPro). Maybe it is
the most commonly recognized form of uncertainty by LCAs practitioners.
Another reason could be the greater clarity in which it is treated in guidance,
standards and previous studies or also the greater availability of data for the
characterization of this kind of uncertainty. For example, the use of databases
(e.g Ecoinvent) in which input data are characterized in terms of distribution and
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variances may facilitate the performing of a parameter uncertainty when low
information about data are known.

It is also evident that very few papers analyse the effects of other types of
uncertainty, as scenario uncertainty and model uncertainty. In fact, LCA
practitioners usually opt to show the influence of different allocation methods,
boundary choice or of waste-handling scenarios on LCA results through a
sensitivity analysis.

A further and interesting investigation can be done instead on the kind of
parameters, models, and scenarios that are more often studied when a
parameter uncertainty analysis is carried out. Figure 3 synthesizes this
investigation. Concerning the uncertainty of parameters, 66% of the papers
focused on the calculation of the uncertainty associated with impact
assessment results. This result can be explained with the low effort necessary
for the calculation of this particular form of uncertainty due to the existence of
methods implemented in the software. However, there is also a lightweight
interest about this topic, with the proposal of new and different methods
concerning the propagation of uncertainties towards final outcome. Interest that
comes to light also for the estimation of uncertainty of input data (23% of the
cases) that was approached by authors in several ways.

Uncertainty of
parameters
64%

Sensitivity
named

uncertainty
5%

Uncertainty
only named
(not
estimated)
25%

Uncertainty
of models

B 3%
\ Uncertainty
d of scenarios

3%

Figure 2: Type of uncertainty analysis estimated in the LCA studies.
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Figure 3: Type of parameters, models, and scenarios uncertainty estimated in the LCA studies.

4.2 Discussion about uncertainty evaluation methods

Now we want to discuss about the methods that have been used for the
evaluation of the different kind of uncertainty. Several well-understood and
generally accepted methods were used to estimate the uncertainty propagation
in the final impact assessment results. As shown in Figure 4, first of all Monte
Carlo is the method most applied, in more than 50% of studies. The second one
is the Pedigree Matrix, followed by the Geometric standard deviation and similar
statistic indices. Only few authors adopted the Taylor series expansion method
and the Fuzzy propagation model.

Not specifriedV - 5
Other types - 9
Taylor series expansion - 4
Pedigree Matrix and derived methods _ 18

Geometric standard deviation and derived methods - 6

Fuzzy uncertainty propagation . 3

0 10 20 30 40 50 60

Figure 4: Methods adopted to estimate the uncertainty in the papers analyzed
5. Conclusions

Until the previous decade LCA practitioners lacked systematic approaches for
determination of data quality and uncertainty assessments. Therefore, the
uncertainty analysis procedure was generally not applied by practitioners and
considered not of primary importance.
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Now, through a literature review, concerning the papers published in [JLCA
from 2010 and 2016, we can affirm that the interest of authors in the uncertainty
analysis has recently increased, especially related to the estimation of
parameters’ uncertainty. Primarily, the interest in LCA studies concerns the
estimation of uncertainty related to the impact assessment results, and the
more frequently used statistical method to estimate the uncertainty is the Monte
Carlo technique. The main reason that justifies these results, probably, is
related to the uncertainty analyses included in the LCA software (e.g SimaPro).
However, LCA studies that address the uncertainty estimation in terms of
models and scenarios are still rare.

Therefore, we can confirm the conclusions drawn few years ago through
surveys similar to ours: the uncertainty analysis is still a topic of great interest in
the international scientific community. It will be possible to make significant
contributions to the interpretation of the results of the LCA studies especially
with reference to the uncertainty linked to the valuation methods and the
assumed end of life scenarios.
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Abstract

This study presents an application of the Social Life Cycle Assessment (S-LCA) method to a
textile product according to the guideline of social life cycle assessment of UNEP/SETAC. The
functional unit of the study is a cape knitted in a soft blend of wool and cashmere produced by a
textile company located in Sicily (Italy). The system boundaries of the study include the phases
of the life cycle from raw materials production, throughout tissue/accessories production to the
manufacturing process of the product itself at San Lorenzo Group. Background and foreground
processes are taken into account using primary data and secondary data. The primary data have
been gathered using questionnaires prepared for the focused stakeholder, while the secondary
data have been identified using the Social Hotspot Database. Among the five stakeholders
provided by S-LCA Guidelines, two have been taken in consideration (workers and local
communities), as the ones who can better represent the company's value. The final results of this
study are used to assess the main social performances related to a specific Italian textile product
in order to consider the various social values of the product manufactured in a company that has
a strong link with the territory.

1. Introduction

The textile industry is strategic for the “made in Italy”, representing a productive
sector of huge importance for the economy of the country. The latest data from
the ltalian Fashion System (SMI) reports on a turnover of €52 billion (+1.8%) in
2016. At the same time, the textile industry has a complex supply chain, with raw
material often produced in Asian countries where the labour conditions do not
necessarily conform to ILO conventions. This complexity of the textile and
clothing industry has made it difficult to assess the social issues along this supply
chain. In this context, sustainability is a topic providing endless inputs for
reflection. Indeed, following the example of other sectors, the textile and fashion
industry is also addressing the issue of sustainability, in particular social aspects.
For this reason, given the incidence of the problem, the importance of the textile
industry in Italy, and the lack of studies on the application of the S-LCA in this
specific sector, the S-LCA method was applied to a selected product of a textile
factory, the “San Lorenzo Group”, located in San Marco d’Alunzio, Messina
(Italy). The choice was not random, indeed in Sicilian companies (ltaly) social
assessment and reporting is still an uncommon business practice. Unfortunately,
few fashion companies realise the many benefits (especially economic) that
would derive from the application of S-LCA, but interest in these risk-avoidance
topics is growing. Indeed, the study aims to highlight the potential of the S-LCA
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method for grasping the social aspects of a product manufactured in a company
that has a strong link with the territory.

2. Methodology

The reference framework for the study is defined by the Guidelines for Social Life
Cycle Assessment of Products, which reflects the structure of the standardized
Life Cycle Assessment method. The S-LCA here presented assesses the social
performance of a selected textile product by adopting, for the characterization
phase, the SAM method (Subcategory Assessment Method). The reference
points for the implementation of SAM method are defined on the basis of norms
and of the socio-economic and geographic context.

2.1. Goal and scope definition

The goal of this study is to assess the main positive and negative social impacts
related to a specific Italian textile product in order to consider the various social
values of the product manufactured in a company that has a strong link with the
territory. The functional unit of the study is an order for a garment (consisting of
495 capes), knitted in a soft blend of wool and cashmere (60% wool and 40%
cashmere). The whole manufacturing process of the garment was carried out
from August 2016 to October 2016. Considering the numerous orders that the
company receives from its customers, this garment has been randomly chosen
by the authors in order to represent general manufacture of the company. The
product analysed contains characteristics common to almost all the products
manufactured within the San Lorenzo Group and it involves all the process units
of the company (cutting, ironing, etc.), common to almost all the products
manufactured within the San Lorenzo Group. The raw materials (fabrics and
accessories) are the only elements that differentiate one garment from another;
in fact, the risk analysis was carried out taking into account the countries of origin
of the fabrics and accessories of the selected garment. In the present study,
attention is focused on two of the stakeholder categories of the five suggested by
the S-LCA Guidelines: “Workers” (actors directly involved in the production of the
functional unit), and “Local community” (people living in the same territory where
the San Lorenzo Group is located who are somehow affected in their role as
users of local resources). The choice of focusing on these stakeholders has been
made because the aim of the study is to grasp the social aspects of a product
manufactured in a company that has a strong link with the territory and workers
and local community are the main stakeholders that may reflect this issue.
Indeed, the company operates in a non-simple area: San Marco d'Alunzio is a
small mountain village, situated in the Nebrodi mountains, that does not have the
necessary infrastructure to host an industrial context and it is strongly influenced
by the emigration of young people. Regarding the boundaries of the system, the
life cycle phases include, from cradle to gate, the stages of production of the raw
materials, the production of fabrics and accessories, and the production process
of the San Lorenzo Group for the manufacturing of the object of the study.

2.2. Inventory Analysis
Data collection includes both primary (at company level — local processes) and
secondary data (at country—specific sector level — global and national processes).
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For the foreground processes primary data was gathered through questionnaires
specifically designed for each stakeholder group and structured with questions
focused on evaluating each impact category. Three different questionnaires have
been used: a) Company questionnaire, b) Workers’ questionnaire, and c) Local
Community questionnaire. The three questionnaires principally allow a
triangulation of data received.

The Company questionnaire has been directly completed by the Human
Resources Manager. The questionnaire consisted of 89 questions specifically
aimed at evaluating the inventory data of each sub-category examined. It has
been entirely completed.

The Workers’ questionnaire has been submitted and completed, through direct
interview, to all the company employees directly involved with the manufacturing
of the functional unit. These 43 employees are 20 men and 23 women, of whom
12 people are aged between 18 and 30, 15 people are aged between 30 and 45,
12 people are aged between 46 and 55, and only 3 people are more than 55; one
worker did not answer to this question. These respondents represent 20.8% of
the total number of the company’s employees, and approximately reflect the
gender structure of the company’s employees.

The community questionnaire has been submitted and completed directly by a
sample of local citizens and institutions, through direct interview, in order to check
problems/benefits arising for the social and economic connection characterising
the local community and the company. Two questionnaires have been prepared
in this case: one for the company, completed by the head of human resources,
the other by several representatives of the local community for triangulation
purposes. The sample includes all the people that are somehow affected by the
presence of the company on the territory: the mayor, opposition councillors, the
priest and a representation of 23 citizens of San Marco d’Alunzio.

Results of the social subcategories investigated are shown in Table 3, with the
SAM method. For background processes, secondary data were gathered through
the Social Hotspots Database (SHDB), with country-specific sector aggregation
level, for which five Social Impact Categories have been assessed: Labour Rights
and Decent Work, Health & Safety, Human Rights, Governance and Community
Impacts. The primary data gathering has been carried out in strong synergy with
the San Lorenzo Group; the only problem was obtaining data and information
from the customer that commissioned the garment from the San Lorenzo Group.
Some assumptions have been made in reference to the place of production of
certain commodities (wool and metal buttons). Consequently, the countries of
production of raw materials are assumed to be: Mongolia (for cashmere); Italy
(for wool and metal buttons); Germany (for wire).

3. Results and Discussion

Analysing the results obtained at company level (Table 1), it can be said that the
San Lorenzo Group, for the analysed product, tries to have a positive impact on
the company's environment focusing on the security, the integration and the
sociality aspects. The results related to the analysed product highlight that the
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San Lorenzo Group is a socially responsible company, which takes into account
the expectations of its workers, assuming an attitude inclined to meet their needs
(in terms of safety, pay and career). In respect the functional unit, it has adopted
appropriate policies to develop and to consider staff as a component of its
competitive advantage. Thanks to these policies, the company has a qualified,
engaged and committed staff, with all the advantages that derive from this. For
manufacture of the product object of the study, the San Lorenzo Group embarked
on a path of social responsibility, establishing a strong relationship with its
employees and the territory. For example, the company hires home workers, thus
making it possible for older workers or people who are not able to move to
maintain their economic independence, carrying on the tradition of “double-face”
needlework. In addition, results highlighted that the workers do not perceive their
work activity as dangerous. Indeed, no accidents have been recorded in the past
five years, as a consequence the company seems to apply all the measures
related to health and safety. Moreover, the company implements a policy in
favour of the local community; during the year, the company sponsors events
organized by the municipality. The company promotes and finances cultural and
artistic events such as making charitable collections, making a financial
contribution to the restructuring of some churches located in San Marco
d'Alunzio. Beyond these situations, it should be highlighted that the mere fact of
being a company that carries out a particular type of hand processing, double-
face, is already a factor in promoting the cultural heritage. This has allowed new
generations to learn a precise art of sewing, which was in danger of being
abandoned. The San Lorenzo Group also contributes to the promotion of cultural
heritage in neighbouring villages, indeed it has helped to create the Museum of
the Sicilian Costume and Fashion at Mirto (ME), and attended a conference
aimed at enhancing the traditions and the revival of the textile industry in the
Nebrodi, at Sant'Agata di Militello (ME). Finally, the company provides its
employees with a company canteen, company nursery and various corporate
buses for transporting employees from neighbouring towns. In addition, for
workers residing in San Marco d'Alunzio, the San Lorenzo Group offers literacy
courses and ltalian language lessons for non-ltalian employees, in order to create
real integration among employees not only in the factory but also in the
community in which they live. In support of this, every Wednesday, the parish
priest of San Marco d'Alunzio gives foreign employees of the San Lorenzo Group
the chance to hold Orthodox celebrations. All these aspects reflect the A and B
levels assigned to most of the sub-categories and the only point in which the
company obtained a "C" concerns “Freedom of Association and Collective
Bargaining”. Indeed, since membership of labour unions by workers is free, it
cannot be said that the company evades the law; the abstention by workers is
probably due to the fact that they do not feel the need to join the labour union
since they already feel protected and respected by the company.

The analysis of the questionnaires highlights the lack of proactive action against
suppliers and other players in the value chain of the San Lorenzo Group. For this
reason, it has been thought an evaluation of the supply chain stages in the
country-specific sector (background processes) of the object of the study should
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be carried out. For the background processes, secondary data have been
gathered through the SHDB system in order to identify a first-cut list of prioritised
potential social impacts over the entire product category supply chain. The SHDB
Social Theme Tables list indicator data and qualitative information characterised
according to the level of risk (low, medium, high, and very high). Sector data is
not applicable or available for all indicators but is used when relevant and
accessible, like for child labour and wage rates. The textile industry in Italy may
generate moderate social impacts in the supply chain. Table 2 shows the average
weighted risk across all issues for each theme within the category: Low risks are
weighted at 0, Medium at 1, High at 5, and Very High at 10. The CSS of interest
are the country of production of raw materials. According to the sources
considered, table 2 indicates the issues with very high risk at the country level in
the countries involved. In most cases, the differences range within different levels
(e.g. from low to very high). The cashmere sector appears to be the most relevant
sector along the supply chain for this textile product. A difficulty is identified for
Working Time in Mongolia: the indicator is not available. Regarding ‘working
time’, the risk value is higher for Italy and Germany because we must consider
that countries having a better counting and reporting system are penalised when
they are compared with emerging countries. In recent years, in Mongolia the
textile industry has contributed to the growth of the economy: Mongolia has thus
become the third cashmere producer in the world, with a total world share of 30%.
In general, in Mongolia some of the themes for the various categories are at the
medium level. However, the results still show various “hot” social problems, such
as: Access to Improved Sanitation (5,000); Legal System (7,000); Corruption
(5,002); Occupational Toxics & Hazards (5,278); Access to Improved Sanitation
(5,000) and especially Child Labour is a very important social problem (7,500).
Despite Mongolia being one of the emerging countries, in the small rural
communities everybody lends a hand in the management of the family and cattle.
Hence, for most children it is almost impossible to receive a complete education.
Consequently, this situation has created a major social disease, child labour,
despite it being expressly forbidden. On the other hand, in Italy and Germany,
the results for all stakeholders do not appear to have a uniform trend for different
subcategories. Germany (Wire) is the country with social problems at low levels.
In Italy both the Metal product and Wool sectors have various difficulties at the
Governance level and Health and Safety level. Corruption seems to be a
particularly chronic problem in Italian society. Corruption not only creates
injustice, but also severely damages the country's economic life; Italians should
regain the values of responsibility and respect for the rules.
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Table1: Evaluations at company level- method SAM.

Stakeholders

Subcategory

Worker

Freedom of Association

and Collective Bargaining

Child Labour

Level | Assessment

3

Results

There are no workers associated with a union, as defined by the ILO Convention n. 87 "Convention on
Freedom of Association and Protection of the Right to Organise, 1948".

During data collection, no participation of workers under 15 years of age was detected, as defined by
the ILO Convention n. 138, "Minimum Age Convention, 1973".

Working Hours

3

Workers work an average of 48 hours a week, thus 8 hours per day, as indicated by ILO Convention n.
1 and n. 30 "Convention on hours of work in the C1 industrial companies", of October 28 1919.

Forced Labour

Equal Opportunities/
Discrimination

Fair Wages

Health and Safety

Social and Social
Security Benefits

Local
Community

Commitment To Local
Communities

Cultural Heritage

Local Employment

Access to Intangible
Resources

During data collection, no Forced Labour situation within the Company was highlighted. Therefore, the
company respects and applies ILO Convention n. 29 on Forced Labour, 1930 and n. 105 concerning the
abolition of Forced Labour, 1957 .

The organization claims to have a management system to prevent discrimination by promoting equal
opportunities among all employees, according to ILO Convention n. 100 "Equality of pay, 1951," and n.
111 "Discrimination (Employment and Occupation), 1958". Since 2015, the San Lorenzo Group has
organized, at its office, Italian language and culture courseswith the cooperation of the "G. Marconi"
School ofSant'Agata di Militello (ME). The objective of the initiative is to integrate not only within the
company but also within the local community.

The organization pays wages to a worker base equal to the minimum wage in the region where the
company operates (Sicily), as provided for by the national collective labour contract for employees of
textile and industrial companies.

The organization not only respects the national law on health and safety, but it does provide, at his
expense, an additional health coverage to older employees and their families.

The company, primarily, meets the requirements of social and safety benefits such as old age, holidays,
maternity leave, sick leave, disability, the right to study, etc., in accordance with ILO Conventions and
articles of the Italian Constitution (4, 32, 35, 41). Above all, the company provides its employees with the
company canteen, the company nursery and various corporate buses for transporting employees from
neighbouring villages.

The company actively participates in and is committed to the promotion and development of local
communities.

During data collection this was identified as a real and substantial commitment of the company. Indeed
the company participates personally and organizes various cultural events during the year. Moreover,
on several occasions, the company has contributed to the promotion and protection of monuments in
San Marco d’Alunzio: www.98zero.com/79464-convegno-rilancio-del-settore-tessile-sui-nebrodi.html

The company has the propensity to take on local workers.

The company offers various services to foreign employees living in San Marco d'Alunzio: The Technical
Economic and Technological Institute (I.T.E.T.) "Giuseppe Tomasi di Lampedusa" of Sant'Agata di
Militello (ME) has signed an agreement for the performance of school-work experience projects with the
company "San Lorenzo Group". The beneficiaries will be the students on a new course of study,
"Systems and Fashion", theonlysuch course in theprovinceof Messina. This allows students to carry out
weekly guided tours and internships in laboratories in the company's headquarters in San Marco
d'Alunzio. An initiative for the education of members of the community with the purpose of sharing
information and knowledge: www.itcgsantagata.gov.it
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Table 2: Characterised results- Method SHDB.

Theme Characterized Issue Country-specific sector | Risk Value Chz':::leltr;zed
Labour rights& Decent work
Mongolia No data No Data
Working Time Risk of excessive working | Italy (wool) 1,000 Medium
time by sector Italy (Metal production) 1,000 Medium
Germany (wire) 1,000 Medium
Risk that a country lacks | Mongolia 5,333 High
Freedom of association and collective bargaining or does not enforce ltaly (wool) 1,000 ioditin
Freedom of Association Italy (Metal production) 1,000 Medium
rights Germany (wire) 1,000 Medium
Risk that country does Mongolia 5,202 High
Labour Laws not provide adequate ltaly (wool) - 0,753 Low
labour laws Italy (Metal production) 0,505 Low
Germany (wire) 0,505 Low
Mongolia 7500 |GG
. Risk of Child Labour in Italy (wool) No data No Data
Child labour sector, Total Italy (Metal production) No data No Data
Germany (wire) No data No Data
Mongolia 1,000 Medium
Risk of Forced Labour by | Italy (wool) 0,258 Low
Forced Labour Sector Italy (Metal production) 0,258 Low
Germany (wire) 0,258 Low
Health and Safety
. Mongolia 2,000 Medium
Risk of no access to an :
Occupational Injuries & Deaths Improved Source of ltaly (wool) - 7,750 H!gh
Drinking Water-total Italy (Metal productlon) 5,500 High
Germany (wire) 0,010 Low
Risk of loss of life years Mongolia 5,278 High
. . by airborne particulates in | Italy (wool) 2,448 Medium
OccupationalToxics&Hazards occupation Italy (Metal production) 2,448 Medium
Germany (wire) 2,448 Medium
Human Rights
Risk of Gender | it Mongolia 1,571 Low
. isk of Gender inequali
Gender Equity by Sector based an y Italy (wool) . 1,006 Low
Italy (Metal production) 1,006 Low
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representation in the

workforce Germany (wire) 0,151 Low
Mongolia 1,140 Medium
. . Risk of Mortality from Italy (wool) 1,805 Medium
Human Health Communicable Diseases . .
“ unt ! Communicable Diseases | Italy (Metal production) 1,805 Medium
Germany (wire) 0,741 Low
Risk of Mortality f Mongolia 3,753 Medium
Human Health Non communicable Diseases and other ISk of Viortality Trom Italy (wool) 0,334 Low
. Non-communicable -
health risks Diseases Italy (Metal production) 0,334 Low
Germany (wire) 0,741 Low
Mongolia 2,600 Medium
No
Risk that indigenous ltaly (wool) Evidence L
Indigenous Rights pgople are negatively ltaly (Metal buttons) .No Low
impacted at sector Evidence
Germany (wire) Evi(':I\leonce Low
Governance
Risk that corruption is a :\/Itingolla I ggg; MH('jgh
Corruption hindrance to doing taly (wool) : edium
business in a countr Italy (Metal production) 3,402 Medium
y Germany (wire) 0,010 Low
Mongolia 7,000 High
Leqal Svstem Overall Risk of fragility in | Italy (wool) 1,800 Medium
gal oy the legal system Italy (Metal production) 1,800 Medium
Germany (wire) 0,406 Low
Local Community
Risk of no access to an Mongolia 5,000 High
e Italy (wool) No data No Data
Access to Improved Sanitation Improved Source of -
Sanitation Italy (Metal production) No data No Data
Germany (wire) No data No Data
. Mongolia 3,337 Medium
Risk of no access to an
s Italy (wool) No data No Data
Access to Improved Drinking Water Improved Source of -
Drinking Water-total Italy (Metal production) No data No Data
Germany (wire) No data No Data
. Mongolia No data No Data
Access to Hospital Beds italy (wool) 1,000 Low
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Risk that there are too
few hospital beds to
support population

Italy (Metal production)

1,000

Low

Germany (wire)

0,010

Low
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4. Conclusion

This study shows the initial results of an ongoing research that aims to implement
S-LCA in the Italian textile sector. Some limitations affect the results, e.g.: only 2
stakeholder categories are considered, system boundaries are limited to "cradle
to the gate", for raw materials production secondary data has been used. The
product object of the study has been selected by the authors in order to represent
the general manufacture of the company, thus trying to extend the evaluation of
social performance of the product to the whole social behavior of the San Lorenzo
Group, but future research should include the extension of the assessment to
other products. Finally, the company-level and the country-specific level have
been evaluated and discussed separately, but an approach for the aggregation
of the evaluation should be further investigated. Anyhow the present research
allows designing a picture of the social performance of the product at company-
level (thus highlighting the social behaviour of company within the territory) and
at country-specific level, confirming the role of S-LCA in grasping social
information useful to guide decision-making and to promote projects and
sustainability pathways.
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Abstract

La realizzazione della sostenibilta globale avviene attraverso lo sviluppo della triple bottom line
(dimensione ambientale, economica e sociale. Il modello SLCA, utilizzato per valutare gli aspetti
sociali secondo I'approccio del ciclo di vita ¢ il piti debole tra gli strumenti basati sull’approccio
del ciclo di vita e ancora poco applicato. Questo lavoro ha I'obiettivo di proporre un sistema
consequenziale per I'analisi dellinventario e si focalizza su una delle categorie di stakeholder
meno indagate, la comunita locale. Sono riportati i risultati di un caso studio condotto sull’Azienda
agricola Maccarese Caseario. Nell'illustrare i risultati ci si € focalizzati sulla comunita locale. Il
metodo utilizzato consente, partendo dallo studio del settore, permetta di selezionare gli hotspot,
confrontarli con i database internazionali e la letteratura grigia, aggregando e pesando del livello
di site-specificity delle fonti.

1. Introduzione

La metodologia SLCA segue gli standard ISO 14040-44 disponibili per le analisi
di LCA ambientale.in mancanza di uno standard specifico.

Secondo i principi generali della linea guida (UNEP/SETAC, 2009), gli impatti
sociali sono conseguenze di pressioni positive o negative sugli endpoint,
mantenendo invariati il concetto di Sistema e i suoi confini e unita funzionale, cut-
off e allocazione nonché le fasi dell’analisi (Arcese et al, 2016a). Essa individua
cinque categorie di stakeholder: lavoratori, consumatori, comunita locale, societa
e attori della catena del valore. Inoltre, & introdotto il concetto di sotto-categoria
di impatto come strumento per fornire elementi per definire gli indicatori di
inventario relativi a ciascuna categoria di stakeholder e successivamente le
schede metodologiche di riferimento (UNEP/SETAC, 2010; 2013).

Le sottocategorie di impatto descritte nelle schede redatte dallUNEP/SETAC
riguardano principalmente aspetti e violazioni di diritti fondamentali, e
propongono sistemi di misurazione, applicabili quasi esclusivamente alle
organizzazioni di grandi dimensioni (Sanchez Ramirez et al. 2014), operanti nel
settore manifatturiero, che hanno la tendenza a de localizzare parte della loro
produzione in Paesi in cui vige un sistema legale che non assicura un adeguato
livello di protezione e garanzie di tutela (Arcese et al. 2016b).

Si riscontra un disavanzo nello sviluppo di strumenti di valutazione degli impatti
positivi (Di Cesare et al. 2016) per i quali non si dispone di sottocategorie ad hoc.
Anzi, & possibile affermare che le Methodological Sheets valutano quasi
esclusivamente performance sociali generato dalla violazione dei bisogni alla
base della Piramide di Maslow (Arcese et al. 2016c).
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Infine, per ragioni legate ad una maggiore disponibilita di strumenti di analisi e di
accessibilita ai dati, le sottocategorie di impatto relative ad alcuni stakeholder
sono state scarsamente sviluppate. Nello specifico, si fa riferimento alle categorie
Comunita Locale e Consumatori. Per quanto riguarda lo studio degli impatti sulla
Comunita Locale, sarebbe necessario ampliare la sottocategoria denominata
‘Patrimonio culturale’ includendo la valutazione degli effetti bi-laterali generati dal
rapporto tra organizzazione e territorio in cui questa opera, in particolare nel caso
di settori per i quali I'esistenza di tale sinergia € vitale, come ad esempio il settore
agro-alimentare o il settore turistico (Arcese et al. 2016c).

Il riconoscimento dei limiti sopracitati ha determinato la scelta dell’organizzazione
oggetto del caso studio. Grazie alla collaborazione dellAzienda Agricola
Maccarese, tra le principali aziende produttrici di latte in Italia, & stato possibile
analizzare un’impresa che ha contribuito a formare la Comunita che abita
nell’area su cui sorge I'azienda stessa. Lo studio degli impatti sociali & stato
condotto seguendo quanto previsto dai documenti di riferimento ed
approfondendo lo studio degli impatti (di primo tipo) relativi alla categoria di
stakeholder della Comunita Locale attingendo anche a quanto prodotto in
letteratura da altri ricercatori in modo da testare le nuove soluzioni proposte e
valutarne la fattibilita alla luce della imminente revisione delle Linee Guida.

2. Materiale e Metodi

L'obiettivo principale del presente studio € stato proporre un metodo
consequenziale di analisi dell'inventario volto a integrare, sulla base del criterio
della site-specificity, le informazioni utili all'idividuazione degli hot spot del
sistema in analisi. | risultati riportati sono relativi agli imaptti sulla Comunita
Locale al fine di verificare l'applicabilita del sistema proposto per una delle
categorie di stakeholder meno indagate. Il sistema preso in analisi & mostrato
nella seguente figura 1.
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Figura 1: Sistema e confini dell'analisi (Lucchetti et al., 2016).

L’analisi svolta & di tipo gate-to-gate poiché, per la parte upstream, vi erano delle
difficolta nel reperimento dei dati relativi ai fornitori dislocati o in Nord Italia o all’estero;
per la parte downstream, invece, ci si € limitati a rispettare un’esplicita richiesta
dell’Azienda Maccarese che, per motivi aziendali, ha preferito non coinvolgere il loro
unico cliente.

Ai fini dello studio, le fasi del processo per la produzione giornaliera di latte sono state
considerate composte dalle seguenti attivita:

- Produzione di mangime: preparazione del terreno, irrigazione dei campi, semina,
esecuzione di trattamenti per la prevenzione di infestazioni, e raccolta.

- Allevamento: gestione degli animali, dalle cure generali a quelle specifiche di
assistenza al parto; nonché movimentazione dei bovini e mungitura.

- Gestione effluenti da allevamento: smaltimento dei rifiuti organici provenienti dai
due processi a monte attraverso I'impiego nei due impianti a biogas.

Successivamente, gli hotspot e la relativa attribuzione del rispettivo livello di rischio
di violazione (o opportunita di ottenere un beneficio) sono stati selezionati attraverso
un procedimento che parte da un’analisi generale della letteratura scientifica
internazionale, attraverso la quale sono stati individuati i principali aspetti critici che
si riscontrano nella produzione di latte, alla raccolta dei dati a livello di sistema lItalia
utilizzando il SHDB (Social Hotspot Database) e la letteratura grigia disponibile.
Infine, le informazioni fornite da ciascuna di queste fonti, le quali presentano livelli
diversi di site-specificity. | dati provenienti da queste tre tipologie di fonti sono stati
ricercati e catalogati secondo lo schema proposto nelle Methodological Sheets.
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Infine, in una terza fase i dati sono stati aggregatie le informazioni sintetizzate in una
una scorecard in cui sono specificati, per ciascuna categoria di stakeholder, gli impatti
che possono essere causati da organizzazioni operanti nel settore lattiero in Italia,
specificando il possibile livello di rischio o opportunita, indicato attraverso la
convenzione di una scala cromatica, che e stato dato in base alla possibilita che quel
determinato impatto si verifichi nel sistema Paese oggetto dell’analisi, e il umero di
soggetti che potrebbero essere inficiati (tabella 2).

Tabella 2: Hotspot del Settore Lattiero in Italia.

Hotspot di
Stakeholders | Categorie di impatto Definizione Settore

Comunita Locale | Accesso alle risorse| Impegno nel rispettare, proteggere,
materiali fornire o migliorare I'accesso della
comunita alle risorse materiali o alle
infrastrutture

Patrimonio culturale | Coinvolgimento in iniziative volte a
preservare il patrimonio e il paesaggio
naturale

Salute e Sicurezza | Inevitabilmente le attivita agricole e di
allevamento sono produttive di odori e
polveri. Si valuta impegno
dellorganizzazione nel ridurre al
minimo il suo impatto sulla qualita della
vita locale.

Impegno/ Impegno per favorire lo sviluppo locale
coinvolgimento della
comunita

Occupazione locale | Capacita nel contribuire direttamente o
indirettamente all’occupazione locale.

Il metodo di caratterizzazione adottato € il Subcategory Assessment Method (SAM)
(Ramirez et al.2014), appartenente alla classe di modelli che basano la valutazione
sull’analisi del frame work normativo e sulle caratteristiche socio-economiche del
contesto di riferimento (Garrido et al. 2016).

I SAM valuta le sottocategorie di impatto utilizzando una scala a quattro livelli:

Livello A: identifica un comportamento in grado di andare oltre la soddisfazione dei
c.d. Basic Requirements (BR) e di adottare un comportamento proattivo, volto alla
promozione e diffusione di buone pratiche lungo tutta la catena del valore. Questa
definizione si basa su uno dei principi definiti dal Corporate Sustainability Forum alla
Conferenza Rio+20 (2012), che identifica come comportamento socialmente
responsabile le attivita indirizzate al coinvolgimento degli stakeholder nell'impegno di
promozione della sostenibilita

Livello B: a tale livello corrisponde I'adozione di pratiche conformi al rispetto dei BR.
| BR sono stati fissati incrociando il set di indicatori presentati nelle Linee Guida con
quanto stabilito negli accordi internazionali relativi a ciascuna tematica.
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Livello C: é attribuito a quelle organizzazioni che non rispettano i BR. L’incapacita di
promuovere azioni sociali & da attribuirsi principalmente al contesto in cui tali
organizzazioni sono inserite. Operare in un contesto in cui le istituzioni (formali ed
informali) non sono in grado di garantire il rispetto dei diritti fondamentali, o la
situazione da un punto di vista socio-economico & particolarmente complessa, pud
rendere difficile persino il rispetto dei requisiti minimi.

Livello D: anche questo livello identifica il mancato rispetto dei BR. La differenza con
il livello C & data dal contesto. In questo caso le organizzazioni si trovano in un
contesto “positivo”, vale a dire che non vi sono ostacoli strutturali o limiti congiunturali
che giustifichino il mancato soddisfacimento dei BR.

Nella tabella 3 vengono riportati i fattori di conversione utilizzati per livello e
punteggio assegnato come da modello SAM (Sanchez Ramirez et al. 2014).

3. Risultati e Discussione

Di seguito si riportano i risultati delle performance dellAzienda Maccarese per la
categoria Comunita Locale.

La relazione tra Azienda e territorio € produttiva di impatti positivi nel’ambito della
tutela del patrimonio culturale locale sia naturale che storico. Dal punto di vista
naturalistico, parte del territorio su cui sorge I'impresa € Oasi WWF, per tale ragione
flora e fauna locale sono oggetto di particolare protezione. L’'impresa & invece
direttamente impegnata nella conservazione del patrimonio storico- artistico del borgo
di Maccarese. Per la sottocategoria ‘Coinvolgimento della Comunita’, 'Azienda é
attivamente impegnata nell’organizzare eventi gratuiti indirizzati ai cittadini, nonché
ha promosso attivita che coinvolgessero le scuole primarie locali.

L’'impatto su ‘Salute & Sicurezza’ risulta essere ritenuto positivo grazie all’utilizzo
dellimpianto biogas per lo smaltimento di parte dei rifiuti generati dal processo
produttivo. Infine, la sottocategoria di impatto maggiormente critica € I' Accesso alle
Risorse Materiali, poiché al di la di alcune misure per attuare un minimo
miglioramento dell’efficienza energetica, l'impresa non ha implementato alcuna
buona pratica per il riutilizzo delle risorse, né, aspetto ancor piu importante in quanto
costituisce un hotspot di settore, alcun sistema per minimizzare I'impiego d’acqua e
rendere possibile il suo riutilizzo (Figura 2).
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Figura 2: Risultati valutazione d’impatto per la categoria Comunita Locale.

4. Conclusioni

Nonostante 'TUNEP/SETAC abbia cercato di chiarire le modalita di conduzione
dellanalisi d’inventario con la pubblicazione delle Methologicl Sheets
(UNEP/SETAC, 2013), il metodo proposto necessita di essere ulteriormente
dettagliato in merito alle fasi di raccolta dei dati utili all’individuazione degli hotspot.
Ad oggi, non si dispone di un procedimento che regoli la collezione delle informazioni
utili ai fini dell’analisi SLCA.

Nel presente lavoro si suggerisce un sistema che partendo dallo studio generale di
settore, permetta di selezionare gli hot spot incrociando i risultati relativi ai rischi di
impatti sociali negativi, (0 opportunita di impatti sociali positivi), con quelli riportati nei
database che raccolgono dati forniti dalle Organizzazioni Internazionali e dalla
letteratura grigia, aggregando tali risultati attraverso I'attribuzione di pesi differenti a
seconda del livello di site-specificity delle fonti. La formalizzazione di tale
procedimento garantirebbe I'esecuzione di una raccolta dati completa, permettendo
I'elaborazione di una scorecard utile a descrivere il contesto in cui I'azienda si trova
ad operare, fattore determinante per i modelli di caratterizzazione che utilizzano
I'approccio ‘Norme e Contesto Socio-economico e Geografico’.

I metodo SAM, applicato con tali premesse, ha permesso di valutare in manera
efficace le performance dell’azienda nei confronti della comuntia locale.

Tuttavia, il presente studio ha come limite la difficolta a creare il nesso causa-effetto
tra impatti prodotti dalle performance aziendali per la creazione dell’'unita funzionali e
I'unita funzionale stessa.

E possibile concludere che la relazione tra azienda e territorio & generalmente
produttiva di impatti positivi. Tuttavia, & necessario creare occasioni di dialogo con la
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Comunita Locale e coinvolgere i rappresentati delle associazioni locali nelle decisioni
aziendali che possono comportare importanti modifiche per il territorio (ad esempio
la costruzione di edifici). Per quanto riguarda la promozione dello sviluppo rurale, i
comparti presentano risultati diversi. || comparto campagna & coinvolto in progetti
finanziati con fondi PAC; invece non €& stato sviluppato alcun progetto nelllambito del
comparto allevamento. Il contributo dell’azienda all’ ‘Occupazione locale’ pud essere
distinto in contributo diretto, produttivo di effetti positivi poiché quasi la totalita degli
operai e degli impiegati che lavorano all'interno dellAzienda sono residenti a
Maccarese, o comunque nel territorio del comune di Fiumicino; e contributo indiretto,
che invece non produce impatti positivi sulla Comunita poiché la Maccarese non
ricorre a fornitori locali.
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Abstract

Il prolungamento della shelf life di un prodotto alimentare e conseguito generalmente attraverso
modifiche del processo produttivo. In questo contributo, con riferimento alla produzione di
grissino integrale, € stato valutato I'impatto ambientale derivante dall’aggiunta di un estratto di
rosmarino che, come antiossidante, € in grado di allungare la shelf life del prodotto riducendo le
perdite durante la fase di distribuzione ed uso. [ risultati ottenuti mostrano che, pur essendo la
produzione dell’estratto un processo altamente energivoro, per alcune categorie di impatto (es.
riscaldamento globale, acidificazione, eutrofizzazione terrestre e marina) la riduzione delle
perdite di prodotto che deriva dal suo impiego ¢€ in grado di compensare 'aumento dellimpatto
associato al suo impiego come antiossidante.

1. Introduzione

Negli ultimi anni molta attenzione & stata rivolta all’estensione della vita
commerciale di alimenti e bevande. In questo contesto, tuttavia, poca o
nessuna attenzione € stata posta ai possibili benefici che il prolungamento della
shelf life pud avere sulla sostenibilita di un prodotto alimentare lungo tutta la
filiera. Appare perd evidente che il prolungamento della shelf life (shelf life
extension, SLE) pu0 ridurre le perdite alimentari e I'impatto economico della
logistica distributiva (Jedermann et al., 2014; Eriksson et al., 2016; Mgller et al.,
2016) ma, ad oggi, poca attenzione & stata posta sugli effetti che la SLE pud
avere sulle performance ambientali di un prodotto. Occorre infatti considerare
che l'allungamento della shelf life & conseguito attraverso modifiche di processo
che possono riguardare le modalita di conservazione, stoccaggio e packaging
e/o I'uso di diversi ingredienti.

Negli anni passati, numerosi studi hanno dimostrato come [I'estratto di
rosmarino sia un efficace antiossidante (Aguilar et al., 2008; Aruoma et al.,
1992) e possa, quindi, essere utilizzato per allungare la shelf life di diverse
tipologie di prodotto tra cui i prodotti da forno. All'interno del Progetto PRIN
“Long life, High Sustainability. Shelf Life Extension come indicatore di
sostenibilita” sono state valutate diverse soluzioni per la SLE di diverse tipologie
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di prodotto tra i quali i prodotti da forno. In questo contributo vengono presentati
i risultati relativamente alla produzione di grissino integrale. Nel dettaglio,
attraverso I'approccio di analisi del ciclo di vita, € stata valutata la sostenibilita
ambientale della soluzione testata per I'allungamento della shelf-life del grissino
integrale che prevede l'utilizzo di estratto di rosmarino come antiossidante.

2. Materiali e metodi

2.1 Definizione degli obiettivi

Lo scopo del lavoro & valutare se la riduzione delle perdite di prodotto derivante
dall'allungamento della shelf life conseguita utilizzando I'estratto di rosmarino é
in grado di compensare I'aumento di impatto (cfr paragrafo 2.4 per gli impatti
considerati) derivante dall'impiego dell’estratto stesso. A tal fine, considerando
le perdite di prodotto che si hanno a valle della distribuzione, si & proceduto
all’analisi del ciclo di vita del grissino con e senza antiossidante.

2.2 Unita funzionale e confini del sistema

L’unita funzionale considerata € la produzione di 1 kg di grissino destinato al
consumo alimentare mentre i confini del sistema analizzato sono riportati in
Figura 1.
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Figura 1: Confini del sistema analizzato.

Relativamente ai confini del sistema & stato applicato un approccio dalla “culla
alla tomba” e, pertanto, sono stati considerati tutti i processi che intercorrono
dalla produzione delle materie prime e dei fattori produttivi necessari per la
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produzione degli ingredienti del grissino, alla gestione dei rifiuti e degli scarti
generati (es. packaging, scarto di prodotto, ecc.). Sono stati esclusi dal sistema
il trasporto del grissino (dall’azienda al punto vendita e da quest'ultimo e
I'abitazione del consumatore) cosi come il suo stoccaggio presso il
consumatore. Tale esclusione € legata al fatto che queste fasi del ciclo di vita
non sono differenti per i due tipi di grissino confrontanti (con e senza
antiossidante).

2.3 Inventario
Sono stati raccolti dati primari relativamente a:

produzione del frumento tenero in aziende agricole della pianura padana e, in
particolare, della Lombardia. Al fine di identificare la tecnica colturale
maggiormente impiegata nell’areale sono stati effettuati sopralluoghi e interviste
con gli agricoltori in 2 aziende cerealicole; la resa considerata € pari a 6,1 t/ha e
corrisponde alla resa media dell’areale considerato (Ismea, 2016);

la resa di molitura della produzione di farina di frumento integrale, attraverso un
sopralluogo nel pit grosso molino della Provincia di Lodi;

consumi energetici aziendali e la “ricetta” per la produzione del grissino
attraverso interviste con i titolari di un’azienda agroalimentare in cui si
producono circa 1680 t/anno di grissini.

Sono invece stati utilizzati dati secondari riguardo i consumi energetici durante
la fase di molitura, la produzione degli altri ingredienti del grissino oltre la farina
(es. olio extra vergine di oliva, cruschello, sale, lievito) (Weidema et al., 2013) e
del packaging cosi come quelli riguardanti la produzione dell’estratto di
rosmarino. Relativamente a quest'ultimo € stata considerata la tecnica colturale
usualmente adottata in pieno campo in Italia con ciclo colturale di 6 anni e una
resa annua in foglie secche di 1,7 t/ha.

Per la produzione dell’estratto di rosmarino si é fatto riferimento a Rodriguez-
Meizoso et al. (2012) e, in particolare, all'estrazione di acido rosmarinico con
tecnica SFE (Supercritical Fluid Extraction). Il principio attivo antiossidante,
presente in ad una concentrazione del 0,1%, viene prima estratto in rapporto di
1:10 insieme ad altre macromolecole organiche “neutre” e poi ulteriormente
diluito al fine di essere stabilizzato ed utilizzato come antiossidante nel corso
della preparazione del grissino.

Allo stabilimento di produzione, i consumi energetici sono pari a 0,560 kWh/kg e
0,114 m3/kg di gas naturale mentre i principali ingredienti per la produzione del
grissino sono riportati in tabella 1.

La shelf life, valutata attraverso specifiche analisi sensoriali (Verdina, 2015), &
stata pari a 116 giorni per il grissino senza estratto di rosmarino e a 193 giorni
per quello con l'antiossidante.

Relativamente alle perdite di prodotto in accordo con lo specifico report della
FAO (FAO, 2011) sono state considerate perdite di prodotto a valle della
distribuzione del 15% per il grissino senza acido rosmarinico e, ipotizzanto una
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riduzione inversamente proporzionale all’allungamento della SL, del 9% per il
grissino con antiossidante.

Tabella 1: Ingredienti per la produzione di 100 kg di grissini integrali.

Ingredienti Unita di Misura Massa
Farina TIPO "0" standard kg 83,9
Acqua kg 411
Cruschello di frumento Tostato kg 8,4
Olio Extra Vergine di oliva kg 3,5
Estratto Rosmarino kg 0,17
Sale Fino kg 1,7
Lievito per Panificazione kg 1,7
Malto Farina di grano Maltato kg 0,8

2.4. Valutazione degli impatti ambientali

Attraverso il metodo ILCD mid-point (Wolf et al., 2012) sono state valutate le
seguenti categorie di impatto: riscaldamento globale (o climate change CC),
assottigliamento strato di ozono (o0 ozone depletion OD), formazione di polveri
sottili (particulate matter formation, PM), formazione di smog fotochimico (o
photochemical ozone formation POF), acidificazione terrestre (terrestrial
acidification, TA), eutrofizzazione terrestre (terrestrial eutrophication, TE), delle
acque dolci (freshwater eutrophication, FE) e marina (marine eutrophication,
ME) e consumo di risorse minerali e fossili (mineral, fossil and ren. Resource
depletion, MFRD).

3. Risultati

In figura 2 sono riportati gli hotspots a livello di unitd di processo per la
produzione del grissino con antiossidante. Complessivamente la produzione
della farina, dell’olio extravergine di oliva e del lievito sono responsabili di una
quota dell'impatto ambeintale che varia dal 50% in FE al 90% in TE; tra i tre
ingredienti il ruolo preponderante € quello della farina. Complessivamente, al
consumo di energia (elettricita e gas naturale) corrisponde un impatto che varia
dal 4 al 34% principalmente a causa del consumo di elettricita. Il consumo di
acqua, sale cosi come la produzione del packaging e il suo fine vita sono
invece responsabili di un impatto trascurabile.
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Figura 2: identificazione degli hotspots per la produzione del grissino.

L’estratto di acido rosmarinico utilizzato per la sua funzione antiossidante in
grado di allungare la shef-life del prodotto & responsabile di una quota
dellimpatto variabile dal 2% (MFRD) all11% (FE), tale impatto & quasi
interamente legato all’estrazione dell’acido rosmarinico e agli elevati consumi
energetici che la caratterizzano mentre la produzione delle foglie secche di
rosmarino rappresenta meno del 4% dellimpatto per tutte le categorie di
impatto valutate.

In tabella 2, per le categorie di impatto considerate, sono riportati i risultati di
impatto considerando in un caso solo la produzione del grissino e nel secondo
caso anche le perdite di prodotto che si hanno perché parte del prodotto non &
consumata ed & buttata. Nel dettaglio, I'incremento di impatto & legato sia alle
perdite di prodotto in quanto tali (perché il consumatore consumi 1 kg di grissino
occorre produrre 1,09 kg di grissino) che alla gestione del rifiuto generato.

Tabella 2: Impatto ambientale della produzione del grissino con e senza le perdite.

Categoria R . Produzione +

d'imgatto Unita Produzione perdite (9%) A
CC kg CO2 eq 1,843 2,055 11,5%
oD mg CFC-11 eq 0,224 0,244 9,2%
PM g PM2,5 eq 0,611 0,668 9,4%
POF g NMVOC eq 4,338 4,762 9,8%
TA molc H* eq 0,018 0,019 9,1%
TE molc N eq 0,069 0,075 9,1%
FE gPeq 0,163 0,179 10,2%
ME gNeq 21,148 23,186 9,6%
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4. Discussione

Per quanto riguarda la sola produzione del grissino, escludendo quindi le
perdite e il relativo impatto, I'impiego di estratto di rosmarino comporta un
incremento dell'impatto che varia dal un minimo del 1% per TE a un massimo
del 13% per FE con valori intermedi ma comunque non trascurabili per CC
(+6,2%), OD (+7,6%), PM (+7,0%) e POF (+6,4%).

Considerando invece le perdite, i risultati cambiano. In figura 3 € riportato il
confronto relativo tra [limpatto ambientale del grissino prodotto con
I'antiossidante e caratterizzato da perdite di prodotto del 9% e quello prodotto
senza I'impiego di estratto di rosmarino che, presentando una shelf-life piu corta
€ caratterizzato da perdite del 15%. In questo caso, per 5 delle 9 categorie di
impatto considerate (CC, TA, TE, ME e MFRD), la riduzione delle perdite
conseguita allungando la shelf-life consente di ridurre gli impatti ambientali.
Invece, per le altre categorie di impatto, quelle in cui I'impatto legato all’estratto
di rosmarino € maggiore (FE, OD, PM e POF), l'allungamento della shelf life
non comporta vantaggi ambientali e la soluzione con il minore impatto resta la
produzione del grissino senza estratto di rosmarino.

—/—Senza Aox; perdite 15%

—e— Con Aox; perdite 9% 10

Figura 3: Confronto tra I'impatto ambientale del grissino con antiossidante e perdite
del 9% (Con Aox; perdite 9%) e quello senza antiossidante e perdite del 15%
(Senza Aox; perdite 15%).

Relativamente alle due soluzioni valutate, la figura 4 riportati i risultati
dellanalisi di incertezza condotta mediante simulazione di Monte Carlo
considerando 1000 esecuzioni e un intervallo di confidenza del 95%.
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Figura 4: Analisi di incertezza.

| risultati dell’analisi di incertezza confermano che gli impatti del grissino senza
estratto di rosmarino, caratterizzato da una piu breve shelf-life, sono piu bassi di
quelli del grissino con antiossidante per TA, TE, ME e MFRD (livello di
significativita statistica superiore al 94%) e per CC (significativita statistica >
70%). Viceversa, il grissino con antiossidante presenta un impatto piu alto di
quello senza per OD e PM con significativita statistica > 90%. Questi risultati
mostrano che l'incertezza dovuta all’effetto cumulativo della variabilita dei dati di
inventario influenza soprattutto la formazione di smog fotochimico (POF) e, in
minor misura, la FE mentre, le altre categorie di impatto valutate presentano un
ridotto grado di incertezza.

5. Conclusioni

L'impatto ambientale legato alle produzioni agroalimentari € considerevole;
ciononostante numerose strategie di mitigazione possono essere implementate.
Tra queste la riduzione delle perdite di prodotto durante le diverse fasi del ciclo
produttivo € una delle piu promettenti anche se € una delle piu studiate. In
questo studio, con riferimento ad un prodotto da forno, € stato valutato se la
riduzione delle perdite, ottenuta attraverso I'allungamento della shelf-life & in
grado di mitigare I'impatto ambientale. Nel caso specifico si € valutato se, 'uso
di un estratto di rosmarino per la riduzione delle perdite di prodotto &
vantaggioso da un punto di vista ambientale rispetto al processo “tradizionale”
in cui non viene usato l'estratto e la shelf life del prodotto &€ minore. | risultati
conseguibili mostrano che solo per alcune le categorie di impatto valutatate
I'incremento di impatto legato all’'uso dell’estratto di rosmarino & ripagato da una
riduzione delle perdite.
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Abstract

La sostenibilita ambientale della filiera agro — alimentare é di primaria importanza per il
raggiungimento degli obiettivi europei in tema di clima ed energia, considerato che il settore e
responsabile di elevati consumi energetici e impatti ambientali. In tale contesto, nel presente
lavoro la metodologia della Life Cycle Assessment é stata applicata ad un tipico formaggio
siciliano, la Provola delle Madonie, allo scopo di stimare gli impatti energetico — ambientali ad
esso connessi e di identificare possili strategie di riduzione di tali impatti. | risultati dell’analisi
hanno evidenziato che la fase di allevamento del bestiame é responsabile dei maggiori impatti
energetico — ambientali. Di conseguenza, strategie mirate al miglioramento delle prestazioni
ambientali dei processi di allevamento sono fondamentali per ridurre i carichi ambientali
connessi al prodotto in esame.

1. Introduzione

Il settore agro — alimentare rappresenta uno dei settori economici piu
significativi, in termini di contributo agli impatti ambientali e ai consumi di
materie prime e risorse in Europa. La quantita di energia necessaria per
coltivare, trasformare, confezionare e distribuire i prodotti ai consumatori ha
rappresentato, nel 2013, una quota pari al 26% del consumo di energia finale
europeo. In particolare, la coltivazione e l'allevamento del bestiame sono
responsabili di circa un terzo del consumo energetico totale della filiera agro -
alimentare. Inoltre, nel 2010, le emissioni di gas a effetto serra connesse al
settore sono state pari a circa 10 GtCO2eq, rappresentando un quinto delle
emissioni globali (Monforti-Ferrario et al, 2015).

Il settore agro-alimentare € stato identificato dalla Commissione europea una
delle aree di intervento prioritarie delle politiche europee di Produzione e
Consumo Sostenibili (European Commission, 2008).

Nella comunicazione sulla roadmap per la Resource Efficiency (European
Commission, 2011), la Commissione europea definisce importanti obiettivi da
perseguire per il miglioramento della resource efficiency e delle prestazioni
ambientali del settore agroalimentare, tra i quali la riduzione della produzione
dei rifiuti, la conservazione della biodiversita, la riduzione dell’'uso del suolo e
I'indipendenza dai combustibili fossili per la produzione di energia.

Pertanto, sono necessarie strategie di miglioramento energetico-ambientale
verso modelli di produzione e consumo sostenibili, lungo lintera filiera agro-
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alimentare per il raggiungimento degli obiettivi europei in tema di clima ed
energia (Cellura et al., 2012).

In tale contesto, il presente lavoro descrive I'applicazione della Life Cycle
Assessment (LCA) al prodotto “Provola delle Madonie”, i risultati ottenuti in
termini di impatti energetico — ambientali e le fasi di ciclo di vita responsabili dei
maggiori impatti.

L’attivita di ricerca e stata condotta nellambito del Progetto “TERRAVITA
Biodiversita, Territorio e Nutrizione: la sostenibilita dell’agro-alimentare italiano”
(D.M. 25870/7303/2011 del 2/12/2011).

2. LCA della Provola delle Madonie

2.1. Definizione dell’obiettivo e del campo di applicazione

Lo studio ha l'obiettivo di stimare gli impatti energetico — ambientali connessi al
ciclo di vita della Provola delle Madonie e di identificare i processi responsabili
dei maggiori impatti. L'analisi & stata effettuata tramite la metodologia LCA in
accordo agli standard ISO 14040 (ISO 14040, 2006) e ISO 14044 (1SO 14044,
2006).

La Provola delle Madonie (Fig. 1) € un formaggio vaccino a pasta filata, con
peso variabile tra 1 e 1,2 kg. E un formaggio a breve stagionatura, prodotto
utilizzando latte intero, caglio ovino, sale e salgemma. Il latte crudo & prodotto
da vacche di razza bruna e meticcia, alimentate con pascolo naturale e coltivato.
La Provola delle Madonie & un prodotto del Presidio “Slow Food™".

Figura 1: Provola delle Madonie.

L'unitd funzionale (UF) selezionata € 1 kg di prodotto. | confini del sistema
comprendono le seguenti fasi: allevamento delle vacche; produzione del latte;
produzione della provola; trasporto del prodotto finito presso i consumatori finali.

" http://www.fondazioneslowfood.com
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Le unita di processo e i flussi in ingresso e in uscita considerati all’'interno dei
confini del sistema sono illustrati in Fig. 2. L’anno di riferimento per lo studio & il
2012.

| due co — prodotti generati durante il processo produttivo, siero e latticello, sono
stati considerati come reflui, attribuendo i carichi energetico — ambientali
interamente alla provola. Tuttavia, allo scopo di valutare lincidenza di tale
ipotesi & stata effettuata un’analisi di sensibilita, considerando il siero e |l
latticello come co - prodotti, gestendo la multifunzionalita attraverso
un’allocazione economica.

Le categorie di impatto selezionate per la valutazione delle prestazioni
energetico — ambientali sono: consumo di energia primaria (GER), effetto serra
potenziale (GWP), assottigliamento dello strato di ozono (ODP), tossicita umana
— effetti cancerogeni (HT — ec), tossicita umana — effetti non cancerogeni (HT —
enc), particolato atmosferico (PM), radiazioni ionizzanti — effetti sulla salute
umana (IR — HH), radiazioni ionizzanti — effetti sul’ambiente (IR — E), formazione
di ossidanti fotochimici (POFP), acidificazione potenziale (AP), eutrofizzazione
terrestre (T — EU), eutrofizzazione in acque dolci (F — EU), eutrofizzazione in
acqua marina (M — EU), ecotossicita in acque dolci (F — E), uso del suolo (LU),
riduzione della risorsa acqua (WRD), consumo di risorse minerali, fossili e
rinnovabili (ARD).

La stima del consumo di energia primaria & stata effettuata impiegando il
metodo Cumulative Energy Demand (CED) (Frischknecht et al, 2007a; Pre,
2012) mentre gli impatti ambientali sono stati stimati attraverso il metodo ILCD
2011 Midpoint (European Commission, 2012).

2.2. Analisi d’inventario

Per I'analisi di inventario sono stati utilizzati dati primari e secondari. In dettaglio,
i dati relativi ai prodotti, materiali e fonti energetiche impiegati nel processo di
produzione, le distanze percorse e i mezzi impiegati per I'approvvigionamento
degli input di processo (tutti gli input di processo, inclusi i mangimi, sono
acquistati presso aziende esterne), sono stati raccolti tramite indagini in situ
presso un’azienda agricola — zootecnica localizzata nel Parco Regionale delle
Madonie. | dati relativi agli eco — profili di tutti gli input di processo sono stati
tratti dal database Ecoinvent (Frischknecht et al, 2007b) e sono riferiti al
contesto italiano, quando possibile, 0 a quello europeo. Le emissioni di metano
da fermentazioni enteriche sono state stimate in accordo a (IPCC, 2000).

2.3. Valutazione degli impatti energetico — ambientali e
interpretazione dei risultati

Nella Tabella 1 si riportano gli impatti energetico — ambientali connessi alla
produzione di 1 kg di Provola delle Madonie.

[l consumo di energia primaria € pari a 53,1 MJ/UF, di cui '88% é& costituito da
energia primaria non rinnovabile. La fase di allevamento € responsabile del
consumo di 49,3 MJ di energia primaria, corrispondente a circa il 93% del
consumo complessivo.
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Figura 2: Confini del sistema: unita di processo e flussi in ingresso e in uscita.

I GWP & pari a 11,29 kgCO2eq/UF; la fase di allevamento incide per il 97,7% su
tale categoria d’impatto. Con riferimento alle altre categorie ambientali
esaminate, la fase di allevamento presenta un’incidenza sugli impatti
complessivi variabile dal 94,9% (POFP) al 99,9% (LU).

Al fine di effettuare un’analisi dettagliata del processo produttivo della provola, la
Figura 3 riporta l'incidenza delle diverse fasi di tale processo, escluso il
contributo del processo di allevamento. Dall’analisi € emerso che le fasi
responsabili del maggiore impatto sul GER sono: la caseificazione (46,4%), la
distribuzione (24%) e la mescolatura (20,5%). Le altre fasi del ciclo di vita hanno
un impatto inferiore all’'8%.

Le fasi di distribuzione, caseificazione e refrigerazione sono responsabili dei
maggiori impatti ambientali in quasi tutte le categorie esaminate. In dettaglio, la
fase di distribuzione ha un’incidenza variabile tra il 22,3% (HT-nce) e '88,6%
(ARD); la fase di refrigerazione ha un impatto variabile dal 4% (POFP) al 49,2%
(WRD); l'impatto della fase di caseificazione varia tra 1o 0,4% (LU) e il 47,4%
(HT-nce).
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Tabella 1: Impatti energetico — ambientali riferiti all’UF.

gf?;?g:t';iz Unita di misura Totale
GER MJ 5,31E+01
GWP kg COxzeq 11,29E+00
ODP kg CFC-11eq 4,29E-07
HT —ec CTUh 4,34E-07
HT —enc CTUh 4,52E-06
PM kg PM2.5¢q 3,27E-03
IR-hh kg U235¢q 4,68E-01
IR-e CTUe 1,41E-06
POFP kg NMVOCeq 2,24E-02
AP mol H*eq 8,15E-02
T-EU Mol Neq 3,45E-01
F-EU kg Peq 2,47E-03
M-EU kg Neq 1,55E-01
F-E CTUe 4,69E+01
LU kg Cedeficit 1,563E+03
WRD m?3 watereq 1,12E+00
ARD kg Sbeq 7,62E-05

Con particolare riferimento al GWP & emerso che, escludendo il contributo
relativo all’allevamento, la fase di caseificazione presenta un’incidenza pari al
48,6%; seguono le fasi di distribuzione e mescolatura con contributi pari,
rispettivamente, al 21,9% e al 21,4%.

| risultati ottenuti sono stati confrontati, per quanto possibile, con alcuni studi di
letteratura relativi all’applicazione della metodologia LCA al formaggio
(Gonzalez-Garcia et al., 2013a, 2013b; Kim et al., 2013; Van Middelaar et al.,
2011; Berlin, 2002). In dettaglio, € stato possibile effettuare il confronto per 9
(GER, GWP, ODP, POFP, F-EU, M-EU, F-E, WRD, ARD) dei 17 indicatori di
impatto esaminati. Gli impatti della provola delle Madonie sono dello stesso
ordine di grandezza di quello degli studi di letteratura, ad eccezione degli
inidicatori M-EU e ARD che sono, rispettivamente, superiore di un ordine di
grandezza e inferiore di 3 ordini di grandezza rispetto ai valori di letteratura.
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Figura 3: Incidenza delle diverse fasi del ciclo di vita sugli impatti energetico — ambientali, escluso
il processo di allevamento.

2.4. Analisi di sensibilita

Il processo di produzione della provola genera due co-prodotti: il siero e il
latticello, utilizzati dall’azienda per la produzione rispettivamente della ricotta e
della “spalmina”, e del burro. Eventuali esuberi di siero e latticello sono impiegati
per alimentare il bestiame, oppure sono smaltiti come reflui.

L’eco-profilo della provola & stato determinato, ipotizzando che il siero e |l
latticello sia trattati esclusivamente come reflui.

Al fine di valutare l'incidenza di tale scelta metodologica sui risultati finali, &€ stata
eseguita un’analisi di sensibilita, in cui il siero e il latticello sono stati considerati
dei co-prodotti.

La ripartizione dei flussi di materia ed energia in ingresso ai diversi co-prodotti &
stata eseguita attraverso un’allocazione economica. | dati relativi al prezzo del
siero (0,015 €/kg) e del latticello (0,008 €/kg), necessari nella fase di allocazione,
sono stati tratti dal sito ufficiale dell’Assolatte?, mentre il prezzo della provola (11
€/kg) é stato fornito dall’'azienda zootecnica durante la fase di raccolta dei dati.

La valutazione degli impatti energetico — ambientali effettuata applicando
I'allocazione economica ha evidenziato (Tabella 2) che gli impatti si riducono,
rispetto al caso senza allocazione, di una percentuale pari a circa I'1,3% in tutte
le categorie energetico — ambientali indagate. Ne consegue che le prestazioni
energetico — ambientali della provola, stimate assumendo siero e latticello come

2 http://www.assolatte.it/itthome/economia/quotmer
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scarti  di

produzione del

rappresentative del sistema di prodotto in esame.

Tabella 2: Risultati dell’analisi di sensibilita.

processo produttivo e non co-prodotti,

sono

g’a}tegoria Unita di misura Risultati senza Risultati con
impatto allocazione allocazione
GER MJ 5,31E+01 5,25E+01
GWP kg CO2¢q 11,29E+00 11,15E+00
ODP kg CFC-11eq 4,29E-07 4,24E-07
HT —ec CTUh 4,34E-07 4,29E-07
HT —enc CTUh 4,52E-06 4,47E-06
PM kg PM2.5¢q 3,27E-03 3,24E-03
IR - hh kg U235¢q 4,68E-01 4,63E-01
IR-e CTUe 1,41E-06 1,40E-06
POFP kg NMVOCeq 2,24E-02 2,21E-02
AP mol H*eq 8,15E-02 8,06E-02
T-EU Mol Negq 3,45E-01 3,41E-01
F-EU kg Peq 2,47E-03 2,44E-03
M- EU kg Neq 1,55E-01 1,53E-01
F-E CTUe 4,69E+01 4,64E+01
LU kg Cueficit 1,53E+03 1,52E+03
WRD m?3 watereq 1,12E+00 1,11E+00
ARD kg Sbeq 7,62E-05 7,54E-05

3. Conclusioni

L’applicazione della metodologia LCA per la stima degli impatti energetico-
ambientali connessi al ciclo di vita della Provola delle Madonie ha permesso di
stimare che la produzione 1 kg di provola implica il consumo di 53,1 MJ di
energia primaria e I'emissione di 11,29 kgCO2eq. Dall’analisi dell'incidenza delle
diverse fasi del ciclo di vita sugli impatti complessivi &€ emerso che la fase di
allevamento & responsabile del maggior contributo. In dettaglio essa incide con
percentuali superiori al 90% in tutte le categorie ambientali indagate; seguono le
fasi di distribuzione e caseificazione.

Considerata [l'elevata incidenza della fase di allevamento, connessa
principalmente alla produzione dei mangimi, la riduzione degli impatti energetico
— ambientali connessi alla Provola delle Madonie potrebbe essere ottenuta
adottando pratiche agricole piu sostenibili, che prevedono, ad esempio, il minore
utilizzo di fertilizzanti.

Infine, considerata l'incidenza sugli impatti della distribuzione del prodotto, si
rileva I'importanza dell’utilizzo, da parte dei consumatori finali, di prodotti
agroalimentari locali a chilometro zero, venduti o somministrati nelle vicinanze
del luogo di produzione.
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Abstract

The environmental impacts of food consumption of Italian households in 2011 have been
calculated adopting an Environmentally Extended Input-Output Analysis, using EXIOBASE v3 as
the underpinning database for the assessment. Because of the structure of such database, it is
possible to divide domestic and imported final demand. Climate change and Land use related
impacts are calculated then matched with household expenditures for the same year. The food
consumption in an average ltalian household for 2011 results in a total Climate change of 4237
kg CO2eq and in a total Land use impact of 10 kg Cuericit. There are limitations due to a non-perfect
match of food product groups in EXIOBASE and Italian National Statistics. Nevertheless, with this
approach it is possible to investigate environmental impacts in relation to expenditure patterns of
the families.

1. Introduction

Food consumption plays an important role in household’s environmental burden.
Nevertheless, the relative weight of food consumption in comparison to other
aspects of household (such as mobility and shelter) varies a lot on the base of
the environmental indicator considered. According to a recent assessment at the
level of impact associated to an average European citizen (Huysman et al., 2016),
food consumption contributes to 9% of the total Climate change (compared with
29% related to services and 27% related to mobility), but it contributes to 54% of
the Land use (compared with 23% related to services and 14% related to goods).
These differences are clearly related to the characteristics of food production
systems, which are connected to the consumption of land more than other goods
and services, which are, on the contrary, more related to energy consumption.
Indeed, according to literature (Hertwich, 2011) food is responsible for a range of
11-19% of the energy consumed at the household level, which is significantly
lower than mobility, 35-53% of total energy use.

Similar share of impacts are reported for Italy by Cellura et al. (2011) according
to whom the highest share on the indirect energy consumption in Italian
households comes from the products of tertiary sector (31%), and the food and
beverage sector accounts for 8.5%.

Environmental impact assessment of household consumption could be
conducted adopting either a bottom-up methodologies (e.g. life cycle assessment
- LCA) and top-down methodologies (e.g. environmentally extended input-output
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analysis - EEIOA), the former focusing on production processes and the latter on
community’s macroeconomic dimensions (Pairotti et al., 2015). Both approaches
have their strength and limitations (for a description of the pro and con of each
approach applied to consumption see Huysman et al., 2016). One of the most
relevant advantage of using an EEIOA approach is the potentiality to better
capture impacts related to trade (Tukker and Diezenbacher, 2013) and to
services, which are usually not included or below the cut off of process LCAs. In
particular, when the EEIOA is based on multiregional input-output tables, it is
possible to differentiate environmental impacts that occurs in the country where
the consumption takes place and the impacts that take place outside such country
due to trade (lvanova et al., 2015). From a consumption-oriented perspective, it
is important to note that impacts are related to the country that consumes a
certain good, not the one that produces it (unless it is the same country). As a
consequence, life cycle impacts of consumption can be described as ‘domestic’
when the good consumed is produced in the same country and ‘imported’ when
the good is produced in a different country. It is interesting to highlight that
different countries have a very different share of impact due to domestic and
import according to the structure of their economy. For example, according to
Ivanova et al. (2015) the carbon footprint of Switzerland households is for around
63% related to import, whether for Chinese households the share of carbon
footprint related to import is less than 10%.

In Italy, there have been some applications of different versions of the EEIOA
approach, but very few of them are focusing on the household level. Cellura et
al., (2011) calculated the energy and environmental impacts of Italian households
in the period 1999-2006 using 10 tables environmentally extended through
NAMEA (National Accounting Matrix including Environmental Accounts). In their
study more oriented to food consumption and diets, Pairotti et al. (2015)
calculated the carbon footprint of the average food consumption in Italian
households, in comparison with a Mediterranean and a vegetarian diet. In this
study, a hybrid LCA-1O was applied, considering reference food products per food
category and implementing IOA elements in their LCA.

In this contribution, Italy is chosen as an example for a more general discussion
of strengths and weaknesses of matching EEIOA and family expenditure data
applied at the country level. Therefore, this contribution aims at: (1) evaluating if
the considered method and database is suitable for this purpose, (ll) highlight
limitations using the available database and (lll) make a preliminary assessment
of the impacts from the climate change and the land use viewpoints in relation to
the structure of Italian households.

2. Materials and methods

The impacts associated to consumption structure and patterns are calculated
using EEIOA complemented with EXIOBASEV3 for the inventory and the ILCD
recommended method (EC-JRC, 2011) for the characterisation of the impacts
(here, focusing on climate change and land use only).
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2.1. The Input-Output approach

The EEIOA builds on economic input output tables (Leontief, 1936) which are
complemented with environmental extensions, i.e. a list of elementary flows
referring to emissions and resource consumption, so to attribute them from the
production stages to final demand, in a consistent framework (Wiedmann 2009).
According to this method, the monetary flows across sectors of the economy and
between sectors and final consumers are used as proxies for the allocation of
indirect environmental burdens of final consumption.

For this assessment, the EEIOA is completed by using the EXIOBASE v3
database, a multi-regional input output table with focus on the EU. The database
is the result of a series of EU funded research projects’ and it addresses the EU
production and consumption, including impacts that happens outside EU, as it
covers 44 countries + 5 Rest of the World regions, and 200 sectors x 163 products
(Wood et al., 2015). In this study, Just Climate change and Land use impacts are
considered as exemplary of the results that can be achieved. Impacts are
calculated referring to the year 2011, in the two components of domestic and
import, for 25 reference food groups of EXIOBASE (then grouped again in 8
general groups in this study) that cover the full spectrum of food consumption in
Italian households. The environmental extensions of consumption considered in
this study are taken from Schmidt (2017).

2.2. Combining expenditure data and Input-Output model

The approach of matching results from 10 models with household expenditure
data is well described in several researches (for a list of papers applying this
approach see Steen-Olsen et al., 2016). These researches are mainly focused on
pointing out correlations between environmental burdens related to consumption
practices and explanatory variables such as income, age and household size
(Steen-Olsen et al., 2016).

In this study, expenditure data were extracted from the ltalian National Institute
of Statistics (ISTAT) with reference to the year 2011 in order to be coherent with
the result of the EXIOBASE v3 model. Data are expressed in terms of average
monthly expenditure per family structure and per number of family components.

In order to match environmental impacts with household expenditures, a
concordance matrix linking each ISTAT product group to one or more EXIOBASE
reference product was constructed on the base of the NACE codes (Statistical
classification of economic activities in the European Community). In some cases,
it was not possible to establish a 1-to-1 connection, for example the Italian item
of cured meat? refers to products that can be found in the EXIOBASE categories
of .Animal products nec, Products of meat pigs and Meat products nec. Another
example is the beverages group in EXIOBASE, which refers to some products in
the ISTAT categories of wine, beers, mineral waters and beverages nec. Hence,

1 Projects EXIOPOL, CREEA and DESIRE. A full description of EXIOBASE V3 is yet not available in literature. However,
the description of its prior version (EXIOBASE v2) is reported in Wood et al. (2015). Details of the underlying modelling
are publicly documented through deliverables of the EU funded project DESIRE (Pauliuk et al., 2014).

2 The ltalian 'salumi' group contain several types of meat.
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a two-steps procedure was adopted following the approach described in Steen-
Olsen et al. (2016). In particular: (1) firstly, a scaling factor was assigned to ISTAT
products groups that refer to more than one EXIOBASE products according to
their relative presence in the Italian market; then, (Il) all partial contributions for
each EXIOBASE product were scaled in order to have their sum equal to 1 and
so to consider the full impact of that product.

As a result of this approach, a concordance matrix is obtained and Climate
change and Land use from EXIOBASE are then transposed into ISTAT product
group keeping the same grand total. By dividing the impacts of each product
group for the total expenditure in that group for 2011 it is possible to obtain the
emission factors expressed as kg COzeq/€ for Climate change and kg Caeficit/€ for
Land use.

3. Results and discussion

Several kind of results can be drawn matching EEIAO and expenditure data: (l)
the resulting emission factors for food group; (Il) the impacts per family on the
chosen impact category and (lll) the impacts in relation to the family structure.

3.1. Emission factors

In Table 1, the calculated emission factors are reported for general ISTAT product
groups, in their two components of domestic and import.

Table 1: Average emission factors for Climate change and Land use for main food groups.

Climate change Land use
kg COzeq /€ kg Cdeficit / €
Domestic Import Domestic Import
component component component component
Bread and cereals 0.05 0.06 2.58E-04 2.91E-04
Meat 0.57 0.94 1.64E-03 2.11E-03
Fish 0.53 0.16 1.21E-04 1.02E-05
Dairy 1.01 0.27 2.60E-03 5.03E-04
Vegetable oils and fats 0.50 0.44 1.83E-03 4.06E-03
Fruit and vegetables 0.09 0.03 3.24E-04 1.05E-04
Sugar, coffee and groceries 1.02 0.64 2.06E-03 1.03E-03
Beverages 0.22 0.05 1.21E-04 2.87E-05

Differences in emission factors for domestic and imported products of the same
food group are related to three main issues: (I) significant differences in the price
of the product between Italy and other countries; (Il) different production practices
which result in different emissions for the same food type; (lll) different share of
products within the same category (e.g. the vegetable fats group contains both
olive oil and other fats, but the domestic component is dominated by olive oil and
the imported component is almost entirely constituted by other fats which have a
significant higher impact per € in Land use). It is important to note that with a top-
down approach is more difficult to catch the origin of this differences as it would
have been using a bottom-up approach in which, using a process based Life
Cycle Assessment, all the three issues described are explicit in the model.
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3.2. Climate change

The food consumption in an average lItalian household for 2011 results in a total
Climate change of 4237 kg CO2eq, 57% of which due to food produced in ltaly
and 43% to food produced abroad. The breakdown of Climate change by main
food groups is presented in Figure 1. As reported in several studies (reported in
Garnett, 2009), meat is the most contributing food category (45% of the total
Climate change) with the two main components of bovine meat (23% of the total
Climate change) and pork meat (11% of the total Climate change). Dairy is the
second main contributor to Climate change (19% of the total impact), followed by
the variegated group of sugar, coffee and groceries which covers about 16% of
the total Climate change. The big impact related to this last group is due to the
occurrence of elevated emissions per € and the high expenditure in Italian
household for these products. The product breakdown is interesting also when
comparing the domestic and the imported components of Climate Change
(Figure 2). In both cases, meat is the dominant food group, but it is interesting to
note that it contributes to more than the half of the imported component of Climate
change and it is the only food group in which the emissions from imported
products are higher than emissions from domestic consumption.

domestic mpot

Figure 1: Climate change of food Figure 2:_Compac;ison of the dom;eséif and
consumption in an average imported components of Climate

ltalian household in 2011 for change for food consumption in an
main food groups. average ltalian household in 2011.

3.3. Land use impacts

The food consumption in an average lItalian household for 2011 results in a total
Land use impact of 10 kg Cudeficit, 56% of which due to food produced in Italy and
44% from food produced abroad. The breakdown of Land use by main food
groups is presented in Figure 3. Also in this case, meat is the most contributing
food category, but with a larger share (52% of the total Land use). Bovine meat
alone covers 32% of the total Land use, followed by pork meat (10% of the total
Land use). It is interesting to note that the contribution due to impacts of food
groups less related to land consumption drop significantly in comparison with
Climate change, e.g. fish accounts for 1% of Land use impact compared to 8%
of Climate change impact. On the contrary, food groups more related to land
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consumption significantly increase their impacts, e.g. bread and cereals
contribute for 5% of Land use compared to 2% of Climate change. The
comparison between domestic and imported components (Figure 4) shows that
imported meat plays a dominant role (around 63%) in the imported fraction of
Land use. The contribution of vegetable fats increases as well in the imported
component because of the different main product (i.e. olive oil in the domestic
component and other fats in the imported component).

6.00

] = f gro
] ]

Figure 3: Land use related impact of food Figure 4: Comparison of the domestic and
consumption in an average ltalian imported components of Land use
household in 2011 for main food related  impacts  for  food
groups. consumption in an average ltalian

household in 2011.

3.4. Impacts in relation to the expenditure structure

Besides the analysis of the contribution of different food categories to the total
impact of Climate change and Land use, it is interesting to study the breakdown
of the impacts in relation to some household parameters. Although impacts are
different in magnitude, trends are similar for both Climate change and Land use
because of the same expenditure structure. Hence, in this section just the impact
on Climate change is presented.

The Climate change for an average household for several family structures is
presented in Figure 5, whereas in Figure 6 per capita figures are reported.
Families with the higher number of components have a higher Climate change,
while their emissions per capita are lower compared to families with just one
component.
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Figure 5: Climate change of different family structures in ltaly for 2011 and the general
average.

This result highlights a potential increase of per capita impacts due to the strong
trend of having more and more single-component families in Italy, in fact if in 1971
single-person families in Italy were 12.9% in 2015 they were 31.1% of the families
(ISTAT, 2016). Emissions from young couples are lower than couples that are
more than 35 years old, but this could be related to expenditure capabilities. The
share of domestic and import impacts is almost constant as an effect of very
limited shift of food consumption components for different family structures.
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Figure 6: Per capita Climate change of different family structures in Italy for 2011 and the
general average.
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4. Conclusions and limitations

Among other aspects, results show clearly that a significant share of the indirect
impacts (43-44%) takes place abroad and that families with three or more
components are able to save from 40% to 52% of the impacts. Nevertheless there
are a lot of issues that should be improved in relation to both the database chosen
and the top-down approach itself.

In relation to the use of EXIOBASE, it is important to underline that some food
groups might suffer for a very low granularity of the assessment because of a
non-perfect match of EXIOBASE and ISTAT products. For instance, in
EXIOBASE all beverages are collected in a single product group whereas in
ISTAT there are four groups (water, wine, beer and other) with very different
impacts.

EXIOBASE still suffers the loss of information on product specifications, as usual
in a top-down approach associated to household expenditure (Kerkhof et al.,
2009). For example, it is not possible to differentiate impacts of organic products
from other products. Therefore, the model is suitable for the assessment of
different diets or food consumption patterns if assuming just a shift in relative
shares of consumption and not a shift in production properties and agricultural
techniques.

Concerning the impact categories considered, it is evident that Land use indicator
strongly stresses the impacts due to land related foods (such as vegetables, fruits
and — consequently - bovine meat). On the other hand, Climate change
emphasizes the impact of food with a longer supply chain or for which a more
intense processing is needed.
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Abstract

Il presente articolo descrive uno studio di LCA applicato a due opzioni di trattamento della fra-
zione organica dei rifiuti solidi urbani (FORSU) riferiti a un impianto ubicato in Abruzzo. La prima
opzione corrisponde all’attuale linea di compostaggio dell'impianto, mentre nella seconda é
stato ipotizzato I'affiancamento alla linea esistente di un processo di digestione anaerobica che
trattera parte dei rifiuti in ingresso. Dalla normalizzazione emerge che la seconda opzione ot-
tiene risultati preferibili nella quasi totalita delle categorie d’impatto, mentre quella attuale resta
la soluzione preferibile soltanto per la categoria “Formazione fotochimica di ossidanti”. Tuttavia,
in vista dei futuri incentivi sulla produzione di biometano per autotrazione, sarebbe auspicabile
condurre una nuova LCA che includa tale opzione, al fine di ottenere informazioni piu esaurienti
riguardo le diverse alternative di trattamento della FORSU.

1. Introduzione e contesto di riferimento

In ltalia, grazie alla crescente adozione della raccolta differenziata, nonché al
miglioramento della qualita della stessa, la quantita di rifiuti organici raccolti
separatamente, da cui si ottiene un prodotto quasi del tutto biodegradabile, € in
aumento. Questi prodotti, attraverso una corretta gestione integrata dei rifiuti,
possono sostituire l'utilizzo di risorse prelevate tradizionalmente dai comparti
ambientali in svariati campi: si pensi alla produzione di energia rinnovabile, a
quella dei biopolimeri, o piu semplicemente, all’'ottenimento di compost e dige-
stato, caratterizzati da un interessante potere ammendante e nutritivo per il ter-
reno. Il presente articolo si riferisce ad un caso studio (Mancini, 2017) che si
inserisce in tale contesto, concentrandosi in particolar modo sull’esame di due
opzioni di trattamento della frazione organica dei rifiuti solidi urbani (FORSU) e
sulla valutazione dei connessi impatti ambientali potenziali mediante LCA. Nello
specifico, saranno analizzate la tradizionale tecnica del compostaggio e quella
emergente della digestione anaerobica seguita da compostaggio. La rassegna
critica della letteratura scientifica che ha accompagnato il lavoro, finalizzata ad
acquisire lo stato dell’arte metodologico e implementativo sullLCA dei processi
di trattamento della FORSU, & stata eseguita principalmente attraverso siti web
che permettono l'accesso a pubblicazioni scientifiche, quali, ad esempio,
ResearchGate, ScienceDirect, e il servizio Discovery dell’Universita degli Studi
“G. d’Annunzio” (che integra piu banche dati bibliografiche), oltre a motori di ri-
cerca come Google Scholar e Google Books. Le parole chiave utilizzate per la
ricerca sono state: “composting”, “anaerobic digestion”, “municipal organic wa-
ste”, “LCA”, “biogas”, “digestate”, “impact assessment’, in varie combinazioni
(Mancini, 2017). Sono stati reperiti e consultati 21 articoli scientifici e 3 tesi di
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laurea magistrale. Gli studi consultati analizzano anche altre opzioni di tratta-
mento della biomassa. Alcuni autori comparano il compostaggio con la dige-
stione anaerobica (Di Ciaula et al., 2015), mentre Sonnesson et al. (2000)
introducono anche l'incenerimento. Una parte esigua di studi tratta la digestione
anaerobica seguita da compostaggio comparandola con il solo compostaggio e
con la discarica (De Maglie, 2013) oppure con l'incenerimento (Di Maria e Mi-
cale, 2014). In linea generale, emerge che la produzione di energia da biogas -
ancor meglio se seguita dal trattamento aerobico del digestato (De Maglie,
2013) - presenta migliori performance ambientali rispetto al recupero materico
di biomassa, soprattutto in termini di risparmio dell’energia fossile e bilancio
delle emissioni di gas serra, rispetto ai sistemi di riferimento fossili convenzio-
nali (Cherubini e Stremman, 2010). Tuttavia, Di Ciaula et al. (2015) sostengono
che il trattamento della FORSU dovrebbe avvenire mediante compostaggio, e
non tramite digestione anaerobica, soprattutto per motivi igienico-sanitari. Le
LCA analizzate riguardano principalmente il contesto italiano ed europeo e
quella che si accosta meglio al caso studio oggetto di questo lavoro € quella di
De Maglie (2013), che verra descritta brevemente nel par. 2.4 relativo alla
discussione.

2. Il caso studio

Il caso studio di questo lavoro consiste nellLCA di due processi di trattamento
della FORSU: compostaggio e digestione anaerobica seguita da compostaggio.
L’analisi riguarda l'impianto di selezione dei rifiuti solidi urbani e di compostag-
gio A.C.ILA.M. S.p.A,, situato nel comune di Aielli, in provincia del’Aquila, del
quale e stata considerata esclusivamente la linea di compostaggio (Mancini,
2017). Verranno presentate due analisi LCA, una sull’opzione attuale (denomi-
nata “C”, per “compostaggio”) e una sull’opzione futura (“E”, per “energetica”)
basata sul progetto di ampliamento dell'impianto. Nel seguito della trattazione
verranno presentate le due opzioni, la metodologia adottata e i risultati ottenuti.

2.1.Descrizione dei processi

Attualmente, l'impianto € dotato di una linea di trattamento aerobico del rifiuto
organico, dal quale si produce ammendante compostato misto conforme
all’Allegato 2 del D.Lgs. 75/2010 (MIPAAF, 2010), che trova pressoché totale
collocazione nel distretto agricolo fucense. L'intero ciclo di lavorazione viene
effettuato in ambiente chiuso, dotato di un sistema di aspirazione e trattamento
dell’aria esausta, mentre le acque di processo vengono drenate da un sistema
di griglie e recapitate a una vasca di raccolta. Il processo di compostaggio inizia
con la ricezione del materiale organico e del verde presso un’area di stoccag-
gio, dove il verde subisce un pretrattamento meccanico per poi essere conferito
nelle giuste proporzioni, insieme alla FORSU e allo strutturante di ricircolo, nella
fase di miscelazione. Da qui, la miscela viene trasportata, tramite pala gom-
mata, in biocelle dove sara attivata la fase di biossidazione accelerata, della du-
rata di circa 15 giorni. La trasformazione biologica della biomassa in questa
fase é repentina. La temperatura arriva e si attesta a 55°C per almeno tre giorni
e successivamente, subisce un raffreddamento fino a 40°C. Terminato questo
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ciclo, la biomassa viene caricata nuovamente su pale gommate e trasferita
nell’aia di maturazione, dove restera per circa tre settimane. Trattandosi di un
processo di tipo statico, la pavimentazione forata delle biocelle e dell’aia di
maturazione favorisce le condizioni di aerobiosi e allo stesso tempo la percola-
zione delle acque di processo. All'interno della stessa area di maturazione, il
prodotto successivamente subisce un processo di raffinazione dal quale si
ottengono tre output: 'ammendante compostato misto, una frazione intermedia
lignocellulosica di sottovaglio, da avviare a ricircolo interno nella miscela, e una
frazione a matrice prevalentemente plastica, da smaltire in discarica. La disca-
rica si trova a circa 140 km di distanza dall'impianto, nel comune di Isernia (IS).
Gli automezzi utilizzati per la distribuzione del compost possono trasportare un
carico massimo di 10-11 t, mentre quelli utilizzati per il conferimento in discarica
hanno una portata massima di 25 t. Tutti i viaggi di andata vengono effettuati a
pieno carico, mentre il ritorno € a vuoto.

L’'opzione “E” & stata modellizzata in base alle previsioni del progetto di amplia-
mento dell'impianto in oggetto, pertanto, si tratta di un’ipotesi che si prevede di
porre in essere nei prossimi anni. Le differenze rispetto all’opzione “C” sono
riassumibili in quattro punti:

- verra inserita una fase di pretrattamento della FORSU, dalla quale si
ricaveranno due frazioni: il sovvallo e il sottovaglio, che saranno avviate
rispettivamente a compostaggio e a digestione anaerobica,;

- la linea di digestione anaerobica permettera di trattare il 34% del mate-
riale organico in ingresso nell'impianto. Biogas e digestato saranno gl
output del processo. Il biogas alimentera un motore a combustione in-
terna con annesso generatore elettrico e scambiatore di calore, al fine di
produrre 800 kWe e 500 kW4, che soddisferanno solamente in parte il
fabbisogno energetico dellimpianto. La quota energetica necessaria a
soddisfare il restante fabbisogno sara fornita dalla rete (mix elettrico ita-
liano), come accade per l'intero fabbisogno dell’opzione “C”. Il digestato,
invece, subira un’ulteriore stabilizzazione passando alla linea di
compostaggio, divenendo, cosi, un input del processo di miscelazione in-
sieme al sovvallo, alla frazione di ricircolo e al verde;

- un doppio processo di maturazione permettera una maggior stabilizza-
zione del prodotto finale (in “C” vi & un solo processo di maturazione);

- vagliatura in due stadi (in “C” la vagliatura avviene in un unico stadio).
2.2. Analisi LCA delle opzioni di trattamento

2.2.1. Obiettivi e campo di applicazione

L’obiettivo dello studio € quello di individuare le criticita ambientali di due opzioni
di trattamento della FORSU relative a un impianto di compostaggio in Abruzzo.
Pertanto & stata condotta una LCA delle due opzioni, seguendo gli standard tec-
nici UNI EN ISO 14040 (2006) e 14044 (2006), nonché I'lLCD Handbook (Euro-
pean Commission, 2010). La funzione considerata consiste nel trattamento del
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rifiuto organico in ingresso nellimpianto, mentre l'unita funzionale ¢ il tratta-
mento di 1.000 t di rifiuti organici. | sistemi oggetto di valutazione, le cui funzioni
sono state considerate equivalenti, sono quello relativo al compostaggio e quello
relativo alla digestione anaerobica seguita da compostaggio. Per semplicita,
nella modellizzazione la qualita del compost ottenuto nelle due opzioni & stata
considerata equivalente. Per entrambi i sistemi esaminati, i confini del sistema
vanno dallo stoccaggio del materiale organico nell’area di ricezione dell'impianto
fino alla distribuzione del compost, allo smaltimento degli scarti in discarica e
delle acque di percolazione in un impianto di depurazione. Per quanto riguarda
l'opzione “E”, la produzione dell’energia derivante dal biogas é utilizzata
esclusivamente all'interno della struttura e non & destinata al mercato. Inoltre, il
bilancio di massa in uscita dellammendante (che € il prodotto principale) registra
una percentuale rispetto al materiale organico di partenza, di circa il 21% in en-
trambi i casi (in “C” il 21%, in “E” il 20,6%). | dati utilizzati nellopzione “C” sono
prevalentemente primari e si riferiscono al 2015. In alternativa ai dati primari,
quando necessario, si € fatto riferimento alla banca dati Ecoinvent vers. 2.2.
(Ecoinvent Center, 2017). Per 'opzione “E” sono stati utilizzati dati secondari. La
modellazione € stata effettuata per mezzo del codice di calcolo SimaPro, vers.
7.2.4 (Pré, 2010). Il metodo di valutazione ambientale € ReCiPe Midpoint
(Goedkoop et al., 2009) con prospettiva gerarchica e normalizzazione mondiale.
La frazione di ricircolo ottenuta dal processo di vagliatura & stata esclusa dal
calcolo trattandosi di un caso di closed loop.

3. Risultati

Dalla caratterizzazione (fig. 1) &€ emerso che, nell’opzione “C”, la fase di produ-
zione del compost assume i valori piu alti in 9 categorie di impatto su 18: Cli-
mate change (CC), Ozone depletion (OD), Terrestrial acidification (TA),
Freshwater eutrophication (FEu), Particulate matter formation (PMF), Agricultu-
ral land occupation (ALO), Natural land transformation (NLT), Water depletion
(WD), Fossil depletion (FD). La fase della discarica (comprensiva anche del tra-
sporto degli scarti) predomina, invece, nelle restanti 9: Marine eutrophication
(ME), Human toxicity (HT), Photochemical oxidant formation (POF), Terrestrial
ecotoxicity (TE), Freshwater ecotoxicity (FE), Marine ecotoxicity (MEc), lonising
radiation (IR), Urban land occupation (ULO), Metal depletion (MD). Nell'opzione
“E” la fase di depurazione del percolato (comprensiva anche del trasporto) influ-
enza maggiormente 8 categorie (CC, OD, TA, POF, PMF, IR, MD, FD); segue
la discarica che prevale in 6 (ME, HT, TE, FE, MEc, ULO), infine la produzione
di compost, per le restanti 4 (FEu, ALO, NLT, WD).
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C
Figura 1: Profilo ambientale delle due opzioni ottenuto tramite la caratterizzazione. Le lettere “C”
ed “E” si riferiscono rispettivamente alle opzioni “compostaggio” ed “energetica’.

| risultati della normalizzazione (fig. 2) mostrano che entrambe le tecniche di
trattamento della FORSU influenzano principalmente tre categorie di impatto:
HT, FE e MEc. Si consideri, infatti, che su un punteggio totale di 3.343,7 otte-
nuto da “C”, e 1.796 da “E”, le tre categorie incidono rispettivamente per circa il
91% e 90%. Nello specifico, HT assume 683,6 punti per “C” e 358,99 per “E”;
FE 940,16 punti per “C” e 500,89 per “E” e MEc 1.435,53 punti per “C” e 765,31
per “E”. | principali flussi che determinano questi potenziali impatti sono riportati
in tab. 1 e derivano essenzialmente dalla fase della discarica (trasporto e

smaltimento).

A
AR
4
A

-~ £ a A 3, - A -2 4, “
& =) . % A B %, e 23 %, % %,

N
o
L4

Wcompostpronte O distribuzione compost @discarica @impiantodi depurazione

Tabella 1: Principali responsabili delle categorie di impatto pit colpite.

Cat.d’impatto Sostanza| Compartim. | Sotto-compart. Unita Totale

= groundwater, )

o HT Lead Acqua long-term kg 1,4-DB eq | 2.0803,2

q, -

< FE Vanadiu | p g | groundwater, | o 4 DB eq | 1.629,18

N m, ion long-term

o .

o MEc Vanadiu | oo 0 | groundwater, | 4 4 DB eq | 1.613,84
m, ion long-term

Eu HT Lead Acqua groundwater, kg 1,4-DB eq 1.1138,

° long-term 9

5 FE Vanadiu | pgqua | groundwater, |4 4 DBeq | 872,63

N m, |or.1 long-term

o MEc Vanadiu | poqua | groundwater, |4 4pBeq | 864,41
m, ion long-term
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Figura 2: Istogrammi delle opzioni ottenuti dalla normalizzazione. Le lettere “C” ed “E” su ogni
colonna si riferiscono rispettivamente alle opzioni “compostaggio” ed “energetica”.

4. Discussione

L’analisi dei risultati € stata condotta esaminando i punteggi ottenuti dalla
normalizzazione, riferiti alle due opzioni, per ciascuna categoria d’impatto, al
fine di agevolarne la comprensione. L'opzione che presenta migliori performan-
ce ambientali, ottenendo il punteggio piu basso per la quasi totalita delle
categorie di impatto, & I'opzione “E”. “C”, invece, & preferibile soltanto per la
categoria “Formazione fotochimica di ossidanti”, con 6,31 punti (rispetto a 7,79
di “E”).

Un obiettivo analogo a quello del caso studio oggetto di questo lavoro e
rinvenibile nello studio di De Maglie (2013), nel quale vengono confrontati tre
scenari riferiti a un impianto di trattamento dei rifiuti organici e del verde in
provincia di Ravenna: lo scenario attuale, che consiste in un processo di dige-
stione anaerobica seguita da compostaggio, lo scenario passato, riguardante
'adozione del solo processo di compostaggio e infine uno scenario ipotetico
dove il rifiuto € smaltito in discarica. | risultati mostrano che lo scenario preferi-
bile dal punto di vista ambientale & quello attuale, e cid confermerebbe quanto
emerso anche nel caso di Aielli (AQ) sebbene tra questo studio e quello di De
Maglie (2013) esistano delle divergenze, come l'unita funzionale, i confini del si-
stema e il metodo di valutazione degli impatti, che non ne permettono una di-
retta comparazione. Anche ADEME (2007) mostra come l'uso dei rifiuti
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biodegradabili per I'ottenimento di biogas sia piu interessante del compostaggio
in termini di bilancio di Global Warming Potential ed energia primaria. Si
specifica, perd, che in quel caso, il compostaggio € comparato soltanto alla
digestione anaerobica (senza successivo compostaggio). Inoltre, il contesto di
riferimento, la Francia, presenta sostanziali differenze soprattutto in termini di
mix elettrico utilizzato, che dipende principalmente da fonte nucleare.

Dall’interpretazione dei risultati, dunque, emerge un netto vantaggio ottenuto
dallopzione “E”, legato alla produzione di biogas da fonte rinnovabile. Tale
soluzione consente all'impianto di dipendere in misura minore dal mix elettrico
italiano, principalmente costituito da fonti fossili. Inoltre, le problematiche solle-
vate da Di Ciaula et al. (2015) riguardo alla possibilita di riscontrare elementi
patogeni per 'uomo e le specie vegetali sul digestato, verrebbero risolte, in que-
sto caso, dall’adozione di una successiva stabilizzazione del prodotto attraverso
il compostaggio.

Il progetto di ampliamento dellimpianto attualmente €& in fase autorizzativa,
pertanto i risultati di questa analisi potrebbero risultare utili all’azienda per la
successiva messa in atto delle nuove operazioni di trattamento. Si auspica che
le criticita riscontrate in questa analisi, dovute soprattutto alla fase del trasporto
e smaltimento degli scarti in discarica - che incide notevolmente sulle categorie
di impatto piu colpite - inducano 'azienda ad orientare le future scelte di investi-
mento verso soluzioni in grado di apportare miglioramenti nella gestione degli
scarti prodotti dal trattamento dell’organico.

5. Conclusioni

Il presente articolo descrive I'analisi LCA implementata su due opzioni alterna-
tive di trattamento della FORSU riferite a un impianto di compostaggio in
Abruzzo: la situazione attuale dellimpianto, e una potenziale opzione futura.
Dai risultati € emerso che I'impatto potenziale prevalente €& attribuibile alla
produzione dellammendante, nel caso dell'opzione “C”, mentre nell’opzione “E”
al trasporto e smaltimento del percolato presso un impianto di depurazione
delle acque. Nelle tre categorie piu colpite, tuttavia, la fase piu impattante sem-
bra corrispondere al trasporto e smaltimento degli scarti in discarica. “E” ha
ottenuto il punteggio migliore per la quasi totalita delle categorie di impatto. “C”,
invece, & preferibile soltanto per la categoria “Formazione fotochimica di ossi-
danti”. Dall'interpretazione dei risultati, si pud affermare che il vantaggio
dellopzione “E” consista nel consumo dell’energia (da fonte rinnovabile) pro-
dotta dall'impianto, e cio collima con quanto riscontrato in letteratura.

Al fine di integrare le informazioni presentate, sarebbe interessante condurre
un’analisi LCC sulle due opzioni, affiancando, in tal modo, indicazioni di carat-
tere economico a quelle prettamente ambientali, di cui 'azienda potrebbe di-
sporre in fase decisionale. Inoltre, in vista degli incentivi sulla produzione di
biometano per autotrazione (dal 2018), non si esclude la possibilita che
'azienda contempli tale opzione, pertanto sarebbe utile effettuare un’analisi dei
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potenziali impatti ambientali relativi al’adozione di questa tecnologia da parte
dellimpianto.
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Abstract

The use of pesticides has been considered to possibly affecting health due to the misap-
plication of chemicals. When conceiving new production systems, it is vital to correctly assess
the magnitude of health risk from pesticide exposure in workplace. In this work, we present a
method to compare pesticides exposure of banana farmworkers with consideration to different
production systems. This new method allows us to take into account “real practices”, and in
particular "bad practices"” of farmworkers, especially when it comes to wear mandatory Personal
Protective Equipment (PPE). According to the determinants of the “human cost of pesticides”
highlighted in nine decision trees, we devised equations. Fostering on the criterion of minimizing
(as far as possible) the risk of pesticides exposure for farmworkers, the purpose is to develop a
decision support tool to re-conceive production systems, without compromising the other per-
formances.

1. Introduction

Agricultural pesticide applications are known as public health problem mainly
caused by dispersion effects. In comparison with other phases of the life cycle
of an agricultural product, the agricultural phase is recognized as the most im-
pactful for human health (e.g., Busset et al., 2014). Beyond the general public
or consumers’ exposure, many studies (e.g., Arcury et al., 2006; Feola and
Binder, 2010; Franze and Ciroth, 2011; Feola et al., 2012; Alavanja et al., 2013;
Ye et al., 2013) reported the presence of exposed agents who run risks for their
health. In particular, they refer to both workers handling pesticides (or directly
scattering them) (here called operators) and people in contact with treated plots
(here called farmworkers) (Jaga and Dharmani, 2003; Ye et al., 2013).

Every precaution should be taken to avoid exposure to pesticide. Main precau-
tions are respecting the prescribed application dose, wearing Personal Protec-
tive Equipment (PPE), and respecting off-time after spraying. Actually, it ap-
pears that operators and workers are exposed to pesticides due to bad practic-
es (Van Wendel De Joode et al., 1996; Wesseling et al., 2001; Blair et al.,
2015). Moreover, the whole of the given production system has an influence on
the risk for operators and workers. In other words, different production system
entail different pesticides impacts on the workers’ health.

A previous literature review (Di Cesare et al., 2016) highlighted that there is a
gap between expectations raised by different proposed methods (in both the
domain of Risk assessment and LCA) and what they can handle in fact. Ac-
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cordingly, a method assessing the comparative effects of different production
systems on farmworkers health should be devised. The aim is to account for the
actual work practices and the good and bad practices regarding exposure. The
new method requires to be based on readily available data (within a reasonable
time, and corresponding to meaningful data for plantation managers) in order to
be implemented by managers. Doing so, it will give managers realist new op-
portunities for action in farming innovation.

The core problem is to capture information on real practices concerning expo-
sure, as they have not been documented in the literature yet. However, experts
who have worked in contact with different production systems have good
knowledge of practices. Because we are searching for the determinants of prac-
tices, we need to understand the roots of good and bad practices. The method
will therefore be built on experts’ opinions and reports.

Potentially, the method may be devised for all cropping systems. Nevertheless,
for consistency, it is necessary that knowledge collected from experts, focus on
a single agricultural product. We therefore chose the banana production sys-
tem, farmed for exportation. Indeed, banana production systems are crucial in
economic and social terms for many countries, and they are quite “simple” in
comparison with many other cropping systems.

The aim of the work here presented is to develop a decision support tool to lead
different stakeholder (plantation managers at first) to be able to discriminate
between several production systems regarding their pesticides impacts on
farmworkers health.

2. Materials and Methods

To build a method able to discriminate between several production systems of
the same crop, we follow these three steps, namely: i) to question experts and
to gather their expertise; ii) to build knowledge trees before developing decision
trees from this expertise; iii) to formalize the calculation of the human cost of
pesticides according to a given farming system, at different scales.

21 Expert systems and expert elicitation
2.1.1 Expert systems in agriculture

The applications of expert systems (ES) are rapidly increasing. Such applica-
tions are very effective in situations where the domain expert is not readily
available. In agriculture, applications of expert systems are mainly found in the
area of diseases diagnosis and pest controls (Sarma et al., 2010). Integration of
expert system is a powerful tool for the stakeholders of agricultural production
and it shows extensive potential (Sarma et al., 2010).

In the agricultural sector ES has been implemented as rule-based ES by using
ESTA' (Prasad et al., 2006), and by Khan et al. (2008), to control pest and dis-
ease of Pakistani wheat. A system with web-based expert system using the

"The Expert System Shell for Text Animation (ESTA), is an expert system developed by Prolog Development Center
(PDC), Denmark and used by the authors for the diagnosis of the most common diseases occurring in Indian mango.
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open source software e2gLite™ shell was developed. Chopra et al. (2000) ex-
plain that “it is possible to develop a consensus model of expertise through an
iterative process of individual elicitation on a set of elements, assembly of re-
sults and re-elicitation on the new set of elements” (Léger and Naud, 2009).

2.1.2 Choosing Delphi expert consensus method

We must choose a method to interact with experts, especially because we seek

for consensus among them. Sometimes, consensus builds rapidly and sponta-

neously in science, based on a critical piece of evidence. This is the case in

epidemiological and medical sciences, where a single piece of evidence may be

sufficient to change expert beliefs (Jorm, 2015). Sometimes, the consensus is

not spontaneous. It has to be elaborated at length.

To elaborate consensus, the selected approach stems from the theory of “wis-

dom of crowds” (Surowiecki, 2004). This theory assumes that groups can make

correct judgements under certain conditions. In case of experts’ consensus, it

needs to be ascertained systematically by using methods that are known to

produce accurate outcomes and good answers. Research has been conducted

to get a better insight into conditions under which groups of individuals with

some expertise make good decisions. We rely on Surowiecki (2004) who de-

fines as ‘crowd’ any group of individuals with some expertise, including scien-

tists.

The consensus develops over time thanks to increase of knowledge. For this

reason, it is proper to implement a Delphi method?, which increase knowledge

of participants. Delphi was originally developed as a method for forecasting, and

has been widely applied in other fields, including health research3. As reported

by Rowe and Wright (1999) and by Jorm (2015), the Delphi method has many

variants. From Jorm (2015), there is a facilitator who:

1. Organizes the Delphi study

2. Recruits a group of individuals with some expertise on the topic

3. Compiles a questionnaire with a list of statements that the experts rate for
agreement

4. Gathers responses from the members of the group using the questionnaire

5. Gives anonymous feedback to individuals in the group about how their re-
sponses compare to the rest of the group

6. The members of the group can revise their responses to the questionnaire
after receiving the feedback

7. Responses converge across rounds of questionnaires, with some statistical
criterion being used to define consensus

2.1.3 Knowledge elicitation in the banana case

Following suggestions of Surowiecki (2004):
1. The wisdom-of-crowds literature clearly shows that groups make better de-
cisions when they gather diverse expertise (Jorm, 2015). While selecting

2 A Delphi expert consensus method is defined as “a systematic way of determining expert consensus that is useful for
answering questions that are not amenable to experimental and epidemiological methods” (Jorm, 2015).

3 For estimating the burden and disease costs, an example of Delphi experts consensus method was implemented by
Trasande et al. (2015), where it was used to judge the strength of epidemiological data.
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the expert panel, the researcher should choose a group of individuals in-
cluding different expertise relevant to the question.

In the present case, we selected 6 experts from different scientific areas name-
ly: agronomists, economists and exposure assessment specialists. We se-
lected the expertise to map real practices implemented in banana planta-
tions both from the agronomic point of view and from the exposure one,
emphasizing the workflow* and the work organization in the plantation.

2. All experts were interviewed separately and anonymously, for one hour.

3. All experts interviewed are employed in independent organization working
on agricultural and environmental practices improvement.

4. The information collected from the expertise was organized in 9 knowledge
trees (Huosong et al., 2003; Yager, 2006; Marceau, 2007).

We performed several rounds of interviews. A round consisted of interviews of

all experts. A synthesis was performed to close the round after the whole range

of interviews. Rounds were repeated until completion (no supplementary infor-
mation might be collected) and until achieved a certain consensus level.

The experts were interviewed to collect knowledge on each phase of banana

production systems implemented in the various parts of the World. The inter-

views focused on work management, regarding the quantity and quality of the
exposure due to the work practices described by experts.

At this stage, the aim was to map the different existing banana production sys-
tems, while highlighting the causes of good and bad practices. The resulting
knowledge allows us to indicate, for each elementary action from one given ba-
nana production system, what is the level of exposure to pesticides for the op-
erators and for the farmworkers.

3. Results and Discussion
3.1 Knowledge trees devising

Knowledge collected through interviews was organized in knowledge trees.
During the first round an initial version of the knowledge trees was drawn. The
changes proposed by the expert during a subsequent interview may have been
an addition, a deletion or a modification of several tree elements.

The different possible banana production systems have been described along
nine different maps. The maps display the different crop trajectories regarding
each phase of banana cultivation, for the duration of one plantation.

So, nine knowledge trees were built corresponding to the main phases of bana-
na cultivation:

1. Destruction of the old plantation

Fallowing

Nursery

Nursery (shadehouse)

Fertilization

Weeding

Plant protection (Black Sigatoka and weevils)

NOoOGORWN

4A workflow can be defined as « [A]n orchestrated and repeatable pattern of business activity enabled by the systematic
organization of resources into processes that transform materials, provide services, or process information (IBM, 2016).
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8. Bunch care

9. Post-harvest treatments (in the packaging plant).

We structured the trees in order to map the different alternatives regarding the
main occasions of exposure for operators, as reported in literature (e.g.,
Damalas and Eleftherohorinos, 2011; Inserm (dir.), 2013; Wesseling et al.,
2001). Circumstances of exposure are typically: the preparation of pesticide
mixture, the pesticide application and the equipment cleaning (included the
treatment of the residues of pesticide mixture).

T Plant pratectian < S‘tep
1
1 1
7.2 Wieevil & [
1.1 Fungicida % A
At m:‘m’ h* 1 Sub-s tEF}
X
L | 1 I
1T Mansal .12 Mechanical T3 Rerial
fungickda Tungicida fungicide F.J.1“F:$u-|:;:n:rnm. {‘ Action
appdication mpplicatian apphication mp p k|
11 - T.1.24 L8 r.iia - T.2.2.1
Praparation Praparation Preparation Praparatian
r.1.1.2 r1.22 1132 raaz
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Figure 1: Example of workflow representation.

3.1.1 Tree structure

A workflow can be represented as a chronological sequence of steps, sub-
steps, actions and tasks (Figure 1).

We organized the trees in a chronological way: firstly, the different steps that
compose a banana production system were identified. For each one, the sub-
steps to be implemented were highlighted. Then, we identified the alternative
operating actions to accomplish each sub-step (for example, as reported in Fig-
ure 1, the sub-step “fungicide treatment” can be put into practice via manual,
mechanical, or aerial fungicide application). Indeed, the interviews highlighted
the relevant criteria which allow us to design different branches of the
knowledge trees, and to derive the origin of different branches.

At last, the aim is allowing the experts to give “exposure rating” to the actions
implemented in different crop trajectories. From literature, “[F]actors affecting
the level of exposure include type of activity (e.g. mixing, loading, application or
harvesting), method of application (e.g. air blast, backpack, aerial spray, hand
spray or ground boom application), pesticide formulation (e.g. dilute or dust),
application rate (e.g. weight of active-ingredient/ha), use of personal protective
equipment (PPE) (e.g. gloves, respirators, face-shields, boots or overalls), and
personal work habits and hygiene (e.g. changing into clean clothes/washing
hands or taking bath/shower after the use of pesticide, frequency of healthcare
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visits)” (Dosemeci et al., 2002, p. 246). The real practices analyzed by Doseme-
ci et al. (2002) appear to match with the factors taken into account by our panel
of experts. The panel attributed different exposure levels (called w; in the follow-
up) to the different activities regarding the crop trajectory concerned. Exposure
can take value “low”, “medium” or “high”, depending on experts’ opinion.

Moreover, on the base of our knowledge trees, we were enabled to draw deci-

sion trees (not depicted here).
3.1.2 Human cost of pesticides calculation

The calculation of pesticide human cost can be achieved following several tem-
poral intervals and spatial aggregations:

o for the entire lifespan of a plantation (5-30 years)

o for the cycle corresponding to a single crop (9 months to 12 months in

routine)
e for all transactions for one year on a routine plantation (about 52 crops
per year)

e by parcel, per hectare, or per any area of the plantation
Interpretation of results of pesticide human cost calculations should be done
only by comparing two or more production systems with the same temporal and
spatial scales. Indeed, result of calculation is meaningless in absolute value.
Data collected at this stage of the research can be simply gathered from real
production systems, or estimated for use in anticipation. This feature represents
a strength of our method, because it doesn’t require knowledge about the actual
land applied doses. Indeed, it is quite easy to know what the theoretical applied
dose is, but it is merely impossible to know the actual dose received by one op-
erator when not wearing PPE properly.
Due to variations in exposure magnitude and duration, routes of absorption
(skin, respiratory tract, gastrointestinal tract), and physiological variability be-
tween exposed individuals, it is often difficult to quantitatively assess the effec-
tive dose of a pesticide an individual has received either by measuring working
hours or by monitoring the contamination level of the workplace (Ye et al.,
2013). Allocation of the different wj values by experts in the various tasks aims
to fill in this knowledge gap. When experts allocate the level “medium exposure”
to one situation, it means that the dose received by the operators exceeds the
planned dose. When experts allocate the level “high exposure”, it means that
the dose received by the operators exceeds by far the planned dose. So, it is
not requested to know actual applied dose.
Based on these assumptions, it is possible to evaluate human costs of an exist-
ing or upcoming production system regarding pesticides. Data sources used in
both cases will be different (Table 1). Hence it is possible to use trees and equa-
tions to test several possible farming systems before implementing them. In this
sense, this work contributes to innovation in farming systems.
Finally, the calculation can be done for several temporal intervals and spatial
aggregations, by adapting data collection.
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Table 1: Possible data sources for different equation uses.

No. operators No. of repeti- Exposure Product
Variables Yactions | involved per tion of each P
level (w;) AOEL
task task
Case:
Production All products
system im- All actions | Real number Real number of Available P
e are known,
plemented are of operators repetition for knowledge
so AOEL
and recorded known for each task each task trees lculated
data calculate
Upcoming Estima- . Average
production tion of Mean or prob- Observed mean Available AOEL of the
. or probable knowledge
system or probable able interval : product cat-
X interval trees
unknown data actions egory

4. Conclusions

The triple diagnostic here proposed (current, limits and potentials) provides a
guide for a stepwise transformation, a progressive integration of new knowledge
and practices, and knowledge-intensive inputs. In fact, evidence of actual prac-
tices dealing with pesticides and relative consequences can guide decision
makers to perform more careful choices about the use of pesticides, encourag-
ing less impacting practices affecting farmworkers health. This may be obtained
by using available information and widespread awareness.

The main advantage of our method is that it is timely applicable by the manager
at his/her plantation with reasonable efforts.

Otherwise, calculation lacks the precision that would be achieved by observing
operators and measuring the amounts of pesticides to which they are actually
exposed. Results of calculation are meaningless in absolute value so that they
should be used for comparisons in the same spatial and temporal perimeter.

A feasibility test of the new method will be implemented. The test will check: i) if
the method can identify a production system in a real case; ii) the quickness
and ease in defining and recognizing a production system from the combination
of knowledge charts. This recognition is the prerequisite to find the exposure
level (wj) of each implemented task in the present maps. The test will also check
iii) if data necessary for calculating costs are easy or not to collect on plantation.
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Abstract

Precision agriculture has been identified as a winning farming management system able to
optimize return of inputs while preserving resources. The combination of integrated agriculture
with precision agriculture strategies could allow to meet crop needs while improving crop yields.
The main goal of this study is to assess the environmental impacts reduction derived from the
introduction of precision agriculture under integrated farming (IFPA) in the cultivation of bread
wheat (Triticum aestivum L.) in comparison with integrated farming alone (IF) in Central Italy.
Main results, obtained over three wheat varieties, showed no differences between IF and IFPA
in terms of crop yield, with an average value of 8.8 t and 8.6 t grain (14% moisture), for IF and
IFPA respectively. Marked reduction for IFPA was estimated for GWP, equal to -32% across
varieties due to lower GHG emissions both from direct (N2O from soil) and indirect sources
(fertilizer production).

1. Introduction

Low-input cropping systems were introduced worldwide in order to reduce the
environmental impacts of intensive farming, but some of their benefits are offset
by lower yields. Depending on the initial situation and the impacts considered,
reducing inputs will in itself either reduce or increase environmental impacts per
product unit. Indeed, highly eco-efficient cropping systems require application of
optimum quantities instead of minimum levels of external inputs. The
implementation of new technologies has led to the diffusion of precision
agriculture, aimed to define a decision support system (DSS) for the whole farm
management, based on measuring and responding to inter and intra-field
variability in crops, with the goal of optimizing returns on inputs while preserving
resources (McBratney et al, 2005). Indeed, precision agriculture can often
improve net return to grain crop production by either increasing yield, reducing
yield variability or reducing input costs (Scharf et al 2011). Moreover, precision
agriculture has been evaluated also as an opportunity for environmental
protection through reduced agrochemical use, increased nutrient-use efficiency
and diminished off-field movement of soil and agrochemicals (Berry et al. 2003).

LCA is a methodology widely applied in agriculture and many studies have been
carried out comparing different agricultural practices, mostly comparing
conventional with organic agriculture (Tuomisto et al., 2012). To date, far less
research has been devoted to the evaluation of conventional low input systems,
such as integrated agriculture, and to identifying practical solutions for its
improvement. Integrated Production was initially a voluntary scheme that
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established environmental requirements beyond conventional farming practices,
based on Integrated Pest Management and restricted site-specific use of
fertilizers (EU, 2009). The combination of integrated agriculture with precision
agriculture strategies could allow to meet crop needs while improving crop
yields.

Bread wheat is one of the crops where precision agriculture is rapidly
developing, in particular for pest management and the optimization of nitrogen
fertilization.

The environmental sustainability of cereals production has been addressed by
many LCA studies in the last years (Renzulli et al., 2015), focussing on different
production systems, mainly on conventional vs organic cultivation (Meisterling
et al., 2009; Williams et al., 2010; Tuomisto et al., 2012; Fantin et al., 2017), on
the impact of fertilizers (Goucher et al., 2017), or revising wheat production at
European scale (Achten and Van Acker, 2016).

The main goal of this study was to assess the environmental impacts reduction
of introducing precision agriculture management in the cultivation of wheat
(Triticum aestivum L.) in Central Italy under integrated farming, comparing
bread wheat cultivation under an integrated farming system (IF) with an
integrated farming system with precision agriculture support (IFPA). The study
was carried out within the NETSOSTEN project (NETwork per la SOStenibilita
del grano TENero, PIF 2012, funded by Tuscany Region).

2. Materials and Methods

The cultivation of bread wheat (Triticum aestivum L.) was carried out in the
2013-2014 growing season in a large farm in the coastal plains of Tuscany
(Central ltaly), using three varieties (Exotic, PR22R58, Solehio). The tested
crop managements were i) an integrated agricultural management, used as
baseline (IF); ii) an integrated farming system improved by using a DSS based
on precision agriculture principles for both nitrogen fertilization and pest
management (IFPA). Baseline integrated system refers to the typical integrated
farming techniques applied by the local farmer to wheat cultivation, following
regional integrated farming guidelines and farmer’s personal experience. The
integrated precision agriculture system (IFPA) consisted in an integrated
management supported by a decision support system which aims at optimizing
wheat cultivation systems, namely grano.net® DSS, developed by Horta Srl.
The DSS suggests seeding period, fertilization, herbicide and fungicide
application timing and doses. In particular, it is also able to suggest the specific
type of fungicide, dose and timing of application, according to actual, real-time
risks of fungal infections. For the implementation of the DSS, soil data is
gathered and analysed and other environmental parameters (rain, air humidity,
air temperature and leaf wetness) are continuously transmitted from the
meteorological station to the DSS central processing centre, which elaborates
real-time advises, made available to farmers through an online platform. Details
of crop management on hectare basis are reported in Table 1.
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Table 1: Main differences in the agricultural practices on hectare basis of the two systems for
bread wheat cultivation; IF means Integrated Farming while IFPA means Integrated
Farming supported by Precision Agriculture.

Agricultural input Details Crop management
IF IFPA
Diesel consumption for all agricultural practices (kg ha-) 58 53
Seeds (kg ha™) 230 257
1° - before sowing 26 0
2° - tillering 92 69
. A - 3° - stem
Nitrogen fertilization splitting (kg N ha) elongation 69 74
4° - botting 26 0
Total 213 143
Phosphate fertilization (kg P20s ha') monoammonium
phosfate (26%) 52
potassium
phosphate (20%) 27
Pesticides (kg ha') 1.8 1.3
Herbicides (kg ha™) 0.5 1.2

The life cycle assessment (LCA) methodology was applied through a cradle-to-
farm gate LCA to the wheat cultivation for the three varieties, comparing the two
different systems (IF and IFPA). Both hectare and ton of grain production were
used as functional unit, to highlight possible contrasting results on crop vyield.

The temporal reference was a wheat growing season, from soil tillage to crop
harvest, and system boundaries included the production of farming inputs and
their transport, fuel used within the cultivation phase, emissions to environment
(Fig 1). In this phase, emissions from soil, such as ammonia (NHs3), of direct and
indirect nitrous oxide (N20) of nitric oxide (NO), and emissions to water and soil
as potential leaching of phosphorous and nitrates, were calculated using farm-
specific data on fertilization doses according to PCR 2013:05 Arable Crops.

Sustern boumdaries
Ploughing
Fertilizing

+ Pest management S
Grain

Har/est
sbre - Straw
Diesel Straw .| Wheat cultivation

management

Emissions to

Seeds . ermviranment
Fertilizers

Wastes

Pesticides

Transport of agr. inputs

Figure 1: System boundaries for bread wheat cultivation.
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Economic allocation was performed between wheat grain and straw considering
inputs and environmental burdens allocated on average among varieties and
treatments equal to 88% to grain and 12% to straw. Market prices of wheat
grain and straw are reported in Table 2.

Table 2: Data used for economic allocation between wheat grain and straw.

Product Characteristic €t Source

Grain 14% moisture 185
Borsa Merci Telematica Italiana (2014)
Straw fresh product 42

A set of indicators was used to characterize the environmental sustainability of
wheat cultivation, namely the Global Warming Potential (GWP - IPCC, 2013,
ARS5); Blue water (BW); Non renewable energy (NRE) and renewable energy
(RE); Acidification Potential (AP) and Eutrophication Potential (EP) (CML,
2001v. April 2015). The modelling and the impact assessment were performed
using the GaBi software (thinkstep, 2017, GaBi6), the bundled database and
the ecoinvent database (Ecolnvent Centre, 2007, version 2.2).

3. Results and discussions

Main results on crop yield showed no differences between IF and IFPA between
the two crop systems, with an average value across varieties of 8.8 t and 8.6 t
grain 14% moisture (-2%), for IF and IFPA respectively.

As expected, IFPA did not lead to increased yields. This type of outcome was
reported also in a long term study on bread wheat in Missouri, where the main
result was obtained on the reduction of temporal yield variation (Yost et al.,
2016).

However, differences were observed in terms of environmental impacts. In fact,
the analysis of results on hectare basis showed a general reduction of potential
impacts in 5 indicators out of 7 (GWP, BW, NRE, AP, EP) while small increases
were observed in RE and ODP (Table 3). Details of the contribution analysis are
reported in Figure 2.

A marked difference was observed for GWP, with an average reduction across
varieties of 33% in IFPA, due in particular to lower direct (N2O emissions from
soil) and indirect (fertilizer production) GHG emissions from nitrogen fertilizers
(Figure 2).

NRE consumption showed a similar level of reduction in IFPA (-30%) due to the
lower energy consumption for fertilizers and fungicides production and less
fertilizing field operations. Moreover, in IFPA impacts for EP were lowered on
average by 16%, due to reduced emissions from soil from nitrogen fertilizers.

On one hand, modest reductions were observed for AP and BW. In particular,
BW showed a little decrease (-5%), due to the reduction in herbicides and
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pesticides distribution in IFPA, while AP decrease (-6%) was due to reduced
ammonia emissions from soil and from fertilizers production.

On the other hand, IFPA had a small increase for RE and ODP. RE increase
was due to an higher seed doses (+2%), while for ODP the production of
phosphate fertilizers contributed to these results (+1%).

On both hectare and ton basis analyses, the entities of reduction from IF the
IFPA were the same, with lower values on ton basis due to the effect of crop
yield (Table 4).

Table 3: Results of LCIA of bread wheat cultivation in the two crop
management systems on hectare basis.

Indicator Unit IF IFPA
GWP kg COz2eq 2247 1505
BW m?3 1149 1087
NRE MJ 18228 12732
RE MJ 4116 4218
AP kg SOzeq 37 35
EP kg POseq 16 14
ODP kg R11-Equiv. 3.0E-05 3.1E-05
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40%
30%
20%
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0%

Transport
M Wastes
M Packaging
M Fungicides
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M Fertilizers
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B Emissions from soil

M Diesel consumption

IF IFPA| IF IFPA| IF IFPA| IF IFPA| IF IFPA| IF IFPA| IF IFPA

GWP BW NRE RE AP EP oDP
Figure 2: Contribution analysis for the cultivation of 1 ha of bread wheat in IF and IFPA systems.

Table 4: Results of LCIA of bread wheat cultivation in the two crop management
systems on ton basis.

Indicator Unit IF IFPA
GWP (IPCC, 2013 AR5) kg CO2eq 255 174
Blue water m?3 131 126
NRE MJ 2071 1476
RE MJ 468 489
AP kg SO2eq 4 4
EP kg POseq 2 2
ODP kg R11-Equiv. 3.4E-06 3.6E-06
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Overall, when reductions were observed, these were of large entities in 3 out of
5 indicators (GWP, NRE, EP), while increases where in both cases (RE, ODP)
of small entities.

Our results on ton basis for IF system are in the lower end of the range reported
in the meta-analysis by Achten and Van Acker (2015) on the EU-average
impacts of 1 kg of wheat production for the following indicators: Energy
requirement (2.5, range 1.5 - 6.0 MJ kg™'), GWP (0.26, range 0.3 - 1.1 kg CO2eq
kg™), AP (4.3, range 1.9 - 6.3 g SO2eq kg™), EP (1.9, range 0.3 - 3.0 g POuseq
kg™).

Subsequently, results for IFPA system are even below the lower end of this
range, meaning very low environmental impacts on ton basis. In both cases this
results is probably due to the high yields achieved in 2014.

As highlighted by many authors, the management of nitrogen fertilization is the
key for low-emission wheat production and the preservation of crop yield, since
fertilizers use was found to be the largest single process contributing to
environmental impact categories (Wang and Dala, 2015; Gourcher et al., 2017).
In our study, it accounted for about 80% for GWP, 40% for BW, 70% for NRE,
90% for AP, 85% for EP in IF systems, as reported in figure 2.

4. Conclusions

In this study an integrated farming system was compared with an integrated
farming system supported by precision agriculture. The good performances of
the IFPA system on wheat grain yield allowed to achieve lower environmental
impacts. Indeed, the IFPA system performed better than the IF system, in 5 out
of 7 indicators, both on hectare and ton basis. These results highlighted that
combining a low input agriculture with the support of precision agriculture
improves the sustainability of the crop cultivation.
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Abstract

The present study was conducted to investigate the environmental and energetic consequences
of substituting energy crops with bio-waste in an existing anaerobic digestion facility in a life
cycle perspective. The study was commissioned by the interested companies in view of
supporting this implementation both for local authorities and other interested stakeholders.
Currently 17,667 Mg/year and 23,000 Mg/year of energy crops and bio-waste, respectively, are
processed separately, the former in an anaerobic digestion plant and the latter in a composting
facility. In the new scenario the bio-waste was used to replace the energy crops. The solid
fraction of the digestate was composted, whereas the liquid fraction was treated in a wastewater
treatment plant. Preliminary results showed a decrease in the amount of energy recovered for
the modified scenario but also lower values for all the impact categories considered in this
study.

1. Introduction

Aerobic and anaerobic biological processes are widely exploited for the
treatment of bio-waste and biomass. In general aerobic processes, such as
composting, are of particular interest because of their robustness and ability to
return stabilized materials exploitable as soil improvers, even if composting
requires a high consumption of energy (Di Maria, 2012). On the other hand,
investment costs are higher for anaerobic digestion (AD) (Di Maria et al., 2012),
but biodegradable substrates can be converted into two main streams: a
biogas, composed mainly of methane and carbon dioxide exploitable as fuel for
renewable energy production, and a quite stabilized soil improver for agricultural
use (Martins et al., 2009). Furthermore AD is also an important process for
achieving the 2020 EU objectives (Beurskens et al., 2012) on greenhouse gas
(GHG) reduction and renewable energy production. Concerning renewable
energy production, waste materials like manure, crop residues, sewage sludge,
the organic fraction of municipal solid waste (OFMSW) and fruit and vegetable
waste are of particular interest since they do not compete with food crops as
substrates for AD (Apples et al., 2011). Several studies have been carried out
concerning the AD of different types of biomass such as cheese whey and dairy
manure (Kovacik and Topaloglu, 2010) or animal waste, crop residues, energy
crops and waste (Poschl et al., 2010).
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The environmental benefits arising from the adoption of AD have been
extensively reported in the literature. For example, benefits arising from the
agronomic exploitation of digestate were investigated by Alburquerque et al.
(2012), Moller and Muller (2012) and Nkoa (2014). On the other hand, Bernstad
and La Cour Jansen (2011) found that for the Danish context anaerobic
digestion of OFMSW gave a higher net avoidance of GHG compared to
incineration. These findings are in accordance with those of Khoo et al. (2010)
and Sonesson et al. (2000) concerning the AD of OFMSW compared to
incineration in Singapore and Uppsala (Sweden), respectively. On the contrary,
a similar study performed by Di Maria and Micale (2015) for an ltalian waste
management district gave opposite results, confirming the importance of taking
the energetic context into consideration in environmental analysis studies.

These findings indicate that there is a lack of knowledge about the global
environmental and energetic benefits achievable by AD and a lack of
knowledge about the most suitable substrate. The aim of the present study was
to investigate the environmental and energetic consequences arising from the
substitution of energy crops with bio-waste in an existing AD facility. The study
was carried out on the basis of full-scale and experimental data, also using a
LCA approach.

2. Materials and methods
The study was performed comparing two different scenarios. The first consisted
in the separate treatment of OFMSW by composting and energy crops by AD

(Fig. 1). In the second, modified scenario the OFMSW was used to substitute
for the energy crops in the AD (Fig. 2).
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Figure 1: System boundaries and flow chart of the base scenario.
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Figure 2: System boundaries and flow chart of the modified scenario.

2.1 The base scenario

In the base scenario 23,000 Mg/year of OFMSW were processed in an existing
composting facility to produce an organic fertilizer. Waste generated by this
process, about 6,200 Mg, was incinerated with energy recovery (Di Maria and
Micale, 2015). The main features concerning this facility are reported in Table 1.
On the other hand, about 17,000 Mg/year of energy crops (Table 2), generating
about 4,000,000 m3/year of biogas and about 8,000 MWh of electricity were
processed in an AD facility, located about 50 km from the composting facility.
AD digesters were the wet type, operating with 9% total solids (TS). To dilute
the energy crops a given amount of digestate was recirculated after solid-liquid
separation. Both solid and liquid digestates were used as fertilizers.

2.2 The modified scenario

In the modified scenario (Fig. 2), the energy crop was substituted by the
OFMSW for feeding the anaerobic digester. After adequate pre-treatment, the
OFMSW was transported by truck to the anaerobic digester facility (Table 3).
Also in this case the waste generated by the pre-treatment, about 6,200 Mg,
was incinerated with energy recovery. The resulting digestate was first
separated into solid and liquid fractions, and then the solid fraction was
transported back to the composting facility. A given amount of liquid digestate
was used to dilute fresh OFMSW to 9% TS. The remaining amount was
transported to the wastewater treatment plant (WWTP), about 130 km away.
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Table 1: Main features of the composting facility (year 2016).

Parameter Amount Unit
OFMSW 23,000 Mg
Waste (to incineration) 6,210 Mg
Energy consumption 920 MWh
Energy (waste incineration) 300 kWh/Mg
N 14 kg/Mg compost
P20s 6.74 kg/Mg compost
K20 19.3 kg/Mg compost
C sink 201 kg/Mg compost

Table 2: Main features of the AD facility (year 2016).

Parameter Amount Unit
Maize 6,332 Mg
Sorghum 5,802 Mg
Triticale 3,740 Mg
Alfalfa 1,793 Mg
Fuel for crops 69 Mg
Fuel for transport to fields 82 Mg
Fuel for spreading 23 Mg
Fuel for plant management 14.5 Mg
Fertilizer 60% N, 40% diammonium phosphate | 155 Mg
Net energy 7,738 MWh
N 0.34 kg/m3 digestate
P20s 0.05 kg/m3 digestate
K20 0.28 kg/m? digestate
Csink 1.46 kg/m?3 digestate
Table 3: Main features of the modified scenario.
Parameter Values U.M.
OFMSW 23,000 Mg
Waste to incineration 6,210 Mg
OFMSW Pre-treatment 50 kWh/Mg
Solid digestate 0.909 Mg/Mg
Liquid digestate to WWTP 0.091 Mg/Mg
2.3 Bio methane potential

Data related to the generated biogas and to the amount of energy recovered by
the AD of energy crops refer to the year 2016 (Tab. 2). Otherwise the energetic
potential of the OFMSW was determined by experimental tests. OFMSW was
withdrawn at different times from the existing composting facility and then
ground after removing bulky materials.
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Table 4: Inoculum and OFMSW characterization.

Parameter Inoculum OFMSW

TS (%ow/w) 3.46 26.6+0.09

VS (%w/w) 86.2 90.31£0.03

pH 6.78 4.43+0.51

C (%TS) 39.5 43.7+3.67

N (%TS) - 2.88+1.13
BMP (NLCHa4/kgVS) - 523195

The bio-methane yield (BMP) (NLCH4/kgVS) was determined on fresh OFMSW
by digesting 100 ml of each substrate in 500 ml anaerobic bottles. TS
concentration was maintained 4% w/w by dilution with demineralized water,
when necessary. For the BMP test, inoculation was carried out with 300 ml of
digestate (Table 4) coming from the full-scale digester in order to maintain a
volatile solids (VS) of inoculum to VS of substrate ratio of about 2. Anaerobic
batch reactors were flushed with nitrogen before starting the run and shaken
manually one time each day during the test. Bio-methane was determined by
using a volume displacement system with a solution of 2N NaOH in
demineralized water to capture CO2. The contribution of inoculum to bio-
methane production was evaluated by the same method. All BMP runs were
performed in triplicate in a controlled temperature chamber at a temperature of
35°C+2°C. TS (% w/w) and consequently moisture content (MC) (%w/w) were
determined by measuring weight loss after heating at 105°C for 24h. VS (%TS)
was determined by measuring the change in weight of TS after burning at
550°C for 24 h.

2.4 Environmental analysis

From the environmental point of view, the goal of the present study was to
compare two different scenarios. Life cycle inventory (LCI) framework was
consequential. The backgrounds of the systems were OFMSW, fuels and
mineral fertilizers. The foregrounds of the systems were energy, nutrients and
emissions. LCl was retrieved from the Ecoinvent 3.0 database (Wernet et al.,
2016) and adjusted on the basis of the experimental data and that observed
directly. The foregrounds were not able to influence the background for which
average market values were used. In accordance with Turconi et al. (2009),
natural gas was considered as marginal energy to be substituted with the that
generated by AD and incineration.

2.5 Impact assessment method

The ILCD Midpoint (EU, 2012) impact assessment method was used. Impact
categories were (Table 5): Global Warming Potential at 100 years (GWP);
Ozone Depletion Potential (ODP); Human toxicity, non-cancer effects (HTnc);
Human toxicity, cancer effects (HTc); Particulate matter (PM); Photochemical
Ozone Formation (POF); Acidification (A); Eutrophication Terrestrial (ET); Fresh
Water Eutrophication (FWE); Fresh water ecotoxicity (FWec); Water resource
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depletion (WRD); Mineral, fossil and renewable Resource Depletion (RD). To
evaluate which of the impact categories was most affected by the scenarios
considered, normalization factors of the EU27 domestic extraction of resources
and emissions per person with respect to the year 2010 were used.

3. Results and discussion

In the base scenario the amount of electrical energy recovered from the AD of
energy crops and from incineration of the waste from pre-treatment of OFMSW
were 1,863 MWh and 7,738 MWh, respectively. In the modified scenario the
amount of energy recovered from the AD of OFMSW was 4,440 MWh, whereas
the amount of energy recovered from incinerating the waste from OFMSW was
the same as the base scenario (Table 6). Considering the energy consumption
of the different activities involved in the two scenarios, net energy was about
8,680 MWh and about 3,453 MWh for the base and the modified scenario,
respectively.

Table 5: Impact assessment categories.

Impact category Unit r;%rzn; (fzaoc,ltg)r Unit
GWP kgCO2 eq. 1.10E- 04 kgCO2 eq./a.
ODP kgCFC-11 eq. 46.3 kgCFC-11 eq./a.
PM kgPM2.5 eq. 2.63E -01 kgPM2.5 eq./a.
POF kgNMVOC eq. 3.15E -02 kgNMVOC eq./a.
A molc H+ eq. 211E -02 molc H+ eq./a.
ET molc N eq. 5.68E -03 molc N eq./a.
FEW kg P eq. 6.76E -01 kg P eq./a.

RD kg Sb eq. 9.9 kg Sb eq./a.
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Normalized impact

Figure 3: Normalized values of GWP, POF, A, TE; RD; ODP, PM, FEW.
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Table 6: Environmental and energetic comparison between the base and
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modified scenarios.
Parameter Base Modified
LCA
GWP (kgCO2 eq.) 27,837,172 18,221,071
ODP (kgCFC-11 eq.) -0.575 -0.310
PM (kgPM2.5 eq.) 992.853 173.435
POF (kgNMVOC eq.) 1,3041.4 6,731.8
A (molc H+ eq.) 29007.069 17,743.634
TE (molc N eq.) 131,463.6 8,0467.7
FWE (kg P eq.) -117.1 34.5
RD (kg Sb eq.) 70.3 -26.5
Energetic (kWh)
OFMSW pre-treatment - -1,150,000
Composting -920,000 -614,000
AD 7,738,000 4,440,000
Incineration 1,863,000 1,183,000
WWTP - -42,400
Net 8,681,000 3,435,000
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The modified scenario always gave lower values for the impact categories
(Figs. 3; Tab. 6). RD and ODP gave avoided impacts (i.e. negative values). PM
was the impact category most affected by the base scenario mainly due to fuel
consumption and mineral fertilizer production. Process emissions were the main
causes for the high GWP values (Fig. 3). In order to understand the GWP
values, the contribution to the climate change due to the different activities
involved in the base and modified scenarios was investigated (Fig. 4). The most
important contributions to GWP for both scenarios are attributed to the AD




(process emissions) and cogeneration of the biogas and the most important
avoided impact on GWP is due to the energy recovered from AD and
incineration (expressed as substitution of natural gas energy).

The higher yield of biogas due to the energy crops compared to the bio-waste is
one of the reasons for the higher emissions from the AD process, but also for
the higher energy recovered.
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Figure 4: Contribution of the different activities involved in the base and modified scenarios to the
GWP values.

4. Conclusion

The results of the present study indicate that the conversion of existing AD
facilities for energy crops to AD for bio-waste resulted in a reduction in the
global impact on the environment. The main advantages arise from the
reduction in fuel consumption and fertilizer needs, even if the energy crops were
characterized by a higher energetic potential compared to the bio-waste. In a
wider perspective the results of this study indicate that existing anaerobic
digestion facilities currently operating with energy crops can provide an
important opportunity to improve bio-waste management at reduced investment
costs. In the last ten years the economic incentives for renewable energy
generation led to the construction of a relevant number of facilities exploiting
energy crops. Many of these are now approaching the end of the period of
obtaining economic incentives, after which their economic sustainability will be
uncertain. Coupling these existing facilities with the management of the bio-
waste and treatment sectors can be an important opportunity to increase the life
of these plants together with a significant improvement in the environmental
performances.
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Abstract

Micro-algae represent an attractive feedstock for biofuel production (biodiesel, ethanol,
methane, hydrogen) but despite their high potential, they are not yet competitive with traditional
oil crops nor with fossil fuel due to the heavy energy demand (electricity and heat) and material
consumption for the biomass production. In the present study, attributional LCA is applied to
investigate if the use of renewable technologies as photovoltaics and biogas self production
could increase the environmental sustainability of micro-algae oil. In fact a decrease of about
68% in Climate Change and 66% in Fossil Depletion can be calculated if the energy source
“ltalian mix” is substituted by photovoltaic system, but further investigations are necessary to
optimize their production chain and to increase the added value of co-products.

1. Introduzione

Algae-to-energy systems are receiving great attention from both academic and
industrial sectors because they represent a feedstock for biofuel production
(biodiesel, ethanol, methane, hydrogen) in view of depletion of fossil resources.
The narrative identifies several advantages in using micro-algae for bioenergy
production, compared with conventional crops, such as:

e ability to be cultivated on marginal lands and therefore not incurring in land-
use change (Searchinger T. et al. 2008)

e semi-continuous to continuous harvesting
e variable lipid content in the range of 5-50% dry weight of biomass

¢ high exponential growth rates potential to utilize carbon dioxide (CO2) from
industrial flue gas (1 kg of dry algae biomass utilizes about 1.83 kg of COz2)
and nutrients (especially nitrogen and phosphorus) from wastewater (Chisti
Y.2007; Cantrell KB et al.2008).

In spite of these positive features, a variety of micro-algae based life cycle
assessments (LCA) study have demonstrated that algae show higher
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environmental impacts than terrestrial crops in almost all the considered
categories. Moreover, although many efforts have been made to optimize both
the medium and processes parameters, the development of cost-effective and
highly efficient cultivation systems must be significantly improved for large-scale
industrial production [Brentner LB.2011; Soratana K, Landis AE 2011; Huntley
M, Redalje D 2007; Collet, P., et al.2013; Clarens AF et al.2010].

In this study the possibility to enhance the environmental performances of
micro-algae oil through the application of renewable energies in the production
process is explored.

2. Materials and methods
2.1 Description of the analyzed systems

Primary data from lab-to-pilot scale (100 to 3 000 L) production of micro-algae
(Scenedesmus obliquus) carried out in the framework of EnerBiochem project,
form the basis for the life cycle inventories (LCI). Data from literature were also
used to determine the micro-algae oil recovery system by solvent extraction and
the recovery system by a stripper column for separation of micro-algae
oil’/hexane stream [Stephenson A.L.et al. 2010]. The algae strain, Scenedesmus
obliquus has been choosen for his capability in purifying wastewater by using as
nutrient source. Livestock wastewater derived from from slurry and manure
management (0.5%vwwv) was used instead of chemical fertilizers. After cultivation
step, micro-algae slurry was sent to a flocculation step (recovery efficiency
88%). Natural illumination was used as light source for micro-algae growth.
Micro-algae biomass was finally recovered by a centrifugation step (recovery
efficiency 95%). All these treatments are high electricity consuming. Electricity
production is based on the Italian energetic mix and heat is produced with
natural gas burned in industrial gas boilers.

The calculations were performed with the SimaPro software version 7.3.3
(PRéConsultants 2011) and the main database used for this study is Ecoinvent
version 2.2 (Ecoinvent Centre, 2013).

2.2 LCA Assumption and Scenarios

The chosen functional unit is the embodied energy (MJ) in 1 kg of produced oil.

As far as the system boundaries are concerned, a “cradle-to-gate” analysis was
performed including a cultivation phase and oil extraction phase.

The study is focused on the possibility of improvement the environmental
performances of algal oil substituting fossil electricity with renewable energy.
Three alternative scenarios for algae oil productions were proposed:

e Scenario 1 - conventional electricity,
e Scenario 2 - solar energy
e Scenario 3 - electricity from biogas produced by algae cake.

The energy source in the scenario 1 is taken from ECOINVENT Database as
“Electricity Medium Voltage Production IT, at grid” (Ecoinvent Centre, 2013).
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In the Scenario 2 the use of renewable energy as photovoltaic (PV) systems
was investigated using data from SimaPro 7.3.3 Ecoinvent 2.2 database. The
byproduct “cake” was considered in both scenarios as substituted of soybean
meal (avoided product). The equivalent amount of avoided product was
calculated as reported in the literature (Baliga and Powers 2010).

In the scenario 3, the micro-algae cake was destined for biogas production. The
biogas yield has been calculated using data from literature (Collet et al. 2011).
Assuming a biogas production from anaerobic digestion of algae cake of 0.240
m3 kg VS in accordance with literature (Ward et al. 2014), the production of 3
m3 of methane for 0.9 kg of algae oil has been calculated. As the electricity
produced from 1 m3 of purified biogas in a cogeneration unit is about 2 kWh
(Piccini et al. 2007), only 20% of the electricity consumed in the micro-algae oil
production process could be substitute from biogas-derived energy. This
scenario corresponds to a system expansion approach since the co-product
(cake) is used inside the system boundaries.

3. Results and discussion

The algae cultivation stage has the largest electricity requirement for: air and
nutrient pumping into the raceway pond, water pumping due to evaporation lost
and pumping algae slurry for harvesting stage. The total process contributions
to climate change calculated with ReCiPe midpoint (H) and normalized are the
following: micro-algae cultivation (56.4%), biomass harvest (4.5%) and oil
extraction (39.1%).

For these reasons, as previously discussed in section 2.2, two alternative
energetic scenarios have been evaluated besides the base case of Italian
electricity mix (scenario1): use of photovoltaic technology (scenario 2) and use
of biogas produced from micro-algae cake (scenario 3). Fig.1 shows the energy
performance calculated with Cumulative Energy Demand Method (CED) for the
three proposed scenarios. As expected the most convenient is the photovoltaic
scenario. The negative values of “renewable biomass” in the case of
“photovoltaic energy” and “electricity at grid” are a consequence of the credit of
avoided product. In the histogram the bar relative to “algal oil biogas” does not
show negative values because cake is utilized for the production of biogas.
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Figure 1: Comparison of three scenarios of algae oil production with Cumulative Energy
Demand V1.07 / Cumulative energy demand /single point Method.

In Fig.2 is reported the comparison of the three scenarios calculated with
ReCiPe Midpoint Method.
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Figure 2: Comparison among three scenarios for micro-algae oil production with different
energy sources (electricity from biogas, photovoltaic, italian electricity mix) (ReCiPe
Midpoint (H) V1.04 / Europe ReCiPe H / Characterization).

The scenario with photovoltaic energy seems to be the most environmentally
convenient in almost all the impact categories, while the scenarios with biogas
and conventional electricity are similar in five categories even if biogas is overall
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the worst. The difference between biogas and conventional electricity increases
in the impact categories where the influence of the credits from the avoided
product “soybean meal”, highly affects the results: freshwater eutrophication,
marine eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity, agricultural
land occupation.

Tab.1 clearly shows the effect of soybean meal as avoided product on the
indicator of freshwater eutrophication (as an example) quantified by ReCiPe
method.

Table 1: Comparison among three scenarios for micro-algae oil production(electricity from
biogas, photovoltaic, italian electricity mix) in freshwater eutrophication impact
category (ReCiPe Midpoint (H) V1.04 / Europe ReCiPe H / Characterization).

Algal oil_ Algal
photovoltaic Algal oil_electricity at

Process Unit _energy oil_biogas grid
Triple superphosphate kg P eq 1,12E-04 1,12E-04 1,12E-04
Elec