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PREFACE

The 12% Italian LCA Network Conference (the 7™ Italian LCA Network Association
Conference) was held on 11-12 June in Messina (Italy), under the patronage of Ministry
for Environment, Land and Sea Protection, SETAC Italian Branch, Municipality of
Messina, ARPA Sicilia, AIDIC, AICARR, the Council of Sicily consultant associations
of Engineers, the consultant associations of Engineers of Palermo, Agrigento, and
Ragusa Provinces, and the consultant association of Architects of Trapani Province.

The conference focused on the role of the “Life Cycle Thinking” (LCT) approach as
support to decision-making in the definition of sustainability strategies, thus supporting
both public and private businesses in making more informed decisions.

Indeed, life-cycle information is considered crucial to guide policy decisions and
business strategies in many contexts.

Policy makers have to promote sustainable consumption and production strategies to
respond to national and international environmental challenges, by gathering baseline
and future-oriented environmental impact information for market-oriented policies and
developing strategies for resource efficiency and eco-design.

Private businesses have to improve efficiency to boost margins and competitiveness,
while contributing to sustainability.

Thus, LCT and product sustainability aims to reduce their environmental and socio-
economic burdens, while maximizing economic and social value.

The Italian LCA Network conference has become a representative venue for enterprises,
public authorities, international academics and researchers in the LCT field in order to
discuss, share, and disseminate innovative ideas and advancement on the LCT
methodology and case-studies.

The papers published in the volume contribute to new approaches, methods and
applications, in order to discuss developments, current policy progress and pathways
toward sustainability.

The conference proceedings report 60 papers, which were presented at the conference,
both in the oral and poster sessions, after a double blind peer review process, managed
by the Scientific Committee.

The following topics were covered in the conference:
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— Life Cycle Thinking methods and tools in public policies: experiences, limitations
and perspectives.

— Life Cycle Thinking methods and tools in private businesses: experiences, limitations
and perspectives.

— Life Cycle Thinking and Circular Economy: policies and practices.

— Life Cycle Thinking and the UN Sustainable Development Goals.

— Methodological developments of LCA, LCC, S-LCA and integrated Life Cycle
Sustainability Assessment.

The last section includes the three papers awarded the 9" Edition of LCA Young

Researcher Award, addressed to promote and disseminate the research activities of

young researchers involved in the Life Cycle Assessment research activities.

The President of Italian LCA Network

Maurizio Cellura
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Comparative LCA of renovation of buildings towards
the nearly Zero Energy Building
Cutaia L., Barberio G. ', ElImo G. ', Longo S. 2, Cellura M.2, Guarino F.2, Gulotta T.M.2
ENEA, ltaly
2 Universita degli Studi di Palermo, Italy

Email: laura.cutaia@enea.it

Abstract

The building sector is one of the key sectors to achieve the 20/20/20 targets of the EU as there
is the potential to lead to significant energy savings reducing the EU'’s total energy consumption
by 5-6% and lowering CO> emissions by 5%. One powerful mechanism to apply principle and
criteria of nearly zero-energy buildings (nZEB). This work, done in the framework of the
agreement between the lItalian Ministry of Economic development and ENEA on the “Research
of electric system” (Ricerca di Sistema Elettrico), has the aim to evaluate the environmental
impacts of the technological improvements needed for enhancing the performances of an
average building to a nZEB (or at least in the direction of a nZEB), performing a comparative
Life Cycle Assessment study. Data on building upgrading and energy consumption reduction
come from a test case performed by Universita degli Studi di Palermo.

1. Introduction

Buildings are responsible for approximately 40% of energy consumption and
36% of CO2 emissions in the EU and almost 75% of building stock is energy
inefficient, while only 0.4-1.2% (depending on the country) of building stock is
renovated each year. So, the building sector is one of the key sectors to
achieve the 20/20/20 targets of the EU and to achieve reductions of greenhouse
gas emissions in the residential and service sectors of 88% to 91% compared to
1990 by 2050. In particular, renovation of existing buildings can lead to
significant energy savings, which could reduce the EU’s total energy
consumption by 5-6% and lower CO2 emissions by about 5% (European
Commission). Main directive, laws and strategies, at European and international
level, have been promoted to foster the requalification and improve the energy
efficiency of building (for instance Energy Performance of Buildings Directive
and Energy Efficiency Directive of the EU Parliament). So building renovation
and new buildings construction will require low amount of energy and this
energy will come mostly from renewable sources, following the principle of
nearly zero-energy buildings (nZEB). Improving the energy efficiency of
buildings can also generate other economic, social and environmental benefits.

This work has been done in the framework of the agreement between the Italian
Ministry of Economic development and ENEA on the “Research of electric
system” (Ricerca di Sistema Elettrico - RdS) that foresee R&D activities for
reducing cost of energy for end-users, boosting the quality of service provided,
reducing impacts on environment and health of electric system and using
energetic resources in a better way. The amount for the contribution for
financing the RdS is defined by the Italian Authority for the Electric Energy, Gas
and Water Service. Activities are planned every 3 years and subdivided year by
year (from October to September). This work has been realised between
October 2016 and September 2017, as second year of the three years 2015-
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2017 and it is in the specific part of the project addressed to improving and
studying energy efficiency and energy use in the building sector.

Aim of the study is evaluating the environmental impacts of the technological
improvements needed for enhancing the performances of an average building
to a nZEB (or at least in the direction of a nZEB) on their life cycle. Practical
application of this kind of assessment is choosing technologies or technical
solutions for improving performances of buildings towards a nZEB, with
energetic and environmental load that doesn’t overcome, over the life cycle, the
reduction of consumption during the use phase. This work focus the
investigation on environmental performance of a restored office building in two
main scenarios: a medium upgrading and a high upgrading towards nZEB
conditions, performing a comparative Life Cycle Assessment study on different
geographical areas in Italy (North, Centre, South Italy). The focus of this paper
is the South ltaly (Palermo - Sicilia Region).

1.1.Building certification

Sustainability in building is defined as the control of impacts that the entire
building process has on the environment and on the quality of life of users. The
following figure shows the articulation of ISO standards on the theme of
sustainable construction (Barucco, 2011).

Environmental Economic Social
aspects aspects aspects

ISO/FDIS 15392 : Suslainability in building construction — General principles
ISO/TR 21932 : Terminology

Methodical
basics

ISO/TS 21929-1 : Sustainability indicators — Part 1 : Framework for
development of indicators for buildings

ISO/TS 21931-1 : Framework for
methods of assessment of

Buildings environmental performance

of construction works —
Part 1: Buildings

Building ISO 21930 : Environmental
products declaration
of building products

Figure 1: of ISO standards on the theme of sustainable construction

The EU regulation n. 305/2011 establishes conditions for the marketing of
construction products, introducing the requirement of sustainable use of natural
resources. Buildings shall be designed, built and demolished according to the
sustainable use of resources. The reuse or recyclability of construction
materials after demolition shall be guaranteed, as well as the use of
environmentally compatible raw and secondary materials (Barucco, 2011).

The sustainability criteria of buildings are grouped in six thematic areas: -
Efficiency in resource consumption; Limitation of the impact of construction
materials, Optimization of the relationship between the building and the
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surrounding environment, Indoor comfort, Safety, maintenance and building
management, and Ethical and social aspects.

Assessments of building sustainability with rating system methods, based on life
cycle thinking approach, are used with the purpose give an environmental label
to the examined building. Thanks to the certification and the label the overall
sustainability performance of a building becomes “visible” to the end-users. The
rating system methods work as an “environmental report” of the building, which
is then evaluated according to different requirements grouped into classes with
a minimum threshold. Final rating goes from a minimum - corresponding to the
achievement of threshold values - to a maximum ranking level. The scoring
methods depend on the type, size and destination of the building. For example,
a requirement on energy performance can not include the same thresholds for
both residential and commercial buildings, new buildings or major renovations
(Bertagni, 2016).

The most important certification methods or protocols used in Italy are ITACA
(Manfron, 2005), LEED (Bertagni, 2016) and BREEAM (Bertagni, 2016).

The ITACA Protocol has been adopted by many local administrations to
promote sustainable construction through: regional laws, building regulations,
calls for tenders, urban plans, etc. The Protocol is derived from the SBTool
international evaluation model, adapted to the Italian environmental context.
ITACA protocol has different versions, for the evaluation of residential,
commercial, school, industrial buildings, etc. both for the new building and for
the major renovations. ITACA divides the various requirements into five
evaluation areas: Site Quality / Resource Consumption / Environmental Loads /
Indoor Environmental Quality / Service Quality (www.proitaca.org).

The LEED protocol is managed by United States Green Building Council. There
are numerous versions of LEED, valid for different types of buildings. LEED
divides the various requirements in the following areas: Site Sustainability /
Water Management / Energy and Atmosphere / Materials and Resources /
Internal Environmental Quality / Design Innovation / Regional Priority. LEED
provides different levels of performance (result of the sum of totalized points),
ranging from basic level to Silver, Gold and - the highest level - Platinum.

The BREEAM protocol is developed by the British Institute Building Research
Establishment. BREEAM also has numerous versions that adapt to different
types of applications. BREEAM divides the requirements into classes: Energy /
Health and wellbeing / Innovation / Land use / Materials / Management /
Pollution / Transport / Waste / Water. Depending on the score obtained with
BREEAM the certificates vary in five levels: Exceptional, Excellent, Very Good,
Good, Sufficient.

The Directive 2010/31/EU set a limit on December 31st, 2020, when all new
buildings are expected to be nZEB. The key points for a design aimed at
creating a nZEB building include architectural planning aspects deriving from a
detailed knowledge of the geographical context where the building will be
located and from design aspects related to technological systems. All these
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aspects can be well connected in each phase using a certification protocol. In
summary the guiding criteria for a nZEB building construction are (Sasso, 2006;
Bertagni, 2016):

- The layout must favour the maximum level of sunshine and protection from
the prevailing winter winds.

- Compact and lightly dispersed forms shall be preferred.

- The type of building must guarantee the same thermal/energy potential for
every accommodation. Terraced and in-line buildings are preferred.

- The internal distribution must favour the positioning of staircases and
bathrooms towards the North front and living spaces on the South front.

- Use of passive systems for thermal control and for proper ventilation
(thermal mass, greenhouses and solar spaces, solar chimney, green roof,
etc.).

- Introduction of shading systems for summer radiation control (vegetation,
fixed or adjustable screens).

- Use of active systems for the reduction of residual energy consumption
(solar thermal and photovoltaic collectors)

- The openings system must guarantee an excellent level of natural lighting
inside each accommodation.

- A careful study of the thermal bridges must be carried out for subsequent
elimination or attenuation where not possible.

- Each building must be constructed using eco-compatible materials and with
excellent thermal insulation performance of the surface (thermal coat).

- Providing storm-water collection systems reducing water consumption.
2. LCA Study

The comparative LCA study was aimed to evaluate the environmental
performance of an average “conventional” building upgrading towards a nZEB
by means of new plants and substitution of materials and components. Data on
upgrading and energy consumption reduction come from a Test Case analysed
by University of Palermo.

2.1.Goal and scope definition

This work has been done in the framework of the RdS activities, financed by
part of the fee for the electric energy consumed by ltalian end-users, and the
whole study will be published on ENEA website and on the CSEA (Cassa per i
Servizi Energetici ed Ambientali) website.

Aim of the study is the evaluation of potential advantages coming from building
retrofit actions for improving the energy efficiency respect to the potential
impacts of upgrading itself in two retrofit scenarios (European Parliament 2010;
Presidenza della Repubblica Italiana, 2011, 2015 and 2017): Scenario 1:
medium level of retrofitting; Scenario 2: retrofitting to nZEB.
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A comparative Life Cycle Assessment study has been carried out on different
geographical areas and the focus of this paper is the South Italy (Palermo). The
assessment method is Impact 2002+ and the tool used in the study is Simapro
8.5.

Functional unit is the whole retrofitted building, considering 1 year of activity.
Concerning system boundaries of the comparative study, the following phases
are considered (same phases are deleted in the comparison): new materials
production and supply; building maintenance; retrofit actions (new processes
and materials replacement, removal and disposal); use phase (energy
consumption and production). A general description of retrofit actions and their

lifespan is shown in the following table (more details in paragraph 2.2):

Table 1: Retrofit actions and related lifespan

Category Scenario 1 Scenario 2 Lifespan (y)
Opaque wall | External insulation with EPS External insulation with EPS 30
Transparent | Replacement of the existing Replacement of the existing 30
wall fixtures fixtures
Power Replacement of the power Replacement of the power

. generation and distribution generation and distribution 15
generation

system. system.

Lighting Replacement of the lighting Replacement of the lighting 8
system system with LED system with LED
Renewable NO Solar thermal system 15
sources NO Photovoltaic system 20

2.2.Life Cycle Inventory
2.2.1 The examined building

The examined building is an office of the 70s located in Palermo (South Italy)
with an area of 403.5 m?, a net height of 3 m and a volume of 1,210.50 m3. The
layout of the building is shown in Figure 2.

The buildings structure is made of reinforced concrete. The external walls (U =
1.183 W/m?K) include 27 cm of perforated brick blocks, with lime-based
external plaster and gypsum internal plaster. The internal walls (U = 3.045
W/m?K) are 8 cm of perforated bricks covered with gypsum and painting. The
floor (U = 1.974 W/m2K) is 17 cm thick, including bricks and ceramic slabs. The
flat roof (U = 1.453 W/m?K) has a structure made by reinforced concrete and
brick blocks, mortar, screed and a clinker external floor.

With regard to the transparent surface, it is about 24 m? and represents about
12% of the external vertical surface. In detail, the building is equipped with
metal frame and single-glazing windows (Uframe = 7.00 W/m?K; Uglazing = 5.75
W/m?2K), with no shielding and blinds.

The building lighting is made by ceiling lights with 34 fluorescent lamps (total
power of about 2.3 kW).

Heating and domestic hot water (DHW) are provided by a 36 kW diesel boiler
and an 80 | water storage. The heating system is equipped with cast iron
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radiators and insulated copper pipes for the distribution, except for office 4 that
is equipped with a fan-coil system, due to the high heating loads. The heating
system uses also further components such as distribution manifolds, electric
pumps, valves, etc., while a cooling system is not available.

N

>

Office 5_ Officed
2432t 129.00 n?

Office 6
| 10.57 nf

- Hall
19.03 Corridor
1 56.60

Office 2_

B o e
26.65 m

P

Bathroom 3
12.40m

Bathroom 2
12.40

Office 3
3837 m"

Bathroom 1
10.70 m?

Figure 2: Layout of the building

The energy performance of the building was calculated with a simulation of the
thermo-physical characteristics of the building, performed with an energy
simulation tool certified by the Comitato Termotecnico Italiano. According to the
Italian law, the energy class of the building is E (Presidenza della Repubblica
Italiana, 2015).

2.2.2 The retrofitting scenarios

In order to improve the energy performance of the building and to move towards
Scenario 1 and 2, some retrofit actions were identified and simulated. In detail,
the two scenarios are based on the transmittance limits for both the glazed and
opaque surfaces reported in (Presidenza della Repubblica Italiana, 2015)
respectively for medium level of retrofitting and nZEB retrofitting.

In order to plan economically, technologically and operationally realistic
interventions and to avoid demolition and subsequent replacement in the two
scenarios, the retrofit actions of Scenario 1 were selected to be able also to
ensure compliance with the nZEB requirements, except for the retrofit of vertical
opaque walls. For Scenario 1, the following retrofit actions have been identified:

- External insulation of opaque walls by using EPS (vertical wall) and XPS
(floor and roof) insulation panels;

- Replacement of the existing fixtures with PVC frames, with thermal break 12
mm air chamber (air) and 24 mm glass surfaces (U = 2.98 W/m?K);

- Replacement of the power generation/distribution system. In detail, the new
air conditioning system is made by a reversible air/water heat pump
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equipped with an inverter and a distribution system with fan coils. The DHW
is produced by an electric water heater. Other components complete the
system (copper pipes, distribution manifolds, electric pumps, etc);

- Replacement of the lighting system composed by 37 LED lamps with a total
power of 1 kW.

To achieve the nZEB requirements (Scenario 2), considering the low
transmittance of the roof and the floor, only an additional insulation of the
vertical opaque walls was hypothesized (1 cm thickness of EPS). In addition,
two renewable energy systems were introduced:

- A photovoltaic system of about 1 kW (8 m? and 5 PV modules) for electricity
production;

- A solar thermal system (2.5 m? of flat collectors and a tank with a storage
capacity of 180 |) for DHW production.

Table 2 shows the energy consumption during operation for the three scenarios,
highlighting the energy savings during the operation due to the implemented
scenarios.

For each retrofit action and for each scenario, the main materials and
components needed for their implementation were estimated. As an example,
Table 3 shows the materials required for retrofit the vertical opaque walls in
both scenarios.

Table 2: Energy consumption of the building during operation

Existing building Scenario 1 Scenario 2

Electricity consumption (kWh/year) 13,330.38 7,059.22 5,676.83*

Diesel consumption (kg/year) 5,902.95 0 0

*1,327.52 kWh/year self-consumption

Table 3: Materials required for retrofit the vertical opaque walls (kg)

Material Scenario 1 Scenario 2
Mesh reinforcement 77.35 77.35

EPS 284.72 35.59
Adhesive 3,321.78 3,321.78
Water 2,524.56 2,524 .56
External plaster 6,643.56 6,643.56

2.3.Life Cycle Assessment and conclusion

Main results from Life Cycle Impact Assessment are here presented:
comparative results from normalisation and single score assessment and
sensitivity analysis on different time horizons. From the single score
assessment, that is the most aggregated result, is possible the identification of
the worst performance and the scenario 2 seems to have greater environmental
impacts respect to scenario 1 (Figure 3a). From the normalisation, most
significant impact categories are, for both scenarios, respiratory inorganic,
global warming and non-renewable energy (Figure 3b).
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Figure 3: Comparative LCA single score (a) and normalisation (b) results (IMPACT 2002+)

Significant contribute to respiratory inorganic value is due to the opaque wall
retrofit action; global warming and non-renewable energy are mainly related to
energy consumption and transportation of materials supply, in particular for
opaque walls retrofit actions and for new energy systems (photovoltaic and
solar thermal systems). A sensitivity analysis has been performed to evaluate a
time horizon of 20 years, in order to compare lifespan of the different
technologies used as retrofit actions.

As final result it is important to underline that benefits achieved in building
upgrading for enhancing energy efficiency not always reflect advantages on
other environmental indicators. Further investigations on other R&D actions in
technological improvements and further integrated analysis with other payback
evaluation are needed in order to have a holist evaluation and to guarantee that
energy saving options and policies are coupled to environmental and economic
exploitations.
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Abstract

The research project SELFIE, funded by MIUR and Tuscany Region in 2016, aimed at the
development of innovative building components to increase energy saving of buildings in the
Mediterrenean area. Thanks to the combination of several elements, SELFIE modules bear
adaptive properties and self-production of renewable energy. The ecoprofile of the innovative
component SELFIE2 was evaluated with life cycle analysis and, through a contribution analysis,
the most impacting components were identified. In an eco-design approach, improvement
actions to reduce the environmental burdens were suggested and validated by applying a
sensitivity analysis.

1. Introduction

The building sector contributes significantly to the primary energy consumption
and to the associated greenhouse gases emissions. It is estimated to account
for about 40% of primary energy consumption in the EU (EPDB, 2010), and the
growth of energy consumption in this sector is obviously correlated to the
population growth, which, in turn, increases the demand for residential buildings
and services. Among the strategies adopted to invert the impacts of the building
sector in terms of energy consumption and environmental burdens, the main
ones are focused on the use of renewables and on the development of energy
efficient buildings, and specifically of new facade systems.

At the policy level, in the EU, the targets set by the Energy Performance of
Buildings Directive 2010/31/UE and the Energy Efficiency Directive 2012/27/UE
(EE, 2012) concerning the energy performance of buildings, together with the
increasing cost of fossil fuels, boost the development of such systems. This
framework led the research to aim to what is called ‘Near zero energy building’
(NZEB), both working on the envelopes and on self-production of renewable
energy.

Among the innovative solutions, adaptive envelopes are considered very
promising since, thanks to the integration of smart materials and building
management systems, they are able to answer in real time to the climatic
conditions and to minimize the energy consumption of buildings, providing also
occupants’ comfort (Baetens, 2010; Kuznik, 2011, Perino, 2007; Saelens, 2003;
Favoino, 2014).
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Life cycle analysis (LCA) is commonly used to assess the sustainability of
buildings. In particular, LCA is a valuable tool to assess the contribution of
innovative materials, often used in the new adaptive envelopes, and to compare
the global environmental performances of energy-efficient and traditional
buildings (Sartori and Hestnes, 2007; Ramesh, 2007; Sierra-Perez, 2016).

In this context, the research project SELFIE (Sistema di Elementi avanzati multi
Layer basato su superFici e materiali Innovativi nanostrutturati per una Edilizia
sostenibile ed energeticamente efficiente, http://www.progettoselfie.it), funded
by the Italian Ministry of University and Research and the regional
administration of Tuscany, is aimed to increase the energy saving of buildings in
the Med area, by developing and testing innovative envelope solutions.

The SELFIE concept is an adaptive system, combining different innovative
technological elements to provide energy and GHGs savings and also
adaptation to different construction typologies. Within the SELFIE project, LCA
was applied, during the prototypes development, as a tool to support the eco-
design of the modules, to highlight the environmental hotspot stages and to
suggest for improvement actions.

2. Methodology
LCA was carried out according to ISO 14040-44 standards (ISO, 2006)
adopting a cradle to gate approach.

2.1.Goal and scope definition

The objective of this study is the development of a cradle to gate analysis of the
innovative modules developed within the SELFIE project and in particular of
SELFIE 2 module (Fig. 1). This includes the following elements that contribute
to the multifunctionality and to the adaptive properties:

- A Dye Sensitized Solar Cell (DSSC) panel for self energy production. This
innovative photovoltaic technology is based on a functioning process that
mimics the photosynthesis; moreover, it allows for the use of small quantities of
readily-available materials produced by well-established processes and it’s
characterized by a high level of versatility, architectural integrability and
potentially low cost of fabrication (Parisi et al, 2014). The panel employed in the
project is based on the configuration glass-titanium dioxide-ruthenium dye-
iodine/triiodide redox couple-platinum-glass, which is one of the most stable and
durable configuration developed so far.

- Inorganic support loaded with PCM (phase change material), to enhance the
ability to reduce energy consumption for space conditioning and reduce peak
loads as well as improving occupant comfort;

- Thermoacustic panel applied on a support frame in aluminum thermal break,
with good mechanical properties able to ensure the mechanical safety
performance needed for the interior space features.The panel has a sandwich
structure: an expanded PET layer (from recycled PET bottles) between two
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plasterboard layers, a further expanded polystyrene layer and two external
aluminium layers to close the component.

- Sensors and actuators, used for an integrated control on humidity and
temperature of the building, and thus of its energetic performance.

- Aluminium frame. The frame is taylor-made to assemble the different
components and allows easy inspection and maintenance operations, which
may be needed during the module lifetime.
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Figure 1: SELFIE 2 module

The system boundaries include the raw materials production and transport; the
production of components and finally the assembly of the SELFIE 2 module.

The functional unit applied is ‘1 SELFIE 2 modular component’, with dimensions
90x140 cm. This is the size of the component as elaborated during the project,
which is being tested for the operational phase and as it is undergoing the
patenting process.

In this study, we have used the LCA software SimaPro 8.02 integrated with the
Ecoinvent 3.0 database, and we have applied the ILCD 2011 Midpoint+ method
(version 1.0.9, May 2016), developed by the Joint Research Centre of the
European Commission, for the impact assessment (EC, JRC, 2012)

2.2.Life cycle inventory analysis

Inventory data were collected during the project (year 2016) through interviews
and checklists distributed to the partners involved in the components
development and in the assembly of the module. Primary data concern raw
materials used for the components production and their provision, production
processes of the components (in particular the production of the DSSC
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photovoltaic panel and of the inorganic support loaded with PCM), the
aluminium frame production and, finally, the assembly process of the
components into the module. Since some of the components are the outputs of
experimental research work developed during the project and still ongoing, data
regarding their production have been modeled based on laboratory scale
production process. Background data for modelling materials and energy
production, transports etc. were taken from the Ecoinvent 3.0 database,
eventually customized when necessary. Table 1 lists the main aggregated
inventory data for SELFIE 2 module.

Table 1: Aggregated Life cycle inventory data for the production of SELFIE 2 module

Material inputs Quantity Units
Flat glass 40 | kg
Solar glass 16,9 | kg
Support for PCM 7,68 | kg
PCM 16 | kg
Insulating material 27,68 | kg
Aluminium 33,25 | kg
Dye N719 0.001 | kg
Electrolyte 0.06 | kg
Titanium Dioxide 0.05 | kg
Silver 0.020 | kg
Platinum 1,68-10% | kg
Thermoplastic (Polyethylene) 0,3 | kg
Transport
Transport lorry EURO4 34314 | kg*km

SELFIE 2 production processes

inputs/outputs

Natural gas 8,41E-03 | m3
Electricity 180.22 | kWh
Water 0,12 | m3
Diesel 0,4 |l
Solvents 8,28 | kg
Waste - non hazardous 23,27 | kg

3. Results and discussion

Table 2 lists the impact assessment results of the analysis, referred to the
functional unit and Figure 3 shows the contribution of the different components
to each impact category.
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Table 2: Life cycle impact assessment results for SELFIE 2 module

Impact category Unit Total
Climate change kg CO2 eq 8,54E+02
Ozone depletion kg CFC-11 eq 1,64E-04
Human toxicity, non-cancer effects CTuUh 1,98E-04
Human toxicity, cancer effects CTUh 3,73E-05
Particulate matter kg PM2.5 eq 1,02E+00
lonizing radiation HH kBqg U235 eq 3,31E+01
lonizing radiation E (interim) CTUe 1,67E-04
Photochemical ozone formation kg NMVOC eq 2,74E+00
Acidification molc H+ eq 6,78E+00
Terrestrial eutrophication molc N eq 1,00E+01
Freshwater eutrophication kg P eq 1,25E-01
Marine eutrophication kg N eq 1,15E+00
Freshwater ecotoxicity CTUe 3,53E+03
Land use kg C deficit 1,44E+03
Water resource depletion m?3 water eq -1,80E+00
Mineral, fossil & ren resource depletion kg Sb eq 1,18E-01

The contribution analysis shows that the largest impacts on most of the impact
categories are provided by the aluminium used in the module frames and by the

DSSC module.

For instance, aluminium contributes for about 60% to Climate change, Human
toxicity, cancer effects, Particulate matter, Water resource depletion, for about
50% to Photochemical ozone formation, Acidification, Terrestrial eutrophication

and for about 40% to Marine eutrophication.
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Figure 3: Contributional analysis for SELFIE 2 production
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The DSSC photovoltaic panel greatly contributes to Ozone depletion, Human
toxicity, non-cancer effects, lonizing radiation, Freshwater eutrophication,
Freshwater ecotoxicity and Mineral, fossil and renewable resource depletion
with a percentage contribution ranging from 50% to almost 80%. These impacts
are mostly due to the dye molecules and electrolyte solution involved in the
photovoltaic modules production process, along with all metals and solvent
employed for the syntheses and preparation of the various components of the
solar cells.

The PCM-loaded component contributes for about 45% to Land use impact
category and for about 35% to Marine eutrophication, due to the production of
the PCM material.

Finally, the insulating panel component contribution is between 5 and 10 % to
most of the impact categories, achieving 20% only for Particulate matter impact
category.

3.1.Sensitivity analysis
In an eco-design approach, to contribute to a reduction of the environmental
burdens of the SELFIE 2 module, we tested feasible alternatives on the most
contributing components.

In order to reduce the large contribution of the aluminium frame, which is 100%
virgin material, we tested with a sensitivity analysis, different contents of
recycled aluminium, up to 100%. The aluminium recycled content was modelled
applying the CFF (Circular Footprint Formula) formula, recommended for the
PEF methodology application (EC, 2017). The parameters used in the ‘cradle to
gate’ CFF module for the recycled aluminium production are : Ev = Aluminium,
wrought alloy {GLO}| market for | Alloc Rec, U, Erecycled = Aluminium, wrought
alloy {RER}| treatment of aluminium scrap, post-consumer, prepared for
recycling, at remelter | Alloc Rec, U; A = 0,2; Qs/Qp = 1. R1 varies depending on
the recycled content percentage (0,5; 0,8; 1).

In general, a reduction of the impacts up to 10-15% is observed on several
impact categories such as Climate change, Human toxicity, Particulate matter,
Human toxicity, cancer effects. However, this option has only risible effect on
other impact categories such as Ozone depletion, Human toxicity, non cancer
effects, Resource depletion.

Concerning the other major contributor to the SELFIE 2 eco-profile, namely the
DSSC panel, a sensitivity analysis has been performed to assess the potential
benefit related with the use of a full organic dye instead of a metallorganic one
in the same solar cell configuration. In general, the environmental burden on
most of the impact categories of the photovoltaic panel is decreased by 75%.
Such trend is much lower (~15%) for the climate change, ozone depletion and
water consumption categories due to the use of large quantities of solvents and
electricity for the synthesis of the full organic dye. This outcome can be
attributed to the fact the organic dye synthesis is not yet optimized compared to
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that of the ruthenium based dye employed in the solar cell configuration of the
SELFIE 2 photovoltaic component.

4. Conclusions

This study reports on the preliminary results of the LCA analysis carried out on
the SELFIE 2 component, developed during the SELFIE project. The analysis
aimed to support the eco-design of the module, investigating the hot spots of
the production stage to provide suitable alternatives for the reduction of the
environmental burdens. As emerged, the main contributors have been identified
in the aluminium frame and in the DSSC photovoltaic panel. The effect in
reducing the impacts of the suggested alternatives, namely the use of recycled
aluminium for the frame and the use of a full organic dye for the DSSC, were
tested with sensitivity analyses. As much as regards the use of recycled
aluminium, this would allow to reduce in general the environmental burdens of
up to 15% on most of the impact categories, while the use of a full organic dye
would result in an environmental benefit up to 75% for the DSSC photovoltaic
panel eco-profile, thus contributing to further lower the environmental footprint
of the SELFIE 2 module.

In a further approach, LCA will be used in parallel to the testing phase, which
will provide information regarding the module performance during its use phase.
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Abstract

The paper deals with how the buildings’ end of life is assessed in LCA, throughout a study
based on European Standard and literature review. End-of-life modelling is becoming more
important within circular economy policies that improve the extension of buildings’ service life
(through regeneration and refurbishment processes) and building’s components reuse or
recycling. The paper highlights different assumptions and different approaches taken in LCA
modelling of the building end of life: functional unit, system boundary, allocation method,
inventory of quantity and data collection. Moreover the uncertainty and limits of modelling are
analysed.

1. Introduction

In the last two decades, many LCA studies of buildings have been conducted,
but a lot of them do not include an in-depth analysis of the end-of-life phase
(asserted by Paleari et al., 2015). The omission is mainly caused by the lack of
information and the difficulty in predicting future scenarios (Oregi et al., 2015).
Many studies about building’s LCA, in fact, are focused on the product phase
(A1-3) and the operational energy use stage (B6); instead the end of life is
modelled choosing simplified assumptions, such as an average distance
between the building and the place of disposal and landfill for demolition waste
of the whole building. In this way, the impact of end-of-life stage, in comparison
to the whole life cycle, is less than 1% for the life cycle energy use, so the end-
of-life stage loses its relevance (Oregi et al., 2015).

The simplified assumption about landfill for demolition waste of the whole
building is no longer possible under the Waste Framework Directive (WFD)
2008/98/EC, which establishes that almost 70% of construction and demolition
waste (CDW) have to be reused, recycled or recovered. Hence, the LCA
studies from 2008 assume a rate of recovery/reuse/recycle of material over
70%, in order to respect the WFD. Moreover, the circular economy point of
view is changing the concept of ‘end of life’, therefore also the evaluation of it.
Circular economy policies aim at efficient use of natural resources and at
reduction of waste generation (COM 398, 2014; COM 614, 2015). It is possible
to state that, in this context, the promoting routes are:

e remanufacturing / reconditioning of products, which increase the lifetime of
products by rebuilding and repairing them;

e a closed-loop system, which transforms products, that have reached the end
of their useful life, into something new, by process of reuse and recycling of
components.
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In the building sector the actions, that respect these two routes of circular
economy, are:

e the regeneration of buildings, in order to give back a new function and
extend the service life of buildings; in this context the practices of repair,
replacement and refurbishment are incentivised;

e the management of construction and demolition waste in order to reuse and
recycle waste as secondary materials, avoiding landfill and the extraction of
raw materials.

Nevertheless, improper management of refurbishment practices or CDW
recycling should result in considerable environmental impacts and recycling
processes might cause indirect environmental impacts (JRC, 2011; Mousavi et
al., 2016). Within the life cycle thinking approach, it is important to evaluate the
impacts of every circular action through scientific methodologies like the
internationally standardized procedure of Life Cycle Assessment. In this
context, the evaluation of the end of life phase, that has been little treated in the
LCA studies, becomes crucial. In fact, with the support of LCA it is possible
assess the impact of repair, replacement, refurbishment processes and CDW
management: in the EN 15978 (2011) these phases are identified in the Module
B3, B4, B5, C1-C4. Moreover EN 15978 sets a module D in order to quantify
the environmental benefits or loads resulting from reuse, recycling and energy
recovery processes.

The EN 15978 defines the limit between the end-of-life stage and module D.
The end-of-life stage starts from the activity that produces waste, and considers
the management for waste, as a “multi-output process that provides a source of
materials, products and building elements that are to be discarded, recovered,
recycled or reused”. The impacts assigned to end-of-life stage regard the waste
management and disposal until the landfill (considering also the impacts of
landfill), if it is the final destination of waste, included the impacts of transports
(from building to landfill). But the situation changes when the waste stops being
‘waste’ to became a second-hand material usable in other processes by
recycling or energy recovery. The secondary materials leaves the system, and
its burdens are divided between end-of-life stage and module D. The process of
collection and transport until the sorting plant of secondary materials are part of
the waste processing of the building, so the burdens are assigned to the end-of-
life stage; instead the further processes (e.g. recycling process) concern
another product system. So the processes’ burdens and avoided impacts are
assigned to module D (beyond the system boundary), in according to the ‘cut-
off’ approach.

End-of-life modelling needs allocation methods to divide environmental impacts
and benefits between the first and second life of products. There are different
approaches and different methods of allocation and the debate is open
especially in the context of defining the PEF (Giorgi et al., 2016). But, in the
case of the building, the EN 15978 sets out a ‘cut-off’ approach. However in
literature there are many building LCA studies that use other types of allocation,
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because of different goals and scope of the studies. Moreover, many
methodological choice still remain without rules, and debates are still ongoing in
areas like the definition of (temporal) system boundaries, life cycle inventory
generation, selection and use of environmental indicators, and interpretation
and communication of the LCA results (Saner at al., 2012). According to Sandin
at al. (2014) the four factors that can mainly change the result of LCA are: the
type of approach used in modelling between consequential and attributional
approach, the end-of-life phases considered, the type of disposal that is chosen
among reuse, recycling, incineration or landfill and the impact of technology
assumed. This paper shows how some authors have treated LCA in case
studies about buildings’ end of life, which methods are assumed and which
limits have been found.

2. Different goals and scopes in end-of-life modelling

In literature, LCA studies which take into account the end-of-life stage are
conducted with different ‘goal and scope’. The scientific papers analysed
treated the end of life in three different way. Some studies use an approach of
whole-LCA modelling in order to assess the entire environmental impact of
building considering all stages of life, hence the end-of-life stage, too (e.g. Oregi
et al., 2015; Blengini et al., 2010). Other studies regard a LCA which takes into
account just few stages of building life. They want to evaluate the impacts of
deep refurbishment of a building and assess the treatment of waste produced
during the works (e.g. Ghose et al., 2017a). Moreover these studies compare
buildings’ intervention strategies which minimize the waste to aid decision
making (e.g. Ghose at al. 2017b). Other studies consider only the end-of-life
stage modelling to assess the impact of management of waste generated from
building demolition. The goal of these LCA studies is to evaluate the
environmental impacts related to end of life of the different fraction of
construction and demolition waste in order to assess the best type of disposal
or recovery (e.g. Butera at al., 2015; Sandin at al. 2014, Vitale et al., 2017),
considering, also, the quality of recycling of materials. Moreover, studies want to
evaluate different alternatives of demolition scenarios and management of
waste generated (e.g. Martinez et al., 2013). Different ‘goal and scope’, brings
different approaches and different assumptions in LCA, such as functional unit,
system boundaries, data collection, data source and allocation approach.

2.1. Functional unit and system boundary in end of life modelling

According to ISO 14040, the functional unit is a measure of the function of the
studied system. The functional unit changes in relation to different studies
because it also depends on the reference performance chosen. Whole-LCA
studies, focused on whole-life-cycle impact assessment, use a functional unit
referred to the entire building and the design requirements, such as thermal
comfort. So, results are expressed per unit of useful heated floor area and per
year (1 m?/years) (e.g. Oregi et al., 2015; Blengini et al., 2010; Ghose et al.
2017a; Ghose at al. 2017b). The studies that consider only end-of-life waste
management, instead, take into account a functional unit aimed at management
of waste generated by demolition activities. The functional unit is expressed in
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weight (e.g. tonnes) of waste generated, for assessing environmental impacts
and benefits of the different scenarios of the management system (e.g. Butera
et al., 2015; Vitale at al., 2017).

The Standard EN 15978 states that the system boundary of end of life has to
consider the process of selective demolition/deconstruction, collection of waste
materials of the building and the processes of on-site sorting, transport to plants
for recycling/recovery and/or disposal of waste in landfill. According to the
‘polluter pays’ principle, loads, (e.g. emissions) from waste disposal are
considered part of the building life cycle. However, the benefit of reuse or
recycling (for example the energy generated form waste incineration or the
benefit of use of secondary materials in the other productions’ system) are
assigned to module D.

In some studies different scenarios are assessed, hence different system
boundaries are analysed in order to choose the most sustainable routes,
considering different management processes for the same type of material.
Blengini et al. (2010) in whole-LCA modelling consider the phases of: ‘pre-use
and maintenance’, which include structure, finishes and equipment material
(quantities estimated from building drawings and field measured data),
transportation (average distances estimated from personal communication with
designer and contractor), construction stage (estimated from field measured
data, personal communication with designer and constructor, literature),
maintenance activities (estimated from literature and personal communication
with designer and constructor); ‘use’, which considers energy use for heating,
ventilating and DHW, energy use for cooking, washing, lighting and use of
appliances (calculated with the software); ‘end of life’, in particular, which
considers three stages (estimated data from literature): selective disassembling
of re-usable/recyclable materials and structures (windows, steel, aluminium and
roof), controlled demolition of the structure by hydraulic hammers and shears,
CDW treatment and recycling, reuse or landfill. In particular, CDW generated
from the building process and during maintenance operations was considered:
the mineral fraction, such as concrete, mortar, bricks, ceramics, etc., was
assumed to undergo a recycling process for the production of secondary
aggregates; metal and glass separation and recycling; wood incineration and
mixed rubble recycling.

Ghose et al. (2017b), in LCA for different refurbishment assessments, consider
three scenarios of different rates of recycling. The first scenario is ‘business as
usual scenario’ which analyses conventional activities from production of
refurbished components (without recycling content), transport to construction-
site, construction-site activities and transport of waste to treatment site, waste
management considering parts of waste to landfill and a little rate of material to
recycling (considering, through consequential approach, the avoid loads of
production of new materials using the waste as secondary materials and the
avoid loads of a avoid landfill). The second scenario regards the ‘waste
minimization’, it considers a rate of materials reused at construction-site and it
assumed an higher rate of materials recycling than first scenario. The third
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scenario regards the ‘reduce demand of primary production’, it consider the use
of material with recycled content in the production of refurbishment component
phase and it assumed the same rate of materials recycling than first scenario.
The fourth scenario regards a waste ‘minimization and reduce demand of
primary production’, it consider both the use of material with recycled content in
the production of refurbishment component phase and an higher rate of
materials recycling than first scenario.

Vitale et al. (2017) analyse with more detail the CDW management, including all
activities of selective demolition, collection, sorting, transportation, material and
energy recovery, and landfill. It consider, through a system expansion, a system
about the building demolition, sorting in situ and transportation, and the
recycling chains for metals, plastics and glass, a waste-to-energy chain for
combustible materials, and landfill disposal for residual waste.

However the assessment of waste are influenced by the perspective chosen
and the assumptions made about material recycling and energy recovery.
Therefore, in LCAs of alternative waste treatments, such as studies with ‘gate-
to-grave’ system boundaries, the option of waste prevention (such as avoiding
demolition) is rarely considered because the functional unit is commonly defined
as a certain amount of waste to be treated (Laurence Hamon in Saner at al.,
2012).

2.2.Data collection and scenario assumptions

Regarding to quantification of waste in a building refurbishment or demolition,
the quantity of waste can be estimated through site measurement and by a
model developed with a software, that gives a bill of quantities of material.
Ghose et al. (2017a) declare that the estimating of material quantities based on
models developed with software (like CAD) is a fairly trustworthy data collection
method when bills of quantities of detailed building design are unavailable, and
other studies also demonstrate this (Malmqvist et al., 2011).

Otherwise, the quality of secondary materials for recycling is difficult to forecast
because it depends on the demolition process (if it is a selective or traditional
demolition). Poor quality of recovered material affects its recyclability. In fact,
Intini e Kuhtz (2011) explain, through an example of recycling PET, that the
mechanical impurities represent the main issue affecting quality in the recycling
stream, because manufacturing processes were originally designed for virgin
raw materials only. Hence, efficient sorting, separation, and cleaning processes
become very important in order to obtain high quality recycled material. Also,
Ghose et al. (2017b), referring to a study of Graedel and Reuter (2011), show
the importance of material recovery rate and recycling efficiency, which are the
two main factors that determine the benefits of recycling. They show, that a low
recovery rate (75%) with high recycling efficiency (98%) per kg aluminium scrap
results in 0.74 kg of avoided primary aluminium production; instead an high
recovery rate (100%) with a low recycling efficiency (70%) per kg aluminium
scrap results in 0.70 kg of avoided primary aluminium production.
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Moreover the end of life of building does not fall at present but it will occur at a
later time. Generally refurbishment assessment studies take a reference life of
about 50 years, and new building assessment studies take 100 years as
reference life. Consequently, the technologies and processes of recovery
should be more efficient than current ones. So, this is another assumption to
choose within an end-of-life LCA. In the case study of Sandin at al. (2013), two
assumptions of technology are assumed: one assessment takes today’s
technologies and the other one takes today’s low-impact technologies which are
representative for the average future technologies (wind power is assumed to
replace diesel as energy source in demolition).

Moreover the regulations can modify the recovery rate. For example, the waste
management scenarios have changed with WFD, which has changed the
landfill scenarios to a rate of 70% recycling of CDW.

In end-of-life modelling, also distances of transport between building and
recycling plants are estimated. The distances to recycling and deposit plants
are calculated as an average distance of the current plants per region, in the
LCA conducts by Martinez et al. (2013). In Butera et al. (2015), the distance
from demolition site to landfill is assumed 50 km, while the distance to treatment
facility is hypothesized 30 km. Moreover the avoided transport from place of
extraction of virgin materials to production place is assumed 50 km. Generally,
in every studies, the impacts of transports are a high contribution in a buildings’
end-of-life LCA, so the assumption of distance play a crucial role.

2.3.Modelling methods

The great difference in end-of-life LCA studies regards allocation method
assumed between attributional and consequential. The first (attributional model)
sets the goal towards the analysis and description of the current and real
situation. Attrubutional approach “consider the flow in the environment within a
chosen temporal window”, hence it counts all impacts as a current snapshot of
a certain product or service. The second (consequential model) “consider how
the flow may change in response to decision”, so it hypothesizes the
consequences, counting impacts that could be produced or avoided in a future
situation (Ekvall, 2016).

It is interesting to note that, generally, the studies which want to predict the
environmental impacts in decision-making phase, use a consequential
approach with avoided impacts, and all benefits of avoided extraction material
and avoided landfill are considered in the counting. Otherwise, other studies
choose an attributional approach, calculating the impacts until waste disposal in
case of landfill, or until the transport in sorting plant in case of recycling. In case
of attributional no avoided impacts or benefit of recycling are considered in LCA
results. Blengini et al. (2010), wants to assess the effectiveness of recycling
process, so they choose a consequential approach of avoided impacts including
the whole recycling chain. All activities and processes from waste collection to
substitution of virgin products, are taken into account in order to assess the use
of recycled products in comparison to the correspondent virgin products. In the
study, the environmental burdens corresponding to manufacturing of new
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product with second materials are subtracted from the system. So, the
environmental balance between impacts and gains can be negative, if the
impacts avoided are higher than induced impacts. Attributional approach is
adopted by Ghose et al. (2017a), because they want to avoid the risk of double-
counting, so no benefits are given for the provision of recyclable materials,
analysis the current situation. Instead, Ghose at al. (2017b) in order to assess a
situation with future-oriented perspective, adopt a consequential LCA with an
approach of avoided burdens. Butera at al. (2015) have the objective of
studying the consequences caused by the changes in the modelled system, so
they use a consequential LCA. Differently, in the study of Vitale et al. (2017) the
allocation problem in the LCA modelling has been avoided by utilizing the
system expansion methodology, because the study aim to quantify the
contributions of each stage of the end-of-life phase, with a particular attention to
the management of the demolition waste, without the problems of allocation.

3. Uncertainty of data

All studies analysed declare that uncertainty of data is the major limit in the
assessment of end of life. The limited availability of buildings’ end-of-life studies
is caused by the lack of data on demolition, recovery and recycling of materials
(Blengini et al., 2010). Generally, literature-based data and secondary data
(such as international EPD, database) are assumed, but also the database
assumption can change the LCA results.

Regarding database, some authors highlight the great lack of flexibility in a life
cycle inventory (LCI) before ecoinvent v3. According to Ghose at al. (2017) the
earlier versions of the ecoinvent database based on attributional modelling
represented a lack of consistency and transparency in the consequential
modelling approach. In 2013 the development of consequential datasets in the
ecoinvent v3 database has reduced the uncertainty.

4. Conclusions

Recent circular economy policies give a new relevance to buildings end of life
decisions so the modelling of this final stage need more careful analysis. The
paper take into account different end-of-life LCA studies and the limit of
assumptions and the uncertainty of data are stressed. The end-of-life LCA is
highly uncertain in building sector, because generally many data are supposed,
also because the end of life of building occurs in the future. To calculate
benefits and loads there is the need to take into account several assumptions
about, for example, types of treatment, distance to plants of treatment, the
quantity of materials analysed, the efficiency of material recycling and the
efficiency of technology and practices (existing or future). Many discussion are
still open, such as about the type of modelling between consequential and
attributional, the end-of-life phases to be considered, and the poor of data
quality.

Hence, there is the necessity to improve the end-of-life assessment, in order to
provide better support in the end-of-life decisions and waste management with
LCA. At first, waste prevention, which is the first pillar of waste hierarchy, has to
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be considered also in end-of-life LCA, then differences among scope definitions,
time perspectives and boundaries, and the use of different allocation
procedures for waste treatment and recycling have to be minimized,
furthermore, data quality must be improved.
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Abstract

The paper presents ELISA, a simplified tool for estimating the Environmental Life-cycle Impacts
of Solar Air-conditioning systems. The tool is designed to support researchers, designers and
decision makers in a simplified evaluation of the life cycle energy and environmental potential
benefits related to the installation of solar heating and cooling systems in substitution of
conventional ones.

The tool was developed within the research activities of Task 53 “New Generation Solar Cooling
& Heating Systems (PV or solar thermally driven systems)” of the International Energy Agency.

1. Introduction

The Solar Heating and Cooling (SHC) systems are of great interest in the
reduction of the greenhouse gas emissions, particularly in sunny regions, due to
the use of renewable energy resources for the buildings air-conditioning
(Beccali et al., 2016). Good results in terms of electricity and natural gas
savings can be achieved through an accurate design of the SHC systems,
which takes into account climate characteristics and building loads during all the
year (Beccali et al., 2014a).

Many researchers are contributing in the development of a competitive market
for the SHC technologies by focusing on cost-effectiveness and high
performance (Chang et al.,, 2009) in different geographic contexts. However,
they often analyze only the SHC systems behavior during the operation stage,
neglecting the energy and environmental aspects of the manufacturing and end-
of-life of these technologies.

By extending the point of view to the whole life cycle, the benefits of using
renewable energy during the operation of the SHC systems could be offset by
the impacts of the other stages. For this reason, it is important to introduce the
Life Cycle Assessment (LCA) (ISO 14040, 2006; ISO 14044, 2006) for
assessing the energy and environmental performances of the systems during
their life cycle. However, the development of a complete LCA for a complex
system as the SHC can be difficult and time-consuming particularly for no-LCA
experts, discouraging them in the inclusion of life-cycle considerations in the
assessments.
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In order to support the SHC experts in the development of simplified LCAs
during the design phase of the SHC systems, the authors developed the tool
ELISA. This tool can be used for estimating the environmental life-cycle impacts
of solar air-conditioning systems. The tool, although simplified, can be used for
understanding the potential energy and environmental benefits/impacts of the
solar technologies in different geographic contexts with respect to conventional
ones.

2. ELISA tool

ELISA is a tool for developing a simplified life cycle energy and environmental
assessment of SHC systems and for comparing them with conventional ones.
The tool, developed in Microsoft Excel (Microsoft Excel 2016, 2016), can be
used for the comparison of four typologies of heating and cooling systems:

SHC system;
SHC system with photovoltaic panels (PVs);

Conventional system;

Conventional system with PVs.
The logo of ELISA is shown in Figure 1.

ENVIRONMENTAL LIFE-CYCLE IMPACTS OF
SOLAR AIR-CONDITIONING SYSTEMS

Figure 1: ELISA logo

The tool allows for calculating the following indices:

- Global warming potential (GWP) [kg of COx2eq], calculated using the
characterization factors of the “IPCC 2013 GWP 100 year” impact
assessment method (IPCC, 2014);

- Global energy requirement (GER) [MJ], calculated using the impact
assessment method “Cumulative Energy Demand” (Frischknecht et al.,
2010);

- Energy payback time (E-PT) [years], defined as the time during which the
SHC system (with or without PV) must work to harvest as much primary
energy as it requires for its manufacturing and end-of-life. The harvested
energy is considered as net of the energy expenditure for the system use;
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-  GWP payback time (GWP-PT) [years], defined as the time during which
the avoided GWP impact due to the use of the SHC system (with or without
PV) is equal to the GWP impact caused during its manufacturing and end-
of-life;

- Energy Return Ratio (ERR) that represents how many times the energy
saving due to the use of the SHC system (with or without PV) overcomes
its primary energy consumption during the life-cycle.

The main page of ELISA is shown in Figure 2.

SOLAR HEATING & COOLING PROGRAMME

INTERNATIONAL ENERGY AGENCY

Tosk 53 L&

NEW GENERATION
SOLAR COOLING & HEATING SYSTEMS

NVIRDNMENTAL LIFE-CYCLE IMPACTS OF
SOLAR AIR-CONDITIONING SYSTEMS.

MAIN PAGE

Check Tool Version

Data Library

il

Example

Impacts Comparison Payback Indices Reset All

I Recommendation for users: please note that this tool must be used only for academic and research activities

DISCLAIMER ELISA TOOL

This License Agreement is a legal agreement for ELISA. By installing, copying or otherwise using the tool, you agree to be bound
by the terms of this Agreement. This taol is not intended to provide specific advice or recommendations in any circumstances. It
may not cover aspects of your particular situation and an investigation with different tools could generate a different result The
Members of IEA Task 53 assume no responsibility for any errars or omissions within the tool. The Members of IEA Task 53 make
no warranty of any kind with respect to ELISA tool. Under no circumstances shall the Members of IEA Task 53 be held liable for
any loss or damage (including any type of damage), which may be attributable to the reliance on and use of the tool

This License Agreement authorizes the use of the ELISA tool only for teaching and non-commercial research activities. A research
activity is considered non-commercial only if its results are not intended primarily for the benefit of a third party, are made available
to anyone without restriction on use, copying, and further distribution, and are furnished at no more than the cost of reproduction
and shipping.

Figure 2: Main page of ELISA

From the main page, the user can access to the data library of the tool (Figure
3) that shows the specific energy and environmental impacts (Beccali et al.,
2010 and 2014b; Cellura, 2014; Frischknecht et al., 2007; Longo et al., 2014;
Majeau — Bettez et al., 2011; Mc Manus, 2012; Notter et al., 2010), in term of
GER and GWP, of the components that are commonly part of a SHC or a
conventional system (including the PV system) and of energy sources
(electricity and natural gas).

3. Description of the Case study

To illustrate the features of ELISA a simple application is described in the
following section, comparing four heating and cooling systems: a SHC system
(without and with PV) and a conventional system (without and with PV). The
systems are installed in Palermo (ltaly) and have a useful life of 25 years.
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The SHC system is composed of: an absorption chiller (12 kW); a field of
evacuated solar tube collectors (35 m?); a heat storage (2,000 I); a cooling
tower (32 kW); an auxiliary gas boiler (10 kW); an auxiliary conventional chiller
(10 kW); pipes (60 m); two pumps (80 W and 250 W); a solution of water and
ammonia (15 kg of ammonia and 10 kg of water). The system consumes 1,117
kWh/year of electricity and 414 kWh/year of natural gas. The conventional
system is constituted by a chiller of 10 kW and a gas boiler of 10 kW; it requires
1,995 kWh/year of electricity and 2,882 kWh/year of natural gas. In addition, the
SHC system and the conventional system coupled with PV include: photovoltaic
panels, inverter, electric installation and batteries. The PV system is sized as a
stand-alone system with energy storage for supplying the electricity required
from the SHC and conventional system during the useful life.

= Y
Data Library [_Zh_j

Component / Energy source

’ Augxiliary gas boiler (10 kW) :I

l Global Energy Requirement (GER)

Manufacturing / Production End-of-Life U.M

| ‘ 6.781.86 6151 MJ/unit

Global Warning Potential (GWP)

Manufacturing / Production End-of-Life UM

‘ 365.71 12.04 kgCO2eq/unit

| Open Close I

Figure 3: Data Library

3.1.1 Entering data in the input worksheet

ELISA contains four input worksheets, one for each system. Each input
worksheet includes a list of the components of the analyzed system, of
electricity mixes of 25 localities and of natural gas burned in 10 different
systems in the European context. Figure 4 shows, as an example, the structure
of the input worksheet for the SHC system.

In addition, ELISA allows for including the number of replacements of each
component during the useful life of the system: e.g. the inverter used in the PV
system has a useful life of 12.5 years, this means that it will be substituted one
time during the 25 years.

3.1.2 Analysis of the results thought the output worksheets
The results are shown in three output worksheets:
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The first one presents the GER and GWP results for each system both in table
and graphs. In detail, the results in table shows: the total impact for each
component/energy source; the impact of the manufacturing and end-of-life
steps of each component of the system and the impact of the operation; the
total impact of each life-cycle step (manufacturing, operation, end-of-life). The
graphs allows for visualizing the contribution of the different life cycle steps to
the total impact and the incidence of each component/energy source on the
impact of manufacturing, operation and end-of-life. As an example, Figure 5
shows the incidence of each component of the SHC system to the impact on
GER during the manufacturing step.

COMPONENTS OF THE SHC SYSTEM

Category UM.  Quantity N®°pepacenent
Ammaonia kg 15.00
Auxiliary conventional chiller (10 kW) unit 1.00°
Auxiliary gas boiler (10 kW) unit 1.00"
Absorption chiller (12 kW) unit 100"
Cooling tower (32 kW) unit 1.00°
<Glycol> kg
<Heat rejection system= unit
Heat storage (2000 I) unit 1.007
<Heat-pump= unit )
Pipes m 60.00
Pump (40 W) unit 825
Evacuated tube collector m? 35.00
Water kg 10.00
Category U.M.  Quantity
Electricity, low voltage, laly (including import) kWhiyear  1,117.00

Natural gas, bumed in boiler atmosferic low-NOx condensing non-modulating, <100 kW, Europe kWhiyear 414.00

Figure 4: Input worksheet of the SHC system

The second worksheet displays the comparison of the results for the different
systems (both in table and graphs (Figure 6)).

The third worksheet shows the E-PT, GWP-PT and ERR indices (Figure 7). In
detail, each box of Figure 7 indicates the value of the index calculated for the
system of the j-th row if compared with the system of the i-th column.

The calculation of the above set of indices is useful to evaluate if the additional
impacts usually caused during the production and end-of-life steps of a SHC
system if compared with a conventional one are balanced by the energy saving
and avoided emissions during its operation.

However, when the conventional system uses energy from renewable sources
(e.g. electricity from PV), the impacts of the SHC system during the operation
step can be higher than that of the conventional one. In this case, the SHC
system has worse energy and environmental performances during the operation
step and cannot balance the additional impacts caused during its production

43



and end-of-life. When this happens, E-PT, GWP-PT and ERR cannot be
calculated.

GLOBAL ENERGY REQUIREMENT (GER) (M)
Manufacturing

Auxiliary conventional
chiller [10 kw)
6.80%

Auxiliary gas
o boiler (10 kW)
5.68%
B Ammonia

® Auxiliary conventional
chiller (10 kW)

| Evacuated tube | ® Auxiliary gas boiler (10

k)
collector 5 -
46.27% Absorption chiller B Absorption chiller {12
{12 kW) kw)
21.76% B Cooling tower (32 kW)

B Heat storage (20001)
= Pipes

= Pump (40 W)

B Cooling tower (32 kw)
2.47%

Figure 5: Manufacturing step: GER of the SHC system
GLOBAL ENERGY REQUIREMENT (GER) (MJ) GLOBAL WARMING POTENTIAL (GWP) (kg CO ,,,)

_Manufacturing Operation  End-of-Life Total Manufacturing  Operation  End-of-Life Total

Heat storage
(20001)
12.39%

SHC System 119,503.54 347,549.01 581.90 467,634.46 7,522.10 20,795.83 210.67 28,528.60

SHC System with PV 176,582.25 47,713.35 3,847.30 228,142.90 10,490.07 2,825.69 558.08 13,873.83
Conventional System 14,912.96 858,476.81 69.34 873,459.11 1,916.17 51,335.67 37.86 53,289.70
Conventional System with PV 112,435.80 322,960.12 5,507.97 440,903.89 7,009.47 19,240.40 582.56 26,832.43

GLOBAL ENERGY REQUIREMENT (GER) (MJ)

858,476.81 873,459.11

581.90 3,847.30 69.34 5,507.97

MANUFACTURING OPERATION END-OF-LIFE TOTAL

™ SHC System ™ SHC System with PV ® Conventional System ™ Conventional System with PV

Figure 6: Impacts comparison worksheet

An analysis of the results indicates that the integration of the PV panels in the
heating and cooling system can reduce the life-cycle impacts of about 50% for
both the SHC and conventional system, although the impacts of the
manufacturing and end-of-life steps increase. Comparing the results, it can be
observed that, in the selected location, the use of the SHC system with PV
allows for the reduction of the impacts of about 74% and 49% if compared with
the conventional system without and with PV, respectively.
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The analysis of the payback indices highlights that the benefits of using the
SHC system with PV if compared with the respective conventional system
allows for offsetting the energy and environmental costs due to the life-cycle of
the solar system in about 5.5 years. The value of ERR indicates that the energy
saved during the useful life of the SHC system with PV overcomes the global
energy consumption due to its manufacture and end-of-life of about 4.5 times.

The SHC system has worse energy performances during the operation if
compared with a conventional system with PV. In this case, the negative values
obtained for the examined indices indicate that E-PT, GWP-PT and ERR cannot
be calculated.

E'PTz(GERj-th,SHC-system -GER i-thConventional-system )/ Eyear

Conventional System Conventional System with PV
SHC System 514 - 218
SHC System with PV 510 568
GWP-PT =(GWPj-th,SHC-system -GWP ithsConventional-system )/ GWPyear
Conventional System Conventional System with PV
SHC System 473 - 2.26
SHC System with PV 469 5.26

ERR =E0verall,j-th,SHC-system / GERi—th,SHC—system
Conventional System Conventional System with PV
SHC System 425 - 0.20
SHC System with PV 449 1.53

Figure 7: E-PT, GWP-PT and ERR

4. Conclusions

The paper describes ELISA, a useful tool for the evaluation of the potential
benefits due to the installation of the SHC systems if compared with the
conventional ones.

ELISA is a simplified tool that cannot be used for complete and accurate LCAs,
but it gives a general overview and one order of magnitude of the energy and
environmental impacts of the four typologies of systems presented above. In
addition, the data library is limited and could be extended in the future with new
data. However, ELISA is a user-friendly tool that can simplify the introduction of
the life-cycle perspective in the selection of the most sustainable heating and
cooling system is a specific geographic contexts.
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Researchers, designers, and decision-makers can use ELISA to take
environmentally sound considerations in the field of the SHC systems (PV or
solar thermally driven systems).

ELISA can be downloaded for free from the website of Task 53 of the
International Energy Agency (IEA): http://task53.iea-shc.org/.
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Abstract

The reduction of heterogeneous systems in a prefabricated house can make improvements both
in terms of less environmental impacts and higher efficiency in the construction stage. The aim
is to point out the main environmental advantages of a prefabricated building in comparison to a
standard building with similar features, in the first two stages of their life cycle: production and
construction. The paper also deals with the reuse, recovery and recycling potential of the two
buildings in order to determine if the use of only dry construction systems have a positive effect
in a future end of life scenario. The results show a better performance of the prefabricated
building if compared with the standard building in terms of Global Warming Potential, Embodied
Energy and Human Toxicity Potential.

1. Introduction

In the construction sector are now available several studios concerning the
impact of manufacturing and use stages of buildings. The construction stage, on
the contrary, has not been taken into account consistently among the studies
and further researches on the importance of construction processes over the
whole life cycle stage of buildings are needed’2.

In this work, two buildings with similar geometric features and modelled with
comparable criteria but made up with different materials and construction
systems were compared. The first one is manly made of wooden-based
elements pre-manufactured in the factory and installed as ready-made details
using only dry construction systems (Prefab building), while the second one is a
traditional construction house fabricated in-situ consisted of clay brick and
mortar external walls, clay-tiled roof and plaster finishes (Standard building).
The comparison between the two buildings was based on both the inventory
analysis and the impact assessment.

The characteristics of the materials, elements and building systems that were
part of the study as well as several primary data were collected from datasheets
and scientific literature references. The eToolLCD2015° database served as
secondary and generic source for obtaining the life cycle inventory data and

" Vilches et al., 2016.

2 Achenbach et al., 2017.

3 Developed by Eng. Alex Bruce and Richard Haynes. eToolLCD2015 software was used to
model life cycle impacts of the project. eToolLCD uses third party background processes
aggregated as mid-point indicators and stored in a number of libraries within the software which
are coupled with algorithms and user inputs to output the environmental impact assessment.
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was also the software used to model the project; IREEA* (Initial and Recurring
Embodied Energy Assessment) worksheet tool was used to implement data
concerning some materials that were not present in the eToolLCD2015
database.

Generally, when discussing about environmental impact in the context of
construction industry, the emphasis is on pollutant emissions and the use of
material and energy (resources)®. Considering this information, the following
three impact categories were selected for the LCA study:

e Global Warming Potential (GWP) measured in kg COz2 eq°®: it refers to the
total contribution to global warming resulting from the emission of one
unit of a gas relative to one unit of the reference gas, carbon dioxide,
which is assigned a value of 1. The normalized value refers to a defined
period of time. Generally, 100 years.

e Embodied Energy (EE) quantified in MJ NCV: is the energy sequestered
in building materials during all processes of production, on-site
construction, and final demolition and disposal®. In this study, and due to
the aim of the analysis, the EE is given by the sum of the Initial EE (EEi)
and the Recurring EE (EEr)°.

e Human Toxicity Potential (HTP) calculated in uDALY: it takes account of
releases of materials toxic to humans in three distinct media: air, water
and soil. The toxicological factors are calculated using scientific
estimates for the acceptable daily.

2. System description

2.1.System boundary

The system boundary for this study included all the upstream and downstream
processes needed to provide the primary functions of the two structures in their
first two stages: from raw materials extraction, including the primary energy
sources, manufacturing, transportation and finally construction.

4 Developed by R. Giordano, V. Serra, E. Demaria, A. Duzel. IREEA enables to quantify the EE
for any class of building. Particularly it is based on the Swiss SIA 2032 technical specification
(Grey Energy of Buildings). IREEA makes possible to evaluate: 1) the initial EE value of each
building systems (e.g. floor systems, wall systems, etc), window frames and glazing systems; 2)
the simplified initial EE of building services; 3) the recurring EE based on the replacement
cycles of material and components; 6) the potential variation of the building’s estimated life time;
6) the total EE of a building. IREEA assesses if specific materials and components have a
considerable EE impact in the early design stage in order to allow some replacements.

5 Pacheco-Torgal, F, 2014.

6 A carbon dioxide equivalent or CO2 equivalent, abbreviated as CO:2 eq, is a metric measure
used to compare the emissions from various greenhouse gases on the basis of their global-
warming potential (GWP), by converting amounts of other gases to the equivalent amount of
carbon dioxide with the same global warming potential.

" NCV means Net Calorific Value.

8 Kumar Dixit et al, 2010.

9 Giordano et al., 2016.
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The reuse, recovery and recycling potential of both buildings was also included
in the study.

2.2.Functional unit

In this study the chosen functional unit was one square meter (m?) of Gross
Floor Area (GFA) normalised over one year (yrs). The estimated life span of the
buildings adopted for the LCA study period was 60 years. The total GFA of the
two buildings was 163 m?2.

2.3.Characterization of the two buildings

The buildings are located in a residential suburb of Milan. The main building
features are displayed in Table 1.

Table 1: Building features

Prefab building Standard building
Building type Residential building Residential building
Stories 2 2
Bedrooms 3 3
Average floor-to-floor height 3,5m 3,5m
Usable Floor Area 144 m? 144 m?
Fully Enclosed Covered Area 135 m? 135 m?
Unenclosed Covered Area 28 m2 28 m2
Gross Floor Area 163 m? 163 m?2

The main materials used in each building system are summarised in Table 2.
For the Prefab building, the only element build in-situ is the foundation system.
On the contrary, for the Standard building most of the materials are made and
applied on site.

Table 2: Building systems and main materials used in the two building solutions (Prefab building

and Standard building)

Building system

Prefab building

Standard building

Substructure Reinforced concrete Reinforced concrete
Structure Composite wood Masonry

WaII_ ?VSF“"“ and Composite wood Masonry
partitioning

Floor system

Composite wood and
particleboard

Reinforced concrete, floor tiles,
wood and PU Coating

Insulation

Polystyrene panels

Glass fiber

Internal finishes

Particleboard

Cement plaster, plasterboard,
paint and wall tiles

Roof system

Composite wood and
metal roofing

Timber and clay tiles

Ceiling system

Particleboard

Plasterboard

Wall cladding

Metal and timber cladding
system

Cement plaster

Windows and doors

Timber and corkboard

Aluminum, PVC and timber
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2.4.Cut off Criteria

According to EN 15978:2011 standard, cut off criteria were used to ensure that
all relevant potential environmental impacts were appropriately represented.

In order to do that, it was important to determine the flows for each of the
building systems compared. The criteria can be summarised as follow:

e Transportation from production site to construction site data: an average
value of 100 Km was assumed.

e Operators and equipment: flows related to human activities such as
employee and equipment transport were included.

e Foundation system: this building system was left out of the study since it
was the same in both case studies.

e Material disposal: no type of disposal process was assumed.

3. Life Cycle Inventory Analysis (LCI)
Both buildings were modelled consistently with the following flows:

e Raw materials extraction.

e Primary and secondary energy sources.

e Manufacturing of goods: materials and components.

e Transportation.

e Construction: including each process/step, the time used (man-hours and

equipment) to make up every building system and the materials used in
each one.

The methodological approach for the inventory analysis of the two building
solutions is summarised in Table 3.

Table 3: An extract of the Life cycle inventory analysis per functional unit for the two building
solutions (Prefab building and Standard building)

Inputs and Outputs per m2 GFAlyear for the two building solutions
Prefab building Standard building
Materials Raw materials Raw materials
Inputs Enerav flows Manufacturing flows Manufacturing flows
9y Transport flows Transport flows
. Particleboard Floor tiles
Materials and .
Polystyrene panels Glass fiber
components
Hazardous waste Hazardous waste
Waste for
treatment Non-hazardous waste Non-hazardous waste
Outputs
P cOo, CO,
Emissions to air Methane Methane
Emissions & Suspended solids Suspended solids
mlvsng;s 0 Nitrogenous matter (as N) Nitrogenous matter (as N)
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4. Life Cycle Impact Assessment (LCIA)

The life cycle impacts of the two buildings for the same functional unit are
provided and summarised in Table 4 consistently to EN 15978:2011 standard.

Table 4: Life cycle impacts per functional unit for the two building solutions (Prefab building and
Standard building)

ENVIRONMENTAL IMPACTS - Characterised Impacts per m? GFAlyear
Product stage Construction Stage
- X
3 g
. . - - - 9 R
= 5 =
Impact categque_s and their category 3352 3 a3z 23 Total
indicators e 323 S 52 Qg
b Qos R 55 o =
$E52 S ol g3
"giz | ¢ °S | B
¥3
Prefab 1,4e-1 0,09 1,17e-1 -4,81e-1 -1,38e-1
GWP-kgCO2ed ™ tandard 2,44 1,06 2,45¢-1 1,19e-1 3,63
Prefab 137,02 1,35 1,68 -5,36 134,69
EE - MJNCV Standard 70,80 15,84 2,07 -2,85 85,86
Prefab 4,43e-1 3,14e-4 1,80e-3 1,80e-2 4,27e-1
HTP - uDALY Standard 8,93e-1 8,08e-3 2,97e-3 6,46e-3 8,98e-1

The total contribution from the two building solutions according to the system
boundary for the three environmental indicators chosen is illustrated in Figure
1.

Global Warming Embodied Energy Human Toxicity

Potential (GWP) (EE) Potential (HTP)
4 150 1
o
© 2 5 100 >
pd
S | = o0 3 05
o)} = >
Y4
-2 0 0

Figure 1: Comparison between the system boundary’s total value of the Prefab building (grey
bars) and the Standard building (black bars) according to three environmental impact categories

The contribution to the three environmental indicators of the two buildings for
the stages analysed: product and construction (this last one divided into two
modules: transportation and construction-installation), is shown in Figure 2.

Global Warming Potential (GWP)

: . —
0 : .
Product stage _Transport Construction-Installation |

Construction stage
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150

5 100
=

0 |

Product stage ~Transport Construction-Installation
Construction stage

1 Human Toxicity Potential (HTP)
>_
< 0,5
D I
5

0

Product stage ~Transport Construction-Installation

Construction stage

Figure 2: Comparison between the Prefab building (grey bars) and the Standard building (black
bars) for each of the stages assessed according to three environmental impact categories
chosen

5. Life Cycle Results Interpretation

As mentioned before, the life cycle results interpretation refers only to the two
stages considered for the study and the reuse, recovery and recycling potential
of the materials used in both case scenarios (Prefab building and Standard
building).

5.1.Global Warming Potential

According to the information described above, for GWP, the majority of the
contribution in both case scenarios came from production stage (1,4e-1 kgCO2
eq for the Prefab building and 2,44 kgCO:2 eq for the Standard building), where
CO2 is mainly generated from the production of electricity. As for the
construction-installation module, the Standard building value was more than
twice as big as the Prefab building’s result (2,45e-1 kgCO2 eq against 1,17e-1
kgCO2 eq respectively). When the Prefab building’'s GWP total result was
compared with that of the Standard building, the environmental advantage of
the first one was evident (Prefab building’s total was -1,38e-1 kgCO2 eq while
Standard building’s total value was 3,63 kgCOz2 eq). This is mainly due to the
great quantity of wood used in the Prefab building that absorbs CO2 during the
growth of plants. The remarkable GWP result for the Prefab building is also
attributable to the reuse, recovery and recycling potential of the materials used
where the Prefab building had a lower GWP (-4,81e-1 kgCO:2 eq) than the
Standard building (-1,19e-1 kgCO:2 eq). Therefore, the Prefab building gets an
environmental positive credit for the stages included in the study ad it is near to
a zero CO2 emission building.
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5.2.Embodied Energy

In regard to the EE of the Prefab building, the highest value was present in the
production stage (137,02 MJ NCV) and it was even higher than the Standard
building’s value (70,80 MJ NCV). The construction stage instead, had a much
lower value in the Prefab building (3,03 MJ NCV transportation and
construction-installation included) and in the construction-installation module
alone the value was definitely higher for the Standard building (2,07 MJ NCV
while 1,68 MJ NCV for the Prefab building). It is necessary to take into account
that the indicator is given by the sum of the EE from renewable sources (such
as biomass) and the EE from non-renewable sources (such as aluminium, oil
and carbon). According to IREEA database, wood-based materials’ EE from
renewable sources account for the 60% of the total. Considering that the Prefab
building was mainly built with wooden-based materials (78%), its high EE in the
product stage depended mostly on the renewable sources embedded in the
materials. This characteristic not only impacted the EE result, but also the GWP
low value was certainly influenced by this. As for the reuse, recovery and
recycling potential, it can clearly be seen that the Prefab building had a lower
impact in comparison to the Standard building  (-5,36 MJ NCV against -2,85
MJ NCV).

5.3.Human Toxicity Potential

Regarding the HTP category, the highest value in both case scenarios was
found in the product stage (4,43e-1 uDALY for the Prefab building against
8,93e-1 uDALY for the Standard building) while it was definitely lower in the
construction stage (transport and construction-installation modules together:
0,0021 uDALY for the first one and 0,011 uDALY for the second one). This
shows that the results of the Prefab building in the two stages analysed were
much lower than those of the Standard building. The same occurred when the
HTP’s total values of the Prefab building and the Standard building were
compared (4,27e-1 uDALY for first one while the Standard building had a HTP
of 8,98e-1 uDALY). Concerning the reuse, recovery and recycling potential, the
results show that the Prefab building had also a lower impact for this indicator in
comparison to the Standard building: -1,80e-2 uDALY against -6,46e-3 uDALY
respectively.

6. Conclusions

To sum up, the results of the study proved that for the product and construction
stages, the Prefab building had a lower environmental footprint than the
Standard building and that the construction-installation module has a low impact
in the three impact categories chosen. The reduction of heterogeneous systems
in the Prefab building made an improvement both in terms of less environmental
impact (lower GWP value, higher use of renewable source EE'?, lesser HTP
value) and a higher efficiency in the construction stage, since fewer people and

10 Bearing in mind that a higher EE isn't an undesirable outcome and does not mean a
significant burden on the environment.
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equipment need to be used. As for the reuse, recovery and recycling potential,
the Prefab building exceeded the Standard building thanks to the dry
construction system used in the first one that makes it easier to disassembly for
future closed loop end-of-life scenarios.

Despite this comparison requires a broader analysis and further improvements
(e.g. transportation requires more detailed data), it provides a framework of the
ecological properties of the Prefab building if compared with a Standard building
in the production and construction stages.

Finally, regarding the possible outlooks of the study, a further analysis might be
considered for the stages not yet taken into account, aimed at modelling the
environmental impacts of the entire Prefab building’s life cycle. It would be even
more interesting to split the analysis for every single stage assessing all the
modules. Thus, it would be possible to point out the strengthens or, eventually,
the weakness stage by stage. In the interest of highlight the environmental
performance of the Prefab building, a more in-depth comparison can be made
with other building solutions already on the market.
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Abstract

In Europe, the energy losses related to the transformation of energy from medium to low voltage
represents approx. 2.5% of total EU energy consumption. In this paper, an innovative
production process and product is studied by a comparative Life Cycle Assessment, between a
innovative transformer and a conventional one. The LCA analysis highlights the high impact of
the raw materials consumption during the manufacturing phase. Concerning the use phase,
assuming a life time (in terms of time and loading condition) of 25 years for both the
transformers, the difference in electricity losses is remarkable: the energy loss is 94.17 kWh for
the conventional transformer and 17.52 kWh for the innovative one. Therefore, the advantage
deriving from the greater efficiency of electrical transformation and lower loss of electricity is
essential for the development of the future TANC transformer and for the development of future
energy strategies of EU market.

1. Introduction

In Europe, the number of Medium Voltage/Low Voltage (MV/LV) transformers in
2005 amounted to over 4.5 million. Over 430000 units (for a total output of 79
GVA) are installed on the distribution network in Italy. Market estimates foresee
up to 2020, an annual growth rate of around 2% and a replacement rate that will
reach 4%. The MV/LV transformer is then, given the annual sales volumes,
subject to Directive 2009/125/EC (Eco-design): in May 2014 the implementing
regulation (European Commission, 2014) entered into force, which defines the
minimum efficiency requirements that, starting from 2015, the MV/LV
transformers placed on the market should have. This allows to estimate a
saving of 16.2 TWh per year by 2020.

Eco-design regulation imposes in EU the maximum level of losses for
transformers “Placed On The Market” or “Put Into Service”. After 1 July 2015 it
will not be possible to place on the market transformers not fulfilling the
minimum requirements. Energy savings become important particularly for the
reduction of the environmental burdens of grid and buildings (Psomopoulos et
al, 2010). Power Transformer losses represent approx. 2.5% of total EU energy
consumption. By 2020, savings of approximately 16 TWh/year would be
achievable with the new regulation.

The conventional production process has a lower degree of automation and
consists in the cutting of the sheets of ferromagnetic material and the
subsequent assembly of the columns and the “yokes” of the magnetic structure.
At the same time, we proceed to manufacture the coils that make up the
primary and secondary windings, with a rolling process. Once the windings
have been inserted into the columns of magnetic material, the magnetic circuit
is closed by connecting the columns by means of the “yokes”. The contact
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surfaces between the latter and the columns constitute the magnetic joints
which, inevitably, introduce surfaces of discontinuity of the magnetic circuit.
This, increases the losses in the iron and the sites of localized heating which,
during the operation of the machines, could jeopardize the integrity of electrical
insulation.

The innovation in the TANC project consists in realizing the continuous
magnetic core (without joints) by wrapping a strip of amorphous magnetic
material directly around the primary and secondary windings, creating a process
similar to matassing in the textile sector.

In this work, these innovative production process and product are analyzed by a
comparative LCA (Life Cycle Assessment) assuming the conventional oil
immersed transformer as a reference.

2. Goal and scope definition

The main goal of this work is the evaluation of the environmental performances
of two MV/LV transformers: i) a conventional transformer used as a reference
and ii) a innovative TANC (Continuous Nucleus Amorphous Transformer)
transformer. The study is focused on the comparison between the two life
cycles. The raw materials extraction and processing, the industrial production
process and the use phase are included in the system boundaries of the two
systems (see Fig. 1). Since the TANC electrical transformer is in an early stage
of development, the use phase of this device is assessed by a preliminary
analysis with hypothetical operation conditions.

The end-of-life phase is so far not taken into account: in fact, the transformer
components will dispose to feedstock recycling (oil, aluminum) or to local landfill
(iron based materials). Since the amount of materials are the same for both
transformers, the analysis of the end-use phase is negligible for comparison
purposes. Moreover, the unknown final destination would lead to a high level of
uncertainty, due to lack of data and information.

Therefore, the LCA analysis is performed by a cradle-to-gate approach.
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Figure 1: Flow chart representing the system boundaries of conventional and innovative
electrical transformers
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Some of the early phases of the conventional transformer production process
are carried out by various companies. Since some of the main differences
between the two systems are related to these phases, it is essential to include
them in the analysis: data and information were obtained from the manufacturer
of the two transformers.

The chosen functional unit is the amount of electricity transformed in a certain
amount of time. In this way, it is possible to quantify the efficiency of the
transformer, enhancing the service (transformation of electricity) for which the
final product (transformer) is manufactured. The system boundaries and the LCI
(Life Cycle Inventory) of conventional and TANC transformer have been
outlined with primary data and information provided by Newton industry.

Since the production processes for both transformers are located in ltaly, the
Italian electricity mix of Ecolnvent 3 was used. However, considering 25 years
of life-time, structural transformation in the system will probably change the
composition of energy sources. For this reason, further improvements of this
study will involve future electricity mix scenarios in the analysis.

2.1.Description of the systems

The main differences between the two production processes are related to the
first three steps of the manufacturing phase and to the nature of the primary raw
materials, i.e. steel. In the TANC amorphous transformer, the steel that is
employed in the core fabrication is an “amorphous steel”. Whereas, in the
traditional electrical transformer the core is manufactured with an “oriented grain
steel” (Hegedic et al.,, 2016). The differences between the two production
processes are negligible.

Concerning the first three steps of manufacturing phase of conventional
transformer, the steel comes from Germany and undergoes two production
processes that take place in two external companies, one located in Milan and
the other located in Naples. In order to evaluate the environmental impacts of
these production phases, primary data were collected also for these processes.
All the inputs and output flows related to manufacturing, transport and
lamination processes, have been accounted for.

The innovative TANC transformer is characterized by the use of amorphous
steel and it does not require these process steps (see Fig. 1). Therefore, the
energy and raw materials consumption during the fabrication of the core is
considerably lower, the wastes produced during the process are eliminated and
the transport is made by freight.

Furthermore, for TANC transformer, it is assumed that a complete automation
of the production process could be implemented. This could lead to a significant
increase the number of transformers built per day, going from the current 18
pieces/day (for the traditional transformer) to 50 pieces/day.

The use phase is the same for both systems and the main difference between
them is only the electricity transformation yield. In order to model the use phase,
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it is necessary to consider some hypothetical data and information for the TANC
transformer, since it is not yet possible to evaluate the performance of this
system. Some scenarios that allow us to model the use phase are performed,
considering the information and data concerning a traditional transformer and
adapting them to the innovative TANC system.

As reported in literature (Debusschere et al.,, 2007; Hegedic et al., 2016;
Karlson, 2004), the use phase and the energy losses of the transformer during
its life time are the principal environmental and economic issues that must be
taken into account for a comprehensive LCA analysis.

Generally, these losses are of two types: i) losses in the loading phase and ii)
no-load losses, with the latter clearly higher than the first ones (Hegedic et al.,
2016). Therefore, the transformer efficiency can be calculated as follows:

n=(P xcosp x¢g)/(Pxcospx¢+Po+Pcx&?)
where n as efficiency

P as ransformer power in kVA,

¢ as applied load percentage

Po as “no load” losses in kW

Pc as load losses in kW

Energy saving of a TANC transformer respect to a conventional one comes
from its higher efficiency, with regard to no-load losses, which can be estimated
as 0.6 kWh. Assuming 25 years as the transformer life-time, the estimated
energy saving is relevant:

0.6 kWh x 24 hours/day x 365 days/year x 25 years = 131400 kWh

2.2. Method applied
The calculations were performed with the SimaPro software version 8.4.0 and
the main database used for this study is Ecoinvent version 3.3. The Life Cycle
Impact Assessment (LCIA) method that were employed for the environmental
characterization of the two systems is ReCiPe v1.12 (Geodkoop et al., 2009).

3. Results and discussion
3.1. Transformers production process

In Figure 2 the environmental profile of the traditional and TANC transformer
production process is reported, calculated using the ReCiPe Endpoint method
on the two pieces. Results show that the steps contributing most to the
environmental impact are Step 1 and winding steps. The inputs that contribute
most to the environmental profile of each step and of the whole production
process are the consumption of raw materials, such as aluminum and steel.
Furthermore, mineral oil shows a remarkable load on the whole environmental
impacts.
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Figure 2: Environmental profile of the production process of conventional transformer (a) and of
TANC innovative transformer (b), calculated by the ReCiPe Endpoint method
(calculated for 1 trasformer)

Since raw materials (same amounts of steel, aluminum, mineral oil, etc.) data
were taken from Ecolnvent, differences between the conventional and TANC
production processes arise essentially from transportation, waste and human
labor.

The differences between the environmental impacts related to the production
phase of the electrical transformer are minimal (less than 1% for all the LCIA
methods). The innovative TANC transformer does not show appreciable
advantages in the production phase, despite the absence of waste during
processing (steps 1 and 2) and the different kind of transportation. The
hypothetical environmental advantages due to these changes is totally
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overwhelmed by the high impact of raw materials and their production and
manufacturing processes. These inputs are the same for both systems and
contribute similarly to the environmental burdens of the systems.

As reported in Section 2.2, the main difference between the two analyzed
manufacturing processes is the number of transformer produced during time.
This parameter, as well as the different efficiency of the electricity
transformation, are taken into account in the use phase evaluation.

3.2.Use phase
Considering the efficiency data reported in Section 2.2 and assuming a life time
of 25 years for both transformers, the difference in electricity losses during the
use phase is remarkable (see section 2.1).

The parameters concerning productivity, efficiency and life time have strong
influence on the environmental profile of the transformer. The results and the
comparison between the two whole life cycles (see Fig. 1) are shown in Figure
3.

m Human Health Ecosystems m Resources
6000

4000 -

B
A =

LCA of traditional transformer LCA of TANC transformer

Pt

Figure 3: Comparison between the environmental profile of the two life cycles, calculated with
ReCiPe Endpoint method

The environmental advantages due to the greater efficiency and lower losses in
the non-load phase of the innovative TANC transformer is remarkable. The
impact of the manufacturing phase is practically negligible considering the
whole life cycles of the systems.

4. Conclusion

The LCA analysis highlighted the high impact of the raw materials consumption
(mainly steel) during the manufacturing phase. The environmental profile of
production process could be improved by reducing the transport and improving
the energy efficiency. However, the best results would be obtained by
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decreasing the raw materials consumption or by replacing some of them with
others with higher environmental performances.

Concerning the use phase, the advantage deriving from the greater efficiency of
electrical transformation and lower losses of electricity is essential for the future
development of the TANC transformer. The environmental benefit achievable
due to the very good performances of the innovative TANC transformer could
be the key issue for the improvement of future Italian and European electricity
network and can contribute to the achievement of the energy efficiency goals in
EU.
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Abstract

This paper presents the results of an experiment of teaching sustainability trough Life Cycle
Assessment of food, carried out at the University of Siena. Students involved were High School
Students during apprenticeships schemes and undergraduate students. Students have been
firstly introduced to Life Cycle Thinking (LCT) rationale and then asked to evaluate the Carbon
Footprint (CF) of their daily food choices. Meat consumption is the main factor for High School
Students’ CF, while dairy products are the one for undergraduate students. Discussions with
students highlighted that food choices are driven by parents’ for High School Students and
economic possibilities for undergraduate students. Therefore, the LCT may add new information
for taking decision in this field. The experiment confirms the fundamental role of University on
delivering Sustainable Development concepts to pave the way for SDGs implementation.

1. Introduction

During the 70" General Assembly of the United Nations, held in New York on
25" September 2015, all the 193 countries participating adopted the
Sustainable Development Goals (SDGs). The goals belong to the so-called
“2030 Agenda for Sustainable Development” (UN, 2015a), and set universal
objectives for countries to move towards sustainable development in all its three
dimension (i.e. social, economic and environmental). The goals are coupled
with 169 targets to be achieved by 2030. 241 indicators have been chosen to
monitor achievements obtained. The SDGs cover the world’s most impending
challenges, starting from ending poverty and hunger; to safeguarding the planet
from degradation and tackling climate change; considering the need to ensure
to all people prosperous, healthy and fulfilling lives; and booster peaceful, just
and inclusive societies free from fear and violence (SDSN Australia/Pacific,
2017).

The SDGs recall to three pillar concepts: universality, integration and
transformation. In fact, these apply to every nation, cities, businesses, schools,
organizations that are called to act; moreover, SDGs are all interconnected in a
system and considering one goal in isolation from each other is not appropriate;
finally, it is widely recognised that to achieve these goals a change in how
humans live on the Earth is needed (UN, 2015b).

Goal number 4, fully dedicated to education, recognizes that obtaining quality
education is the ground for the achievement of many SDGs. Vladimirova and Le
Blanc (2016), also, demonstrated that SDG 4 can be linked with 16 of the 17
SDGs. In particular, sustainable, equitable education and sustainable lifestyles
have been made a core objective of Target 4.7 (UN, 2015a; UNESCO, 2017).
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Education for Sustainable Development (ESD) concept emerged in late ‘90 to
expand the rationale of environmental education in connection with social and
economic aspects (Vladimirova, 2015). Major outcome of ESD results in
promoting sustainable behaviours through transferring enabling knowledge
(Stought et al., 2017). Sidiropoulus (2014) acknowledges that sustainability is a
learning journey and each educational intervention contributes towards building
greater understanding and orientation towards sustainability”.

In this light the use of sustainability indicators can support both teacher and
those being taught in connecting their daily activities with the sustainability
challenge (KapitulCinova et al., 2018). Numerous indicators and tools have been
introduced in the international scientific community to help society recognize the
environmental consequences of their activities (Moreno Pires, 2014). Among
these tools Life Cycle Assessment (LCA) has been widely used since its
introduction in early 1990’s to evaluate product chains, including food. Food in
fact has high relevance both in terms of impacts generated along its production
chain and in everyday life of consumers (Notarnicola et al., 2015). Moreover,
during the opening key note speech of the Stockholm EAT Food Forum (2016),
Johan Rockstrom and Pavan Sukhdev demonstrated how food connects all the
SDGs. By using a “wedding cake” representation it has been demonstrated how
society and economy are embedded in the biosphere.

Alongside its wide application to every type of production chains, LCA can be
used as tool to inform young students about environmental consequences of
their food choices. In a recent paper Collins and co-authors (2018) highlighted
that the major driving consumption category of the Ecological Footprint of a
sample of students at the Universities of Cardiff (UK) and Siena (ltaly) was food.
Building on results obtained in this preview study, this paper focuses on Carbon
Footprint (hereafter CF) assessment of dietary habits of Italian high school and
University students’ attending apprenticeship schemes or curricular courses.

2. Material and Methods

2.1.Students
This paper focuses on two groups of students (High School and Bachelor) that
have been engaged in the evaluation of their dietary habits through the LCA at
the University of Siena. High School students involved in this study belong to
different backgrounds and attended University apprenticeships schemes.
During apprenticeships, students are informed on the academic educational
offer and, at the same time, are involved in seminars on the environmental
consequences of their consumption behaviour. High school students have the
same age (16-17 y.o.) and come from Technical High School (TCHS),
Agronomic Technical High School (ATHS), Biotechnology Technical High
School (BTHS) and Scientific High School (SCHS). Technical High Schools are
designed to integrate theoretical sciences with laboratorial teaching and to
foster students towards scientific university degrees. Scientific High School
provides a high-level education based on the balance between the linguistic,
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literary and philosophical culture, and the acquisition of scientific knowledge
(maths, physics, chemistry, natural sciences) and methodologies.

Bachelor students attend the Environment and Workplace Prevention
Techniques (TPAL) programme. The TPAL programme focuses on the
promotion and protection of public and professional health. All activities required
for the prevention, control and control related to hygiene and environmental
safety in places of life and work, food hygiene and veterinary, hygiene and
environmental protection are faced during the three years of the bachelor
course.

2.2.Measuring students’ CF of food habits by using LCA

Before calculating their CF, students received teaching that included an
introduction to the sustainability concept and a special focus on LCA: its
rationale, rules and examples of application. Particular attention has been paid
to the environmental impacts due to the consumption of food and dietary
choices. The Double Pyramid, developed by Barilla Center for Food and
Nutrition (BCFN, 2016), has been presented as an example of product ranking
based on environmental impact/pressure.

The introductory seminar for High School students lasts around 1.5 hours; the
Bachelor students attended a two-hours lesson including more details.

After the seminar/lesson, students calculated the CF of their dietary habits as
an interactive teaching session by using desktop pc and a pre-structured excel
sheet in which the quantity of CO2eq per gram of different food items - derived
from their respective Environmental Product Declarations (EPD) — are indicated.
For each food item the file also indicates its energetic value in kilo calories per
gram as well as some notes useful for calculations (e.g. the weight of a single
cookie or of an egg). Students were asked to evaluate an average school day
considering food eaten at breakfast, mid-morning break, lunch, mid-afternoon
break and dinner.

Each student filled its own sheet reporting the amount of food type eaten
obtaining the equivalent CF and energy requirements. All the single results
have been collected, elaborated and displayed to the whole class in order to
stimulate the debate around results obtained.

Though the database is not complete, by virtue of freely available EPDs used
as data sources, all LCAs are consistent and have been carried out mostly for
Italian food. Table 1 reports a summary of food items presented (15 types) the
number of EPDs available (89) and the average CF.

This experiment represents a good basis for introducing concepts and
knowledge especially in the field of environmental sciences in an interactive
teaching way. As acknowledged by Dieleman and Huisingh (2006), the use of
game is essential in Education for Sustainability as it can foster understanding
in concrete organizational setting.
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Table 1: Summary of food type, number of EPDs considered and average CF
per gram of food item

Food types number of EPD considered g CO2eq/g
WATER 10 0.16
COOKIES 11 1.50
MEAT 6 19.58
SWEET SNACK 14 2.08
SALTY SNACK 3 1.06
LEGUMES 1 0.001
RUSKS 4 1.60
BREAD 10 0.99
FRUITS 3 0.51
DAIRY PRODUCTS 10 3.16
CONDIMENTS 6 2.19
PASTA 7 1.74
VEGETABLES 2 0.65
EGG 1 2.70
SUGAR 1 3.80

3. Results and discussions

Carbon Footprint of daily food consumption has been estimated by 63 students: 57
High School students (90%) and 6 undergraduates (10%). High School student from all
the different curricula were: 42 from technical curriculum of which 52% female and 48%
male, and 15 from scientific curriculum of which 53% female and 37% male. The
sample of undergraduate students was composed by 83% of female and 17% of male.
Table 2 provides a summary of the average, minimum and maximum CF and calories
per student across all programmes. Results of students’ dietary habits show that
the average per capita CF ranged from 2.46 to 9.13 kg CO2eq with an average
of 5.73 kg COzeq per capita.

Table 2: Average, minimum and maximum Carbon Footprint and energy requirements values,
by student programme

Sample Min Max

size Av. CF Min. CF Max. CF | Av. energy j )
students | (kg COzeq/cap) | (kg COzeq/cap) | (kg COzeq/cap) (kcal /cap) energy energy
(kcal /cap) (kcal /cap)

(#students)

TCHS 3 9.13 8.83 9.30 2,032.74 1,519.25 | 2,404.06
SCHS 15 4.97 1.68 9.70 2,196.50 1,125.44 | 4,232.79
TAHS 32 7.30 1.90 13.32 2,722.91 917.03 7,733.91
BTHS 7 4.80 3.06 8.86 1,412.51 814.77 2,029.31
TPAL 6 2.46 0.65 4.95 1,769.17 1,013. 11 | 2,401.84
average - 5.73 3.22 9.22 2,026.76 1,077.92 | 3,760.38

Legend: TCHS= Technical High School; TACHS= Agronomic Technical High School; BTHS = Biotechnology High
School; SCHS= Scientific High School; TPAL= Environment and Workplace Prevention Techniques
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Values obtained from students are in line with data obtained by Tagliabue and
co-authors in 2015 for the average Italian diet (7.6 kg CO2eq per day per capita
including the wasted food). It should be noted that Tagliabue et al. (2015) used
the FAO’s ltalian food balance sheet as proxy for the ltalian per capita food
supply that represents the total per capita available food, including wasted food,
exported food, livestock food.

As shown in Table 2, the per capita CF of post graduate students is lower than
that for High School Students. Moreover, students attending the Technical High
School (TCHS) resulted those with a dietary habits more carbon intensive.
Surprisingly scholars attending the Agronomic Technical High School were
found the second highest group. This result is in contrast with that showed in
Collins et al. (2018) in which authors demonstrated that students attending
programs focussed in environmental knowledge and food showed the lower
food-footprint component. It should be noted that students represented in this
paper are younger than those reported in the paper from Collins and co-authors
(2018). Figure 1 summarizes the general result of the experiment with the
various groups of students and the details for each group.

To understand the factors that may drive the scale of students’ CF, a
breakdown of their CF by food types was necessary. As shown in Figure 1, the
consumption of meat was found to account for the largest proportion of
students’ CF (ranging from 66% to 85% of the total). Conversely, the
undergraduate students’ results showed that the largest proportion of their CF
were due to the consumption of dairy products. These results are in line with
that found for food consumption in Europe (Notarnicola et al., 2017) where meat
and dairy have been found the food categories with the greatest environmental
burdens. During the discussion on results obtained, it emerged that high school
students’ food choices were mainly related to choices of their parents. Majority
reported that, according to their mother thoughts, meat dishes resulted faster to
be cooked than vegetables ones therefore their meat consumption resulted high
because the low amount of time of their parents for coking. Conversely,
undergraduate students, living outside family houses and buying by themselves
food, reported that their food choices fall in dairy products and pasta mainly
because these are cheaper than meat. Pasta, the most typical Italian food, was
found to account for a very low share of the total CF per capita, ranging from
2% (students from BTHS) to 8% (TPAL undergraduate students). Fruits and
vegetables items were found to give negligible contribution to the students’ CF,
this result being also affected by the low number of items students found in the
provided database. Bottled water consumption accounts for the 6% of the TPAL
students’ CF, whereas the opposite was found for High School students’. During
the discussion of results, students justified that value because of time spent at
the University Campus where bottled water is sold in half litre plastic bottles. All
other available food items were found negligible to the total students’ food daily
CF.
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Figure 1: Carbon Footprint of students by food types

After the discussion carried out on CF results, teacher showed results in terms
of kcal. Results of students’ dietary habits show that the average per capita
energy intake ranged from 1,412.51 to 2,722.91 kcal with an average of
2,026.76 kcal per capita per day (Table 2).

To understand the differences between per capita CF and daily energy intake, a
graph showing the breakdown of both indicators is presented in Figure 2.

Teacher highlighted the difference between the “weight” of each item and the
total per capita CF and daily energy intake using the example of meat. While
eating high quantity of meat results in high values of per capita CF, the opposite
occurs from the energy intake viewpoint. This consideration is also true for all
other food types. In this ranking, pasta acquires a different value, contributing to
daily energy intake from 17% to 26%.

Students have learnt the definition of sustainable diets and how they can
contribute to make small changes in their food habits towards a more
sustainable food consumption. High School students still live with their parents
and do not perceive the responsibility of their choices yet. The experiment also
invited students to transfer the new acquired knowledge on food impacts and
energetic values to their parents, in order to change daily food choices at the
family level. In fact, High School students recognised that small changes in food
habits can result in decreasing their daily CF. Undergraduate students,
conversely, were directly challenged to make changes in their food choices
starting from using public tap water available within University Campus instead
of using plastic bottled water. Another proposed change was towards eating
more fruit and vegetables instead of dairy and meat foods.
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Figure 2: Contribution of different food groups to the total carbon footprint and dietary energy intake in students’ diets
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Even if limited in terms of statistical validity, this experiment is an effective way
to stimulate participative discussions on environmental sustainability and
consequences of resource use. This study gave students the opportunity to
reflect on their everyday life choices. This is the core principle behind the
concept of Higher Education for Sustainable Development: educate students to
foster innovative and sustainable ideas within the society (Lozano et al., 2013).
In turn, High Education for Sustainable Development is the cornerstone of
SDGs, in particular of Goal number 4 (SDSN, 2017). The case of food is also
important as a link with a wide series of other Goals in the field of poverty (#1),
hunger (#2), ecosystem integrity (#14, #15), sustainable production and
consumption (#12), inequalities (#10), water use (#6) and energy (#7).

4. Conclusions

Self-calculating CF of daily diets has directly and indirectly enhanced students’
knowledge and understanding of environmental sustainability and the
consequences of unsustainable resource use. The approach used is in line with
what Lozano et al. (2013) claimed regarding the necessity of transdisciplinarity
and holistic perspective and represented a participatory approach to transfer
sustainability concepts to students, in line with what has been claimed by
UNESCO (2017). It can be also considered as an operationalization of the
‘learning by doing” paradigm, implementing the theory of “experimental
learning” by applying the game as tool for education for Sustainable
Development (Dielman and Huising, 2006). Moreover, the experiment of
teaching food sustainability through LCA at the University of Siena can be
considered as first step for implementing SDGs. This is in line with what SDSN
(2017) and UNESCO (2017) recognized: education is one of the bedrocks of
the SDGs and Universities play a crucial role in SDG implementation, through
their learning and teaching activities.
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Abstract

Water use in livestock sector is a source of concern for the high water requirements needed to
produce milk and dairy products. In this context, water footprint has become an important tool of
water use in milk production life cycle. The present study focuses on the assessment of
environmental impact associated with the freshwater use (blue water use) of milk production in
a dairy farm of North Italy. The blue water use was 52.5 L per kg FPCM-'. The results show two
main impacting sources on water use: the production of on-farm crops (44.56%) and purchased
feed (39%). The findings of the current evaluation are relevant to identify improvement options,
such as water use effectiveness in on-farm crops irrigation, sourcing off-farm feed with only
rainwater requirements or purchasing feed from countries where water scarcity is lower.

1. Introduction

Currently water use in dairy farms is a source of concern for the high water
requirements for the production of one kilogram of milk. High-input, resource-
intensive farming systems, which have caused massive deforestation, water
scarcities, soil depletion and high levels of greenhouse gas emissions, need
innovative systems that protect natural resources (FAO, 2017). According to
Mekonnen and Hoekstra (2012), 29% of the total water footprint (WF) of the
agricultural sector in the world is related to the production of food products,
where irrigation accounts for the largest water withdrawals (WWAP, 2014). By
far, the largest water demand in animal production is the water needed to
produce animal feed (Mekonnen and Hoekstra, 2010a). The need for mitigation
solutions will be more and more strategic. For example, the implementation of
efficient irrigation schemes can greatly reduce the water demand for the
production of animal feed. Moreover, the assessment of the WF of a product
contributes to identify other points of improvement. The WF of a product is the
volume of freshwater used to produce the product over its life cycle. The WF
consists of three main components: blue, green and grey water. The blue water
refers to the consumption of blue water resources (surface and groundwater);
the green to the consumption of green water resources (rainwater); the grey to
the volume of freshwater that is required to assimilate the load of pollutants
(Hoekstra et al., 2011). The present paper evaluates the environmental impact
associated with freshwater use (blue water use) (BWU) of milk production in a
dairy farm located in Northern Italy. Life Cycle Assessment (LCA) methodology
was followed to identify the farming activities that mainly contribute to the
freshwater use up to the farm gate. The choice to take into account the BWU is
related to its scarcity in comparison with the green one (Hoekstra et al., 2011).
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2. Materials and methods
2.1. Farm description

For the present study, data and characteristics of an intensive dairy farm were
taken into account. The case farm was a conventional dairy herd of lItalian
Frisian cows (1368 animals) located in the province of Bergamo (ltaly)
(45°29'1”N and 9°48’33"E). The farm also bred, to a lesser extent, male calves
for meat production. The herd composition is shown in Table 1.

Table 1: Dairy herd composition

Category Number
Lactating cows 460

Dry cows 78
Heifers 2-15 months 292

Heifers 15 months-partum 100

Fattening calves 187

2.2. Goal and scope definition

The objective of the present study was to measure the environmental impact
associated with freshwater use (BWU) of milk production. According to
Hoekstra et al. (2011), the blue WF is an indicator of consumptive use of fresh
surface and groundwater. Therefore, the scope of this study was to estimate the
effective direct use of freshwater through a cradle-to-farm-gate approach to
detect the major contributors to the water consumption of the dairy farm under
investigation.

2.3. Life cycle assesment methodology

The WF analysis was carried out following the LCA approach. LCA is a
structured, comprehensive and internationally method standardized by I1SO
14040 and ISO 14044 standards (ISO 2006a; 1SO, 2006b). According to ISO
standards (ISO, 2006a; ISO 2006b), the LCA methodology consists of four
phases: goal and scope definition, life cycle inventory, impact assessment and
interpretation of results.

2.4. Functional unit, system boundary and allocation

The functional unit (FU) chosen for the study was one kilogram of fat-and-
protein-corrected milk (FPCM) as recommended by the International Dairy
Federation (IDF) guidelines for dairy farming systems (IDF, 2010).
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The system boundary was cradle-to-farm gate, considering the water required
for: 1) the cultivation of on-farm maize and alfalfa crops, 2) the production of
purchased feed, 3) the animal husbandry and farm manteinance, 3) the milk
pre-cooling system and, 4) the farm manufacturing inputs (Figure 1).

PURCHASED
FEED -
__PropuCTIoN | P— |
IRRIGATION | = == » Milk

| MANUFACTURING | ANIMAL T
: INPUTS ; HUSBANDRY -
|- Ninorganic | FARM COOLING ot
P SYSTEM | pr=-= ea
: fertilizer : 31 MAINTEINANCE
! - Fossil fuels
' production
_________________________ System boundary

I:l System boundary (] On-farm activities | Off-farm activities =+ => Output

,,,,,,

Figure 1: System boundary of the processes considered in the freshwater use assessment

The choice of the allocation procedure may be difficult when dealing with
multifunctional production systems. The multifunctionality problem can be
solved by splitting up the amounts of individual inputs and outputs between the
co-functions according to allocation criterion, since it is a property of the co-
functions (e.g. element content, energy content, mass, market price etc.) (1SO,
14044). In the present case farm, milk was the main product of the animal
husbandry and meat the co-product generated from the fattening male calves
and culled dairy cows. Thus, the physical allocation factors proposed by the IDF
(2015) were applied to share the BWU between the two products (milk, meat).

2.5. Life cycle inventory (LCI)

The inventory data relate to 2016, including primary data, collected by means of
interviews with farmer and purchase invoices, and secondary data from
databases and literature when specific data lacked. The main primary data of
the dairy farm analysed are described in Table 2.
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Table 2: Main primary inventory data

Item Amount Unit
Milk 5,943.159 t
Meat 120 t liveweight!
Maize silage 80 ha
Alfalfa silage 20 ha
Moisture corn silage 50 ha
Sorghum silage 40 ha
Ryegrass hay 20 ha
Wheat 13 ha
Purchased feed 4160.18 t
Nitrogen inorganic fertilizer 1.2 t
Diesel use 75,000 L
Electricity 431 MWh
On-farm crops irrigation 146,000,000 L
Animal husbandry and farm mainteinance 43,800,000 L
Milk pre-cooling system 9,720,000 L

2.5.1. Blue water use for on-farm crops irrigation

The amount of water needed to irrigate crops cultivated on the dairy farm was
estimated for maize and alfalfa because their growth exceeds the availability of
rainwater (de Boer et al., 2013). The coefficients of water consumption for the
irrigation of maize and alfalfa crops were taken, respectively, from Bacenetti et
al. (2016) and Bacenetti et al. (2018).

2.5.2. Blue water use for purchased feed production

The BWU necessary to the production of purchased feed was estimated using
the region-specific water use coefficients of feed-crops as reported by
Mekonnen and Hoekstra (2010a,b,c,d).

2.5.3. Blue water use for the animal husbandry and farm mainteinance

The water use necessary for animal husbandry and farm maintainance included
the freshwater for the dairy herd drinking requirements, cooling cows and for the
farm cleaning activites day-by-day. Informations of the water consumptions
were collected from the dairy farm.

2.5.4. Blue water use for the milk pre-cooling system

Water use during milk pre-cooling was calculated making an average evaluation
of the water consumed per minute (L/min) by the pumping systems.

2.5.5. Blue water use for manufacturing inputs

The manufacturing inputs included nitrogen (N) inorganic fertilisers and fossil
fuels (diesel and electricity). The freshwater use requirements for the
manufacturing of N inorganic fertilisers and fossil fuels were taken from the
assumptions of de Boer et al. (2013).
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2.6. Life cycle impact assessment (LCIA)

The environmental impact associated with freshwater use of milk production
was estimated for the categories reported in section 2.5: 1) on-farm crops
irrigation, 2) purchased feed production, 3) animal husbandry and farm
mainteinance, 4) milk pre-cooling system and, 5) manufacturing inputs. Primary
data of water consumptions were used to measure the BWU for the third and
fourth categories. Secondary data were used for estimating the BWU of the on-
farm crop irrigation (Bacenetti et al., 2016; Bacenetti et al., 2018) and of the
purchased feed production and manufacturing inputs (de Boer et al., 2013;
Mekonnen and Hoekstra 2010a,b,c,d).

3. Results and discussion

The BWU of the dairy farm evaluated was 52.5 L per kg FPCM-'. Figure 2
shows that the BWU for the dairy farming activities was: 44.5% for on-farm
crops irrigation, 39% for purchased feed production, 0.5% for manufacturing
inputs, 13% for animal husbandry and farm mainteinance and 3% for milk pre-
cooling system.

0% 20% 40% 60% 80% 100%
O0On-farm crops irrigation
8 Purchased feed production
® Manufacturing inputs
@ Animal husbandry and farm mainteinance

& Milk pre-cooling system

Figure 2: Results of the BWU for dairy farming activities

Results showed that on-farm crops irrigation, followed by purchased feed
production, were the main factors of BWU for milk production. The highest
share of impact is related to the use of water for high-energy feed.
Nevertheless, high-quality feed given to dairy cows is necessary to obtain high
milk yields.

The BWU reported in other studies is in the range of 42-66 L per kg FPCM-" (de
Boer et al., 2013; Mekonnen and Hoekstra, 2010a; Sultana et al., 2014). The
common outcome is the high BWU for on-farm and off-farm feed production.
Although in these studies milk production vyields were comparable, the
differences can be also due to the irrigation intensity for on-farm crops
production. In the present evaluation on-farm crops irrigation was 44.5%,
whereas in the study of de Boer et al. (2013) it was higher (74%). The water
requirements for on-farm crops growth highlight the increased water need. As
reported by de Boer et al. (2013), the BWU for farm situated on a soil less
sensitive to drought, was estimated to be 16 L per kg FPCM.
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Adopting smart irrigation technologies can be a valid strategy to reduce the
BWU per kilogram of FPCM enhancing the effectiveness of irrigation practice
and avoiding deep seepage or runoff. Smart irrigation is based on irrigation
scheduling methods and software that manage weather data and determine
irrigation timing (Gu et al., 2017). No-tillage in maize continuous cropping
systems and the use of maize hybrids with low water requirements are another
strategies of mitigation (Nagore et al., 2017; Sun et al., 2018).

Sourcing off-farm feed ingredients from non-water stressed areas or with only
green water requirements, further reduce the burden on freshwater resources
and ameliorate the sustainability of WF in high-yield milk production (Murphy et
al. 2017).

Within dairy farm activities, implementing wastewater-recycling systems can
reduce the BWU. The wastewater-recycling systems allow the re-use of the final
effluent with a minor content of suspended solids (pollutants) for on-farm crops
irrigation (Ruane et al., 2011). In the present study, sensitivity analysis was
performed in order to evaluate how the implementation of a wastewater-
recycling system would affect the BWU reduction. The hypothesys was a
variation of - 20% of water input for on-farm crops irrigation due to the water
supply by the recycling system. The BWU per kg FPCM-! decreased from 52.5
Lto47.8 L.

The results were relevant to identify improvement options for a more
sustainable milk production.

4, Conclusions

The aim of the present study was to evaluate the environmental impact
associated with BWU of milk production. The freshwater use assessment was
carried out following the cradle-to-farm gate approach to detect the main
hotspots of water consumption in the dairy farm. The result obtained in this
study was 52.5 L per kg FPCM-'. On-farm crops cultivation was the most
demanding in term of water use, followed by purchased feed.

Our results showed that feed crop irrigation and purchased feed production are
the most impacting sources of BWU of milk production. The implementation of
mitigation strategies is a priority key driver to reduce the pressure on freshwater
availability.

The sustainability of the dairy farm need to be improved by irrigation water use
effectiveness for on farm feed production implementing wastewater recycling.
Purchasing feed from countries where water scarcity is lower or purchasing
feed with only rainwater requirements could reduce the contribution of water
use from off farm feed. These options are valuable strategies on WF mitigation
of milk production in the studied intensive dairy farm.
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Abstract

LCA is widely acknowledged as a valid tool to assess the potential energy and environmental
impacts of a product along its lifecycle. As for any experimental result, LCA outcomes are
affected by uncertainties that, when not properly taken into account, may give rise to incorrect
conclusions. However, uncertainties are generally not discussed at all or they are accounted for
incompletely. The focus of the present paper is the evaluation of practitioner-related effects on
LCA results, ie. the estimate of the results variability range linked to the
methodological/arbitrary choices performed during the LCA study implementation. The study is
carried out considering a red wine produced by a medium-size Umbrian winery and it is focused
on the evaluation of two environmental indicators: Energy and Carbon footprint. Results show
that practitioner choices can have a role far from negligible on LCA outcomes producing a
reproducibility variation of approximately 50% at the 95% confidence level for both indicators.

1. Introduction

LCA represents a methodology widely acknowledged as valid to assess the
potential energy and environmental impacts related to the lifecycle of a product,
from raw material acquisition, via production and use phases, to end-of-life
management. It is also widely recognized that LCA results are affected by
uncertainty, and that if the uncertainty is not accounted for, LCA studies may
give rise to incorrect conclusions. However, not all LCA practitioners treat
uncertainties properly and, even when they are considered, they are usually
accounted for incompletely. LCA studies, in fact, usually report the evaluation of
the effect on the results due to the uncertainty affecting the inventory data,
neglecting all the effects related to other sources of uncertainty (such as, for
instance, inaccurate parameters measurement, lack of data, methodological
choices regarding system boundaries, functional unit, allocation procedures,
etc.). A proper sensitivity analysis can help estimating such effects on the
results variability, yet it is often limited to most impacting processes and rarely
applied to methodological choices.

The present paper is focused on the evaluation of the effects on LCA results
due to the LCA practitioner, i.e. the estimation of the results variability range
related to the methodological/arbitrary choices performed during the LCA study
implementation. The product under study is a red wine produced in the Umbria
region, Italy, by a medium-size winery, and the indicators considered are the
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Energy Footprint (EF) and the Carbon Footprint (CF). The quantification of the
variation of LCA results as a function of subjective choices (i.e. analyst
interpretation), when evaluating simple end-point indicators for the same
product starting from the same dataset, is presented. Even under the guidance
of the same standardized methodological procedure (ISO, 2017), a large
degree of freedom is left to the analyst. The quantification of the level of
variation on the outcome is expected to produce valuable information for the
interpretation and communication of a typical LCA result.

2. Types of uncertainties in LCA studies

When computing and communicating the result of an experimental activity,
including modelling and simulations, it is utterly important to provide a properly-
computed uncertainty, in order to be able to perform comparisons with other
results and discuss the consistency of different outcomes. Uncertainty differs
from variability — that is due to the natural heterogeneity of values — and can be
intended as the statistical “difference between a measured or calculated
quantity and the true value of that quantity” (Finnveden et al., 2008). LCA
results with a high degree of variability demonstrate true differences among
equivalent products (different lifecycles, different production processes, supply
chains, etc.). On the other hand, LCA results dominated by uncertainty can not
be reliably used to state whether a product has an environmental impact
significantly different from another one. In this case, additional work/research
(more reliable data acquisition, selection of more precise emission factors, etc.)
may help reducing the uncertainty and, consequently, change the overall
environmental outcomes (Steinmann et al., 2014). The main typologies
appearing in LCAs can be divided in the following categories:

- Parameter uncertainty. Parameter uncertainty reflects the partial
knowledge about the true value of a parameter and, therefore, concerns the
empirical accuracy of measurements, as well as their eventual
unrepresentativeness (incomplete or outdated measurements) and
estimations used to obtain the numerical parameter values (Huijbregts,
1998). Different methods have been proposed to face this kind of
uncertainty, and stochastic modelling performed by Montecarlo simulation is
the one considered most suitable and the one most used in LCAs.

- Model uncertainty. Model uncertainty is due to those aspects associated
with the product system under study that cannot be modelled within LCA
structure, i.e. the assumptions and simplifications. Significant sources of
model uncertainty are, for instance, the non-consideration — or the loss by
aggregation — of spatial and temporal variability regarding locations/
processes/factors in the receiving environment, the consideration of linear
instead of non-linear models and the computation of characterization factors
with simplified environmental models (Huijbregts, 1998; Huijbregts et al.,
2003);

- Scenario uncertainty. Scenario uncertainty encompasses all the
uncertainties related to unavoidable choices that occur in all the phases of
LCA studies. Significant sources of scenario uncertainty are, for instance,
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the choice of functional unit and system boundaries in the goal and scope
definition phase, the choice of the allocation procedures in the inventory
phase, the choice for a particular time horizon in the impact assessment
phase (Huijbregts et al., 2003).

It is evident, even from such a brief introduction to the possible sources of
uncertainty, that an LCA analysis is exposed to a variety of factors potentially
limiting the reliability of results. Such limitations are often addressed only in
part, for example performing standard Montecarlo analyses focusing on input
parameter uncertainty (Golsteijn, 2015) and/or dedicated sensitivity studies on
most impacting processes (Bonamente et al., 2015). Those approaches,
however, do not take into account another major source of variability in LCA
studies: the analyst choices in building the life-cycle model. It is, somehow, a
common experience among LCA practitioners that apparently minimal changes
in the model setup can produce a large variation of the final result. In general, a
through check of the entire project can help identifying errors and converging on
a stable solution, but some other times this process does not improve the
results sensibly. Additionally, it can be not easy to distinguish between real
errors (i.e. mistakes) and variability due to subjective (and acceptable) choices
when the discussion is focused on the selection of a particular process from a
database, the allocation procedure, the system boundaries, etc.

3. Methodology

CF and EF are used as indicators for assessing the potential environmental
impacts of a product in terms of global warming potential and primary energy
demand. The CF evaluates the overall greenhouse gas (GHG) emissions
released into the atmosphere (Ertug et al., 2007). CF is usually measured in
terms of kilograms of carbon dioxide equivalents (kgCO2eq) and its calculation
is standardized by the international standards ISO TS 14067 (ISO, 2013) and
ISO 14064 (ISO, 2012). In this study, the emission factors of the IPCC 2013
GWP 100a method are used (Myhre et al., 2013). The EF evaluates the total
energy supply in terms of primary energy demand, including all the direct uses
and the indirect (e.g. due to the use of raw materials, construction materials, ...)
consumption of energy. It is usually expressed in terms of mega joules (MJ).
The characterization factors used in this study were obtained by the Cumulative
Energy Demand (CED) method (Althaus et al., 2010). Both methods can be
used within an LCA framework (ISO, 2006a,b).

In this work, CF and EF were calculated for a red wine bottle, the LCA study
was independently conducted by six LCA practitioners (P1 to P6).

Each analyst modelled the life cycle according to the Product Category Rules
(PCR) of wine of fresh grapes, as defined in ISO 14025 (Environdec, 2015).
The life cycle inventory analysis was performed starting from the same data set.
The chosen functional unit is a 0.75-litres (I) red-wine bottle, corresponding to a
unit of sold product. All the stages from grapes production to bottling and
distribution were performed by the same winery. Collected data refers to vintage
year 2012. Primary data are shown in Table 1 and Table 2.
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Processes were modelled using the Ecoinvent database (Ecoinvent, 2013).

The total amount of produced grapes was 239,760 kg, cultivation was referred
to a total surface equal to 24.1 ha. The total yearly production of the winery was
1,874.60 hl of wine. The yearly production of the examined product was 40.20
hl (2.1% of the total). The cropped surface used for the examined product is
0.67 ha.

As already mentioned, even if all pratictioners performed the required
allocations according to (ISO, 2006b), analysts adopted different allocation
procedures to disaggregate the inventory flows, and consequently the
environmental impacts, based on physical quantities (area, mass, and volume)
and economic value. The different allocation approaches adopted by each
analyst are reported in Table 3. Regarding the reuse or recycling of packaging
materials, some practitioners allocated end-of-life processes according to the
“Polluter-Pays (PP) allocation method” (Environdec, 2017).

The environmental impacts were calculated using the SimaPro software version
8.4 (Pre Consultants, 2017). The results variability was computed in terms of
Standard Deviation of the Cell Averages and Reproducibility (R), as defined in
the ASTM E691-05 standard (ASTM, 1999). R identifies the value below which
the absolute difference between two test results (obtained under reproducibility
conditions) may be expected to occur with a probability of approximately 95%.

Table 1: Primary data related to total winery production

Material and i Total Fertilizers , Total
. Unit .o . Unit
energy inputs amount (active ingredients) amount
Diesel I 5,800 Nitrogen kg 540
Electricity kWh 44,561 Phosphorus kg 225
Glycol kg 0.75 Potassium kg 675
Acetic acid kg 3.33 Organic kg 450
Soap kg 385 Packaging plastic kg 18
Potassium .
metabisulfite kg 50 Transportation tkm 45,18
Enzyme kg 04 Pestlcn_ies _and tr(-:\atments Unit Total
(active ingredients) amount

Yeast kg 10 Sulphur kg 992.5
Diammonium .
phosphate kg 100 Acetamide kg 4.711
Plastic packaging kg 20.42 Triazine kg 4.725
Paper packaging kg 0.4 Mancozeb kg 27.4
Refrigerant load kg 0.21 Fosetyl-Al kg 120.9
Carbon dioxide kg 840 Copper kg 77.4
Transportation Other pesticides kg 48.48
Delivery van 3.5 t . .
for 470 km tkm 465.3 Packaging plastic kg 371
Delivery van 3.5 t .
for 45 km tkm 166.42 | Packaging paper kg 1449
Lorry 3.5-7.5 t tkm 9408 | ransportation tkm  32.76

(Delivery van < 3.5 t)
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Table 2: Primary data for the bottle

Material and , Total Material and , Total
, Unit \ Unit

energy inputs amount energy inputs amount
Glass kg 0.45 Packaging film kg 0.000558
Cork kg 0.004 Packaging plastic kg 0.008606
Capsule kg 0.001 Transportation for 1039 km tkm 0.0034

Transportation
Label kg 0.001 (Lorry 3.5-7.5 ) tkm 0.022
Cardboard box kg 0.048 Transportation (car) km 0.0374
Table 3: Allocation procedures
Type of allocation used
Co-and
Analyst | Grapes by- Vinification | Botting | Distribution | End-oF
production Life
products

P1 A M V2 V5 V6 V6 R1

P2 A, V3 E V5 V6 V6 R2

P3 A M M V4 V6 V6 R2

P4 A, V2 V2 V4 V6 V6 R1

P5 A, V3 V3 V3 V6 V6 R2

P6 A, V1 V1 V1 V6 V6 R1

A E M

(allocation on area basis)
product/total cropped surface

(economic allocation)
all grapes for product

(allocation on mass basis)
all grapes for product

V (allocation on volume basis)

V1 = total wine; V2 = all grapes for product;
V3 = product/ total production; V4 = product/ total wine;
V5 = bottled product/total wine; V6 = bottled product

R (recycling allocation)

R1 = substitution approach;
R2 = polluter-pays approach.

4. Results
The results of the carbon footprint assessment computed by the six
practitioners are shown in Figure 1 (left). P1, P3, and P6 show a lower value
than the average (11.20%, 20.41%, and 16.49%, respectively), while P2, P4,
and P5 are above the average (13.36%, 21.67%, and 13.07%, respectively).
The same trend can be observed for the energy footprint indicator in Figure 1
(right). The maximum deviation (27.20% for P3) from the mean value was
higher than those registered for the carbon footprint indicator.
Results show that the average EF value is equal to 21.12 MJ with a standard
deviation of 4.05 MJ, while, regarding CF, the average value and the standard

deviation are, respectively, equal to 1.22 kgCO2eq and 0.22 kgCO2eq.
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Figure 1 : Carbon footprint (left) and Energy footprint (right) results for the six analysts
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Table 4 and Table 5 show the most impacting processes in terms of GHG
emissions and primary energy consumption. In both cases, the most relevant
processes for each practitioner are: the production of glass, the distribution of
wine bottle to the consumer, the production and use of diesel in agricultural
equipment, and the electricity consumption in the winery. In particular, different
choices were made among the operators for the glass production: P1 used the
process Packaging glass, brown {RER w/o CH+DE}| production brown from the
Ecoinvent Database, P2 used Packaging glass, green {RER w/o CH+DE}|
production, P3 and P6 used Packaging glass, green {GLO}| market for, and P4
and P5 used Packaging glass, white {GLO}| market for. The distribution phase
of the product was mostly influenced for both indicators by the choice of the
vehicle for distribution of wine bottles in Europe. All practitioners selected a
freight lorry of 3.5-7.5 metric tons but characterized by different emission
classes from EURO 3 to EURO 6.

Table 4: Most relevant processes contributing to the Carbon footprint

P1 P2 P3 P4 P5 P6
Glass production 0.438 0.400 0.466 0.478 0.476 0.466
Distribution 0.555 0.435 0.472 0.465 0.393 0.436
Diesel, production and use 0177 0.250 0.216 0.230 0.263 0.215
Electricity 0.0946 0.0943  0.0932  0.0932 0.094 0.0926
Recycling of glass -0.415 - -0.415 - - -0.417
Other processes 0.238 0.209 0.143 0.224 0.186 0.230
Total 1.09 1.39 0.975 1.49 1.38 1.02

Table 5: Most relevant processes contributing to the Energy footprint

P1 P2 P3 P4 P5 P6
Glass production 7.550 7.330 7.560 7.640 7.270 7.560
Distribution 8.860  6.960 7.540 7.430 6.100 6.960
Diesel, production and use 2.495 3.530 4.340 3.250 3.720 4.180
Electricity 1.900 1.720 1.770 1.770 1.740 1.760
Recycling of glass -5.950 - -5.950 - - -5.970
Other processes 5.662 6.523 0.116 4.546 3.414 3.396
Total 20.52  26.06 15.38 24.64 22.24 17.89

With respect to the production and use of diesel, the choice of different
allocations by the practitioners (see Table 3) generated a unitary flow
associated to the functional unit sensibly different (from a minimum of 0.025 kg
for P1 to a maximum of 0.029 kg for P5) and therefore produced dissimilar
results. P1, P3, and P6 considered the environmental and energy credit related
to the recycling of the end-of-life materials (e.g. glass, plastic, paper, board)
adopting the substitution approach (SA). P2, P4, and P5 assumed the Polluter-
Pay (PP) allocation method, in which the waste producer carries the total
environmental impact until the point at which the waste is transported to a waste
processing plant or collection site. The benefit deriving from the recycling
process of glass, plastics, paper, and board is considered out of the system
boundary.
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Incineration was the considered process for the disposal of pesticides and
fertilizers packaging. P2 and P4 assumed that only 50% of the impacts was
attributed to the studied product, according to Environdec (2017).

Other differences among the operators arise from the “Other processes”
category. The co-products of the winemaking process (lees and marc) were
allocated applying the economical approach only by P2. The allocation factor
was equal to 99.83% for the studied product. Other practitioners considered the
impact related to the transport of co-products to the treatment plants. P1, P3,
P4, and P5 assumed that wood pallet is reused for an average of more than
1,000 cycles and its environmental impact was considered negligible. P2 and
P6 took into account the impact related to the production of wood pallet
assuming that it was reused but outside the system boundaries. In terms of
GHG emissions, this impact was negligible while the primary energy
consumption amounted to about 0.9 MJ.

The reproducibility variation of the results due to the practitioner choices at the
95% confidence level was estimated using the ASTM E691-05 standard. R is
found to be 11.331 MJ for EF and 0.620 kgCOzeq for CF. According to the
standard, the true value of the two indicators fall in the range EF = (21+11) MJ,
CF = (1.2+0.6) kgCO2eq.

5. Conclusions

A novel approach is proposed for the evaluation of the uncertainties related to
practitioner choices in LCA analysis. The same dataset was used by six
analysts who independently computed carbon and energy footprint of a red
wine bottle produced by an Italian winery using a cradle to grave approach. It is
found that the standard deviation for the two indicators is 18% (CF) and 19%
(EF). However, the 95% confidence level reproducibility is 53.6% and 50.8%,
respectively. According to the ASTM E691-05 standard, the carbon footprint is
(1.21£0.6) kgCO2eq and the energy footprint is (21£11) MJ.

Such a result needs to be carefully interpreted in order to come to correct
conclusions. On the one hand, it needs to be stressed that those numbers are
obtained for a specific product and any attempt to come to a general rule out of
them would be, at least, premature. On the other hand, the reproducibility
variability is large enough to deserve a deeper investigation, especially
considering that it was obtained starting from exactly the same dataset, using
the same LCA database and methods, and after a through revision to avoid
accidental errors. Under these considerations, there is a strong evidence that
uncertainties, and among them the variability generated by the analyst’s
subjective choices, need to be considered seriously, especially when comparing
the outcome of different studies. A preliminary interpretation of these results
would be that of suggesting particular caution when comparing the nominal
value of impact indicators of two products, since differences up to 50% might
not be strictly significative but depending on the analyst choices rather than a
real difference in the environmental performance. However, in the case of a
comparative analysis of two products, or a performance tracking study, made by
the same operator and/or using the same model, such variability is expected to
drastically decrease, allowing for an easier and more direct comparison.
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Abstract

Fruit has a lower environmental impact than other food products. However, its production can
be quite resource, labour, and capital intensive, as well as characterized by relevant losses.
This study carried out a combined life cycle assessment (LCA) and costing (LCC) of nectarine
production in Emilia-Romagna, with a focus on losses. System boundaries were cradle-to-farm
gate and all impacts were referred to 1 kg of sold fruit. Primary data on environmental and cost
aspects (land, labour, materials, fuels, chemicals, machineries, etc.) were collected through
interviews in farms from different production areas. Climate change, terrestrial acidification,
freshwater acidification and water depletion were assessed together with costs and profits.
Results show that diesel consumption, fertilization, pesticides, and irrigation are the main
environmental hotspots, while labour and chemicals are relevant for costs. Reducing losses
could help reduce these impacts.

1. Introduction

Fruit is often attributed a lower environmental impact than several other food
products largely consumed in western diets, such as meat or milk.
Nevertheless, fruit farming systems can be quite intensive both in terms of
production inputs and natural resource use (Cerutti et al., 2014). Fruit
production can be also characterized by high economic costs, not only for the
initial investment (orchard planting), but also and foremost for harvest costs,
which are usually associated to energy and labour prices (De Luca et al., 2014;
Pergola et al., 2013; Tamburini et al., 2015). Considering fruit producer price
variability, these costs may play a crucial role in farmers’ decision to harvest
fruit or leave it on trees or fields.

Fruit, as vegetables, are characterized by several losses and waste along the
supply chain. Basing on ISTAT (2016), on average each year about 250,000 t of
fruit (around 2% of whole Italian production) are not harvested. This figure is
estimated from farm data surveys and it does not include what is defined by
Gustavsson et al. (2011) as “losses due to mechanical damage and/or spillage
during harvest operation (e.g. threshing or fruit picking), crops sorted out post-
harvest, or left in fields due to sharp drops in prices”. Thus, real fruit production
losses at farm are probably underestimated. Considering the environmental and
costing impacts of fruit, wasting this potentially edible food represents a double
wastage of the resources and energy used in its production (Vittuari et al.,
2016).

While several studies analysed the environmental impact of fruit production and
orchards (Cerutti et al., 2014; Milai Canals and Polo, 2003) and/or their cost (De
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Luca et al., 2014; Pergola et al., 2013; Tamburini et al., 2015), few studies
focused on the influence of losses, their impact, and potential reduction
strategies.

Thus, this paper analysed these aspects, through a combined LCA and LCC,
using nectarine farming in Emilia-Romagna as a case study. Italy, together with
Spain, is leader in Europe in the production of peaches and nectarines. In 2015,
142 Mt were produced from about 72,000 ha (ISTAT, 2018). The most
important regions for peach and nectarine production are Campania, Emilia-
Romagna, Veneto and Piemonte. Despite of a significant reduction of peach
production and cultivated surface in Emilia-Romagna in the last years, the
region is still relevant for both quantity and quality of production. Several studies
have been already carried out on the environmental impacts of peach and
nectarines in various areas and using various methods (Cerutti et al., 2010;
Fiore et al., 2017; Ingrao et al., 2015; Scherhaufer et al., 2015; Vinyes et al.,
2015). However, only few (De Menna et al.,, 2015; Vinyes et al., 2015)
specifically addressed losses, using secondary data, and none of them included
the assessment of costs.

2. Materials and methods
2.1.Goal and scope

The aim of this study was to assess the environmental and economic impacts of
nectarines in Emilia-Romagna and to evaluate the extent and role of farm
losses. The system studied is the production of nectarines and the chosen
functional unit was 1 kg of nectarines sold. Therefore, the system boundaries
were cradle to farm gate and included all processes from raw materials
extraction and inputs processing, to orchard establishment and management, to
production of fruit and disposal of waste and by-products.

2.2.Life cycle inventory

In order to collect primary data on nectarine farming, large producers’
organisations were contacted to select a regional sample of farms from main
production areas, namely Ravenna, Bologna, and Forli-Cesena provinces.

Table 1: Sampled farms (IF: integrated farm)

IF1 IF2 IF3 IF4

Nectarine area (in ha) 7 14 2 3.2
Sold nectarines (in kg/ha*y 37,500 32,500 30,000 30,000

Average price (in €/kg) 0.38 0.27 0.36 0.3

A total of 4 farms were provided (table 1). All of them were managed according
to the regional disciplinary for peach and nectarines integrated production.

On-farm visits and interviews were conducted in the period May-October 2017

to collect primary data on:
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- Production and losses: species and varieties cultivated and related area;
yearly sold production; losses, related causes, and disposal,

- Orchard: age, previous land use, planting density, type of sail, type of
irrigation and other installations;

- Cultivation: number and duration of farm operations, machine power,
type and amount of fertilizers, pesticide applied;

- Costs: general costs (services, insurances, and certifications), fixed costs
(planting, irrigation system, machineries, land), variable costs of inputs
(energy, fuels, fertilizers, pesticides, etc.) and workforce (family,
seasonal, etc.)

- Revenues: selling price and subsidies.

All variable data were collected as average of three consecutive farm years
(2014-2016) to account for seasonal differences and climate variability. Farmers
reported most of data during interviews, providing the farmbook, and the income
statement.

Secondary data from Ecoinvent v.3 were used for some cost items and
background processes, such as raw material extraction, input production and
transport. Field emission were modelled following the methodological guidelines
by the World Food LCA Database (Nemecek et al., 2015).

2.3.Impact assessment

The LCA followed the requirements set by ISO in the 14040-44 standards
(International Organization for Standardization, 2006a, 2006b), while an
environmental LCC was carried out according to the code of practice proposed
by the SETAC (Hunkeler et al., 2008; Swarr et al., 2011).

Environmental impact categories were calculated according to the Recipe v1.13
(Midpoint Hierarchist). Considering the relevance for fruit production, the
following environmental impact indicators were selected:

- Climate Change (CC) in kg COz2eq;

- Terrestrial Acidification (TAC) in kg SO2 eq;
- Freshwater Eutrophication (FEU) in kg P eq;
- Water depletion (WDP) in m3.

As far as LCC is regarded, the following cost categories and indicators were
taken into account:

- fixed and variable costs;
- life cycle costs;
- life cycle profits.

Environmental and cost impacts were assessed separately (i.e. no scoring or
weighting). All impacts were calculated through Simapro 8.3.
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3. Results and discussion

Table 2 shows the results per each farm for the selected environmental
indicators. The average CC impact per kg of sold nectarines is around 0,132 kg
COz2 eq. In all farms, most of the impact derives from direct emissions of COz2
from diesel consumption in farm operations and of N20 from fertilization. There
is however a certain variability among the sample, due to the diverse amount of
fuel consumption, which is quite higher in IF3 (about 40l/ha more than the
average). These results on average in line or lower than previous comparable
studies (De Menna et al., 2015; Ingrao et al., 2015; Vinyes et al., 2015)

Table 2: LCA results per kg of sold nectarines

Impact Unit IF1 IF2 IF3 IF4
CcC kg CO2eq 1.12E-01 9.04E-02 2.26E-01 9.96E-02
TAC kg SO2¢q 1.06E-03 7.00E-04 1.97E-03 7.90E-04
FEU kg P eq 5.00E-05 3.00E-05 7.00E-05 4.00E-05
WDP m?3 3.53E-02 2.29E-02 2.00E-02 4.29E-02

Impact on TAC amounts at around 1.13E-03 kg SOz ¢q, and depends mostly on
3 emission flows: NOx, NHs, and SO2. Nitrogen oxides derives mostly from
diesel consumption, while ammonia is emitted via fertilization and sulphuric
dioxides are indirect emissions related to pesticides production (e.g.
dithiocarbamate-compounds). Variability in the use of fertilizers, diesel, and
pesticides influence the total result. For example, IF2 and 4 are consuming less
pesticides than other farms.

Freshwater eutrophication is caused by POs (phosphate) and P (phosphorus)
leaching in water. However, while the latter is directly related to fertilization, the
former is more dependent on the production of copper sulphate, which is largely
used in IF1 and 3. WDP is obviously linked with irrigation. On average, about
0.03 m3 of water are depleted per kg of sold nectarines, with an average
consumption of 990 m?3 per ha.

Also FEU and TAC results are in line with previous literature, and in particular
with the study from Vinyes et al. (Vinyes et al., 2015), while WDP value is quite
lower, probably due to the different year and climate.

Table 3 shows the results per each farm for the selected cost indicators. On
average, farming 1 kg of nectarines costs about 0.49 €, if retribution of family
work is included. Variable costs are obviously more relevant. Labour is the most
impacting cost item (between 80 and 90% of the variable costs) but there is a
large difference between farms in the amount of seasonal and family workers.

Other relevant variable costs are plant protection products and fertilizers.
Among fixed costs, plants (including royalties) and structures (irrigation and hail
protection systems) are the most important items, while insurances are only
relevant for IF1 and 3.
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Table 3: LCC results per kg of sold nectarines

Impact IF1 IF2 IF3 IF4
Fixed costs 0.10 € 0.08 € 0.13 € 0.06 €
Variable costs 0.35 € 0.47 € 0.38 € 0.38 €
LCC 0.45 € 0.55 € 0.51€ 0.44 €

When revenues are considered it is possible to evaluate the profitability of farms
(Figure 1). Depending on the selling price and the amount of subsidies
received, integrated farms are earning between 0.28 and 0.40 €/kg. When
subtracting life cycle cost with the exclusion of family salaries, profits are
positive for most of farms except IF2. This is due to the low selling price and the
high share of seasonal workers. However, when family salaries are included,
profits are negative for all sampled farms.

LC revenues and profits €/kg
0.50€
0.40€
0.30€
0.20€
0.10€
0.00€
-0.10€
-0.20€
-0.30€
-0.40€

IF1 IF2

m Life Cycle Revenues Life Cycle Profits ~ m Life Cycle Profits (net of family salaries)

Figure 1: Life cycle revenues and profits per kg of sold nectarines

No previous literature focused on peach or nectarine production from a LCC
perspective. However, it is possible to argue that these results are in line with
the general findings from studies on different crops. In fact, as mentioned, such
studies highlighted how harvest costs play a major role in the total figure mainly
due to labour, energy, and other variable cost inputs (De Luca et al., 2014;
Pergola et al., 2013; Tamburini et al., 2015).

Farm losses due to different drivers are reported in Table 4. Figures about not
harvested products are consistent with national estimates. The total however is
significantly higher since other drivers are taken into account. In the specific, for
most farms, mold and fungi are the largest cause of losses, followed by losses
due to damage during harvest. Only in one case market standards play a large
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role (IF3), since most producers’ association are collecting also defected
product to be sent to processing.

Table 4: Loss mass in kg per kg of FU

IF1 IF2 IF3 IF4
Pre-harvest losses due to molds and fungi 0.05 0.15 0.04 0.10
Losses and damages during harvest 0.05 0.01 0.01 0.03
Not harvested due to price 0.01 0.01 0.02
Not harvested/sold due to market 0.05
standards
Total 0.12 0.17 0.12 0.13

Considering that losses due to molds and fungi might be difficult to prevent, it is
possible to note how reducing fruit losses could result in environmental impacts
and cost savings.

4. Conclusions

This paper presented preliminary results from a research on the environmental
and cost impacts of fruit losses. The study focused on nectarine farming in
Emilia Romagna as case study. By collecting primary data from different
representative farms, it was possible to carry out a combined LCA and LCC
assessing the impacts related to 1 kg of nectarine and the related losses.

Results show that nectarine production can be quite intensive as far as farm
operations, fertilization, and plant protection are regarded. Integrated farming
could potentially benefit from further input efficiency and reduction. Results are
in line with previous comparable studies, also considering the different
agronomical practices and climate conditions. From a costing perspective,
integrated nectarine production is highly influenced by labour cost and only
marginally by fixed costs. When analysing profits it is also possible to note how
several farms are yielding negative profits, especially when retribution of family
workers is included. Finally, significant losses are related to molds and fungi
and damage at harvest, while further losses might occur due to price dynamics.

However, there are some limitations deriving from the size and
representativeness of the sample, as well as from the quality of some data (e.g.
self-reported). Furthermore, some impacts were not assessed despite their
potential relevance, such as the toxicity impact of pesticides

Therefore, further research might include the comparative assessment with
organic production systems in order to capture differences in market dynamics
and losses, as well as the inclusion of downward supply chain segments in the
system boundaries to identify losses hotspots and burden shifting.
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Abstract

Grana Padano and Parmigiano Reggiano are two of the most important Italian PDO cheeses.
To improve the environmental impact performances of their production, the Life Cycle
Assessment (LCA) method has been used. In the Life DOP Project, LCA of milk production at
farm will be completed on about 120 dairy farms of the province of Mantova (Northern Italy).
Mitigation strategies to improve both environmental and economic production sides will be
suggested, focusing on forage crop production (yield increase), milk production (dairy efficiency
increase), herd management (animals’ health and welfare) and off-farm purchased feed. From
the preliminary results, shown on 4 farms, there is evidence that improvements are needed. In
particular, the most efficient farm (farm C) has the best environmental sustainability, while the
others have worse outcomes, mainly due to poor dairy efficiency and related issues.

1. Introduction

Grana Padano and Parmigiano Reggiano cheeses are two of the most
important dairy products of Protected Designation of Origin (PDO) in the Italian
agri-food context. Their production has a huge market impact because they are
among the most exported Italian agri-food products worldwide (Bava et al.,
2018). The production chains of Grana Padano (GP) and Parmigiano Reggiano
(PR) are quite complex, thus involving several stakeholders and producers that
contribute to the environmental sustainability of these cheeses. More in detail,
to produce GP and PR, the environmental impacts related to the cheese factory
phase as well as to the milk production phase, including production of animals’
feed and slurry management must be taken into account. In addition, the dairy
farming context is quite complex and several farms must be investigated to get
statistically relevant information about the local milk production system. This
complexity supports the need of detailed primary data for agricultural production
systems when reliable environmental analyses are searched (Lovarelli and
Bacenetti, 2017).

In order to promote, among others, (i) mitigation strategies for milk production
and for manure/slurry management and the related emissions to the
environment and (ii) a manure-slurry exchange system among farmers, the
project Life DOP (LIFE15 ENV/IT/000585) has started since 2016
(www.lifedop.eu/en/). In particular, in order to make available to farmers an
organic fertiliser characterised by an adequate nitrogen content and a higher
solid matter respect to slurry, an exchange system for manure and slurry has
been promoted. It permits to farmers to sell slurry and manure that are mixed in
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a dedicated implement and digested in two anaerobic digestion plants. After,
the digestate fraction is returned to farmers according to the exchange system,
and is spread on fields. This allows introducing the concept of circular economy
on livestock farms, exploiting the capabilities of slurry and manure and bringing
environmental benefits. Since policy makers must promote strategies for a
sustainable consumption and production, this project is in line with the
European goals and challenges for low environmental impact productions.

In this context, efficiency improvements for dairy farms, animal management
and animal feeding are key aspects. Thus, about 120 dairy farms in the
province of Mantova in Northern Italy were investigated to carry out a Life Cycle
Assessment (LCA) analysis of each farm and promote mitigation strategies for a
sustainable milk production pathway. On about 10% of the farms investigated,
the suggested improvements will be re-analysed by means of LCA and the
reduction in environmental impact due to the efficiency increase will be
quantified and suggested for future mitigation strategies. Moreover, an
environmental sustainability label will be developed to certify the commitment of
GP and PR producers towards sustainable productions and resource use
efficiency. In particular, improvements in resource use efficiency and animal
care, balanced feed intake and feed self-sufficiency allow a better use of
resources and an increase in milk productivity. As a result, this will provide both
environmental and economic benefits.

The aim of this study, being part of the project, is firstly to improve the dairy
efficiency of cows, their productivity and the on-farm feed production in
qualitative and quantitative terms to reduce the environmental impact of off-farm
feed and, especially, of its transport from other countries. Secondly, to get
information and the best mitigation strategies for cheese production. The
development of an environmental label will allow policy makers to understand:

- the importance of circular economy and of the value of environmental
assessment studies to make valid decisions,

- how environmental assessments can support business strategies,

- the environmental consequences of mitigation strategies by evaluating
their effective applicability on farms.

2. Materials and methods
2.1.Goal and scope

In this study, LCA (ISO 14040 series, 2006) is applied to quantify the
environmental impact of milk production on the analysed farms and to
investigate the possible improvements for producing milk more efficiently.

2.2.Functional unit and system boundary

The selected Functional Unit (FU) for the analysed farms is 1 kg of Fat and
Protein Corrected Milk (FPCM) produced by milking cows. This decision is
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made according to several studies about milk production (Bacenetti et al., 2016;
Bava et al., 2018; Zucali et al., 2017) and to the recommendation by IDF (2015).

This assessment has a cradle-to-farm gate approach. In the system boundary
are included all inputs (e.g., machinery, fuel, lubricant, organic and mineral
fertilisers, pesticides, water, off farm feed) and outputs (emissions to air, soil
and water) as reported in Figure 1.

INPUTS
Tractors, implements, fuel, lubricant, mineral & organic fertilisers,
herbicides, pesticides, seed, water, off-farm feed

¥ U U U

Field cultivation:
Concentrate and hay production

— =

‘ SILAGE H GRAIN HSILAGEHAYH DRY HAY ‘

e W i

-__f_-

Livestock:
Animal breeding and management

— =

MANURE& |  _  _ . _ . _._. P
‘ MILK H MEAT H SLURRY

U U U U

EMISSIONS
Into air, water and soil

Figure 1: System boundary

2.3.Description of the system and data collection

During the project, about 120 dairy cattle farms have been analysed. They sell
milk to 9 dairies, of which 4 produce Grana Padano cheese (GP) and 5 produce
Parmigiano Reggiano cheese (PR). The project Life DOP foresees the
completion of LCA of the milk production at the farm gate and a second LCA of
the cheese production at the dairy factory gate.

In this paper, the attention will be focused on the milk production phase and, in
particular, results of 4 dairy farms are reported. In more details, the
environmental results related to the first of the three years of analysis will be
shown for 2 farms (Farm A and B) selling milk to a dairy for PR production and
2 farms (Farm C and D) selling milk to a dairy for GP production. A

Il data were collected during surveys on farm carried out by experts by asking
for information about:

- Field production (e.g., cultivated crops, cultivation practices, inputs such
as fertilisers, water, machinery, etc.),
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- Herd management (e.g., number and type of animals, purchasing/selling
of animals, etc.),

- Milk production (e.g., milk yield and quality, protein and fat content, etc.),

- Feeding (e.g., type and quality of feed, on farm cultivated feed, off farm
purchased feed, etc.),

- Manure and slurry management (e.g., availability of manure/slurry,
storing system, time and spreading technology adopted, etc.),

- Infrastructure of the dairy farm (e.g., cattle housing, milking parlour,
slurry and manure storage, etc.).

Table 1 and Table 2 report the main inventory data about the cultivated crops,
herd composition and milk production. Table 3 shows the allocation values
adopted for milk (physical allocation between milk and meat considering feed
energy by dairy cows and feed requirements for producing milk and meat)
calculated in accordance with IDF (2015).

Table 1: Main inventory data about the on-farm field cultivation. (*) with average self-sufficiency

is meant the ratio between the on-farm produced feed and the total feed for cows

Variable Unit Farm A Farm B Farm C Farm D
Total agricultural area ha 21.3 60.2 92.5 64.9
Alfalfa, area ha 10.0 50.3 28.2 27.9
Ryegrass, area ha 8.0 - 4.7 6.9
Winter cereals, area ha - 3.3 - -
Maize for silage, area ha 3.3 - 59.6 13.2
Maize grain, area ha - - - 10.0
Soybean, area ha - - - 6.9
Minor cereals, area ha - 3.3 - -
Mixed cereals, area ha - 3.3 - -
Average self-sufficiency (*) % 71% 63% 55% 81%
Table 2: Main inventory data about herds and milk production
Variable Unit Farm A Farm B Farm C Farm D
Total number of cows no. 177 188 285 112
Lactating cows no. 85 85 52 56
Dry cows no. 15 15 629 10
Delivered milk t FPCM/yr 726.0 813.6 3729.9 578.1
Milk per cow kg FPCM/d 23.3 29.2 35.7 28.1
Dairy Efficiency kg FPCM/kg feed 1.16 1.19 1.57 1.27
Dry Matter Intake kg/d 21.2 22.8 23.2 22.6
Table 3: Allocation values for milk (IDF, 2015)
Variable Unit Farm A Farm B Farm C Farm D
Mass allocation % 84% 82% 84% 88%
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2.4.Impact assessment

The following environmental impacts were considered by using the ILCD
characterisation method (Wolf et al., 2013):

- Climate Change (CC, kg CO2 eq),

- Particulate Matter (PM, kg PM25 eq-104),

- Acidification (TA, molc H* eq-10"),

- Freshwater eutrophication (FE, kg P eq-104),

- Marine eutrophication (ME, kg N eq-10-2),

- Land Use (LU, kg Carbon deficit-10"),

- Mineral, fossil and renewable resources depletion (MFRD, kg Sbeq-10-°).

3. Results

Table 4 shows the environmental impacts of milk production in the 4 dairy farms
analysed. The two farms producing milk for PR cheese have an environmental
impact quite close to each other, except for CC (1.58 and 1.17 kg CO2 eq/kg
FPCM, respectively for A and B) that is mostly affected by animal emissions.
PM and TA result higher in respect to C and D, mostly because of field
emissions in the cultivation practice. In particular, farm A has the lowest milk
production, field area and dairy efficiency, which deeply affects the
environmental outcomes.

On the contrary, the two farms producing milk for GP cheese (farms C and D)
have a different production disciplinary, which allows them introducing energetic
animal feeding such as cereal silages characterised by annual cropping cycles.
Accordingly, their environmental impact shows bigger variability due to the
better and more variable dairy efficiency (1.57 and 1.27, respectively).

Table 4: Environmental impact of milk production per kg FPCM in the studied farms: A, B (milk
for Parmigiano Reggiano cheese) and C, D (milk for Grana Padano cheese)

Impact Unit Farm A Farm B Farm C Farm D
category (PR) (PR) (GP) (GP)
CcC kg CO2 eq 1.586 1.173 0.999 1.643
PM kg PM25 eq-10-3 0.798 0.579 0.463 0.618
TA molc H* eq-10-" 0.329 0.238 0.185 0.225
FE kg P eq-10+ 0.835 0.625 0.471 1.127
ME kg N eq-102 0.874 0.763 0.533 0.887
LU kg carbon deficit-10? 2.651 2.349 1.328 2.785
MFRD kg Sb eq-10% 0.550 0.452 0.365 0.990

In particular, for farm C (highest milk production per cow: 35.7 kg FPCM/d) and
D (lowest milk production per cow: 28.1 kg FPCM/d), CC is 0.99 and 1.64 kg
CO:2 eqg/kg FPCM, respectively. Farm D shows the worst performance not only
for CC (mainly caused by high methane enteric production) but also for FE and
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ME (due to field emissions during cultivation) and for LU and MFRD (due to
feed and bedding purchase and the adopted field cultivation practice). Thus,
farm D represents the worst performing farm among the four studied ones.

Figure 2 reports the hotspot processes of the four farms.
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Figure 2: Process hotspots of milk production in the studied farms

4. Conclusions

The outcomes of the present study are referred to just four of all dairy farms
taking part in the Life DOP project. Moreover, these results are preliminary
ones, and further analyses will be performed along the years. In particular, the
improvements suggested to each farm will be studied (e.g., crop yield increase,
milk production and dairy efficiency increase, slurry and manure management,
animal health and welfare) as well as those at the cheese factories.

From the results, it emerges that the most efficient farm shows also the lowest
environmental impact per kg FPCM, pointing out that farms with an efficient
farming system have also the best environmental performances. Consequently,
it is essential to go towards this direction. An efficient milk production system
brings benefits also on the related systems of manure/slurry and cheese
transformation, thus it represents an essential step for the circular economy life
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cycle thinking and for lasting sustainability goals of the agricultural sector. In this
context, the introduction of an eco-label for GP and PR will represent a
certificate for stakeholders for their commitment, for consumers to understand
the role of environmental sustainability and its significance on the production
point of view and for other producers to be driven to the same direction.
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Abstract

Coherently with the attention of international policies on environmental impacts related the
agrifood chain, in the last decade the adoption of a life cycle approach in this sector increases.
Through the review of scientific papers recently published in international indexed journals, the
study investigates the adoption of some life cycle tools such as Life Cycle Assessment, Product
Carbon Footprint and Water Footprint in 412 life cycle studies of agrifood products. Aim of the
study is to understand the lifecycle stages more frequently analyzed, as
cultivation/raising/finishing, processing/operatios and retail/consumption. Moreover, the review
identifies the top five countries where these studies took place in the agrifood chain.

1. Introduction

Life Cycle tools (LC tools), such as Life Cycle Assessment (LCA), Product
Carbon Footprint (PCF) and Water Footprint (WF), aim at evaluating the
environmental impacts of a product considering the flows of matter and energy
of which this product is responsible throughout its life, from cradle to grave
(Borsato et al, 2018; Rothwell et al, 2018). In the agrifood sector these LC tools
are frequently adopted, with the aim of identifying the more impactful phases of
the production/transformation process of a food product from an environmental
point of view. The environmental consciousness deriving from life cycle studies
of agrifood products becomes the starting point to recognize the best scenarios
of production and logistic solutions related the entire supply chain (Nemecek et
al, 2016; Sala et al, 2017; Tilmann et al, 2011).

Although observing the entire chain is essential to know the environmental
hotspot of a food product, often the studies are limited to analyzing only some
phases of the life cycle, preferring, for example, a cradle to gate approach. This
limitation could be justified by the fact that the manufacturing companies have
limited contractual power in distribution choices and cannot intervene in the
consumption behavior of their products (Notarnicola et al, 2017/a; 2017/b).

Our research deepens the diffusion of life cycle studies in the agrifood sector,
with the main objective of understanding if the attention towards the various
phases of the life cycle of a food product is growing over the years and if it is
possible to identify the “top five” countries most involved in these studies for
each lifecycle stage. Through a systematic analysis of scientific papers
published in recent years, the research observes the distribution of life cycle
studies in terms of LC tools adopted, lifecycle stages included in the study and
country and mainland related each agrifood stage.
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The statistical analysis of data collected must lead to understanding the lifecycle
stages of agrifood products more frequently included in the life cycle studies,
and those less frequently studied.

2. Methodology

To investigate the research topic, we conducted a research based on a
systematic literature review, exploring the life cycle studies in agrifood sector in
scientific papers published during the period 2012 — 2017. To verify which
papers concern life cycle studies in the agrifood sector, a bibliographical survey
was conducted consulting international databases (ISI Web of Knowledge and
the main editors’ libraries') using the following research keywords: “life cycle”,
“life cycle assessment”, “carbon footprint®, “water footprint®, “agrifood”, “food”,
“food and beverage”. In order to include all the relevant papers in the literature
analysis, we selected them on the basis of the following criteria (coherently with
Luederitz et al, 2016 and Mazzi et al, 2016):

- Data Screening, which concerns the search in the established databases through
the established keywords;

- Data Cleaning, which concerns the evaluation of each papers selected in the
previous step (Data Screening), in order to decide their inclusion in the research
sample, based on the coherency of the title, abstract and full text with the research
topic.

Each paper has been categorized through the following variables, explained in
Table 1: year of publication, LC tool used, LC stage investigated, Country of
each LC stage. Then, a descriptive analysis of the selected papers was
conducted in order to know the statistical distribution of LC tools adopted, LC
stage investigated, country and mainland of each LC stage in the recent
scientific papers.

Table 1: Variables considered in order to categorize selected papers

Variables considered Possible values for each variable

Year of pubblication 2012, 2013, 2014, 2015, 2016, 2017

Life Cycle Assessment (LCA), Product Carbon Footprint (PCF),

LC tool .
00’ Water Footprint (WF), Others

LC stage investigated Cultivation/raising/fishing, Processing/operation, Retail/consumption

Country when took place the life cycle of Cultivation/raising/fishing,

Count . ) : .
ountry Processing/operation, Retail/consumption

Mainland when took place the life cycle of Cultivation/raising/fishing,

Mainland - : i i
ainian Processing/operation, Retail/consumption

1 Editors’ libraries consulted: https://www.sciencedirect.com; https://link.springer.com;
https://www.emeraldlink.com.au; https://onlinelibrary.wiley.com.
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3. Results

The selected papers from literature analysis are 299, published in several
scientific journals from 2012 to 2017. Moreover, we must consider that several
of the selected papers concerned of more than one life cycle study. Then, these
papers were divided into singular observations, correspondent to 412 studies.

Figure 1 represents the distribution of selected studies in terms of adopted LC
tools. The main findings are:

From 2012 to 2017 the number of life cycle studies is strongly increasing
(more than doubled).

The LC tool more frequently used is LCA, followed by PCF; PCF is the
LC tool with the greatest increase in papers in the last years (more than
tripled).

Instead, WF remains the less frequently used tool, despite in this
economic sector the water availability represents a felt problem.

In the group “Others” there is a consistent number of studies that have
adopted other LC tools as partial LCAs, Ecological Footprint, Life Cycle
Costing, Social LCA.

2017
2016
2015
2014

2013

2012

[=]

20 40 60 80 100 120 140 160 180

o Life Cycle Assessment  ® Product Carbon Footprint m Water Footprint others

Figure 1: Distribution of life cycle studies based on LC tool adopted

Figure 2 reprents the frequency of life cycle studies published from 2012 to
2017 that included each life cycle stage in their system boundaries. We can
underline following remarks:

More than 90% of these studies considers the LC stage of
cultivation/raising/fishing and about 85% investigates the LC stage of
processing/operation.

On the other hand, about 40% of the studies do not investigate the LC
stage related retail and consumption.

106



LC stage of retail/ consumption 248 164
LC stage of processing/ operations 360 52

LC stage of cultivation/ raising/ fishing 389 23

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

investigated not investigated

Figure 2: Frequency of life cycle studies based on the lifecycle stages investigated

Figures 3, 4 and 5 represent the frequency of countries where the LC stages of
cultivation/raising/fishing, processing/operation and retail/consumption took
place. This distribution allows us to state that the countries more frequently
involved in LC studies related to agrifood products are the following:

o with reference to cultivation/raising/fishing stage: Italy, China, Spain,
United States, and Australia;

e with reference to processing/operations stage: Italy, China, United
States, Spain, and Australia;

o with reference to retail/consumption stage: Italy, China, Sweden, United
Kingdom, and Spain.
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Figure 3: Frequency of life cycle studies based on countries of cultivation/raising/fishing
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Figure 5: Frequency of life cycle studies based on countries of retail/consumption stage

Figures 6, 7 and 8 represent the frequency of mainlands where the LC stages
took place: cultivation/raising/fishing (figure 6), processing/operations (figure 7)

and retail/consumption (figure 8).

The mainland more frequently involved in LC studies related agrifood products

is Europe, for all the lifecycle stages considered.



250 100%
90%
200 80%
70%
60%
50%

40%

150

100
30%
20%
10%

50

0%

Figure 6: Frequency of life cycle studies based on mainlands of cultivation/raising/fishing stage
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Figure 7: Frequency of life cycle studies based on mainlands of processing/operation stage
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109



4. Conclusions

In order to conduct a literature review of a systematic review of scientific papers
related to the adoption of LC tools in agrifood sector, 299 papers, concerning
412 life cycle studies, have been analyzed in terms of LC tools adopted, LC
stage investigated, country and mainland where each LC stage took place. On
the basis of the review results, it is possible to reach the following conclusions.

In recent years, the adoption of LC tools in the agrifood sector is constantly
growing. The LCA is the preferred tool, following by the PCF; the Water
Footprint, instead, is still rarely adopted. The LC tool with a more significant
increase in the last few years is PCF.

Lifecycle stages more frequently considered in life cycle studies related agrifood
products are cultivation/raising/fishing and processing/operations. Instead,
almost half of life cycle studies did not include the lifecycle stage related
retail/consumption. However, the number of life cycle studies including the
distribution and consumption phases is recently increasing.

The countries where more frequently life cycle studies related to agrifood sector
took place are ltaly, China, Spain, United States and Australia. For all the
lifecycle stages considered, the mainland more frequently involved is Europe.
Besides, almost all the studies that include the lifecycle stage of
retail/consumption took place in Europe.
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Abstract

The aim of this study is to present an experience of the application of the Sustainability
Assessment Methodology to a traditional private business. It deals about a significant case
study in which CESI S.p.A. applied an integrated LCA/LCC analysis to a 250 MVA HV/MV
power transformer produced from the Italian Tamini Trasformatori S.r.l. and remanufactured
from the traditional design- according to an innovative environmentally sustainable vision —
changing the insulation material from mineral to ester oil. The study was the starting point to
realize an Environmental Product Declaration and the preceding Product Category Rules,
currently underway. Such an innovative and green product development tries to anticipate
market demands, to improve the environmental performance and benefits of the energy
transformation process, to increase the migration to bio and renewable sources solutions.

1. Introduction

Electric power has nowadays undertaken a critical role in modern society and in
its functioning, and energy transmission is the fundamental connection between
users and electricity producers. Power transformation acts an essential part in
enabling the transmission and - at the same time — granting the highest
efficiency and reducing the losses during the whole process. Power
transformers functioning and manufacture is as well the ring of the chain to refer
to, in order to try to further enhance efficiency and sustainability. It deals,
however, of a mature product, which embodies a great potential thanks to its
fundamental role, its relevant size and its worldwide spread.

In recent years eco-design principles have started to be applied also in the
electrical engineering field, as attested by some works appeared in the literature
(Debusschere et al., 2007; Berti et al., 2009; Tran et al., 2009; Lindner et al.,
2010; Wei-Han et al., 2012; Spinosa et al., 2013), which is, nonetheless, still
very scarce. However, only few of them are reporting dedicated LCA studies of
power transformers (Berti et al., 2009; Jorge et al., 2012; Wang & Bessede,
2014), although some works are including transformers in their system
boundaries (Jorge & Hertwich, 2013; Turconi et al., 2013).

This study relates of an exceptional case study of an Italian company that
started applying Ecodesign concept to its activity, i.e. power transformers
manufacturing. Tamini remanufactured a traditional 250 MVA HV/MV (high
voltage/medium voltage) power transformer substituting - as insulation fluid -
ester oil for mineral oil. Consequently, other changes had to be studied and
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applied to the transformer structure, in order to maintain the performances and
to obey to the international standards in force. CESI was designated of the
impacts analysis of the new product according to the Life Cycle Thinking
methods, namely an integrated LCA/LCCA (Life Cycle Assessment and Life
Cycle Costing Assessment) analysis.

Beside the assessment analysis, for this product it has been drawn up an
environmental product declaration (EPD, ISO 14025:2010), now published as
pre-registered EPD from Environdec, and drafted in compliance with the
International EPD® System General Programme Instruction of the International
EPD® System. The EPD will be officially registered after the publication of the
document containing the Product Category Rules for that product class (the
product is an oil-immersed transformer and as such is part of a subgroup of
category UN CPC 46121 Electrical transformers). The previous PCRs were as a
matter of fact expired as they had been registered in 2000 and de-registered
since 2013 (www.environdec.com).

The importance of this experience of green design applied to private business

lies in many factors, as already showed:

e the product studied is one of the first high power HV/MV transformer with
vegetal oil on the market;

e the study of the sustainability assessment of such a product (and its
publication through the EPD) is a pioneering one;

e it represents a green design example in a traditional sector and applied to a
traditional and mature product, but which contains a great “improvement”
potential affecting global market, due to its relevant dimensions and its
essential function.

2. The “green” transformer

Figure 1: Tamini “green” transformer (ATR 15T037)

The product - the “green” 250 MVA autotransformer (Figure 1) - is an innovative

environmentally sustainable and eco-efficient product, insulated with ester oil,

and which commits to preserve environment and health, providing:

e an increase in the transformer life due to a longer life of the inside cellulose
based insulation;
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a limited pollution risk (in case of spillage or loss, or during operation,
installation and end-of-life phases) because ester oil is biodegradable and
less toxic;

e a greater safety (toxicity and anti-fire), because ester oil has a higher flash
point (more than double than the mineral oil one). This practically reduces
to zero the fire ignition possibility due to a fault;

e a potential strong reduction of the site construction related impact (smaller
distances between transformers and no longer indispensable collection
tank, even if still required by legislation);

e an improvement of the efficiency and of the environmental performance, the

power being equal.

3. Material and methodology

The LCA study presented in this document is a complete and detailed product
LCA, as defined in the ISO standards. It is important to notice that input data
and results exposed in this paper do not coincide exactly to those shown in the
EPD, as the functional units and the system boundaries considered are
different.

3.1.Goal and scope definition
The aim of the study was to evaluate the environmental impacts of an HV/MV
transformer insulated with an innovative bio-material. The assessment was
essentially conducted for external purposes, with green marketing goals.
Accordingly, this policy led to the development of the EPD.

The study was performed in accordance with the methodology defined by the
ISO standards (ISO 14040:2006, ISO 14044:2006) and adopted the “from
cradle to grave” perspective. Accordingly, the analysis includes raw materials
and components production, their transports and assembly, the use phase for
an average lifetime at a certain load and at a certain efficiency, with the
necessary ordinary and extra-ordinary maintenance, ending with the
transformer dismantling and disposal.

3.1.1. Functional unit

The function of the system is the HV/MV transformation of a 250 MVA power at
operating voltages of 400/135 kV. The functional unit adopted is therefore the
life of a 250 MVA power transformer insulated with vegetable oil for 35 years of
useful life (average life) at an average load of 70%.

3.1.2. System boundaries

The study uses the “from cradle to grave” perspective; therefore, it considers
upstream, core and downstream phases (Figure 2).

The upstream phase includes components supply, namely their production,
manufacturing and treatments. The core phase includes the following
processes: components transport to the assembly site, transformer assembly at
the factory, assembly factory consumptions and wastes; tests during the
assembly and partial disassembly processes (the latter, in order to be sent to
the operation site). The downstream phase includes the distribution, the use
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phase and the end-of- life. Distribution process considers the transformer
transport - with its packaging - to the use site, and its installation. Use phase
consists of losses related to the operation and functioning during the product
average life, the ordinary maintenance and extraordinary maintenance. The end
of life includes transformer dlsmantllng and its subsequent dlsposal
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Figure 2: System boundaries

Other relevant boundaries are linked to time and place. The reference year for
primary data is 2016. The geographical boundaries considered are different for
phases: global for the upstream, Italian for the core, Italian for the downstream.
The national one is just a possible downstream scenario - related to a real case
study - but the company is selling worldwide; other geographical scenarios,
although feasible, were not presented for brevity reasons.

3.1.3. Data quality

According to their quality level and to the source, the primary (and site specific)
data used to perform this LCA study are those referred to: inputs and outputs of
the assembly site (water, gas, electricity, waste, work force); timing and
absorptions of the assembly activities; tests features; year detailed production;
components detail, masses, materials and origins; production and treatments
processes; packaging quantity and type; transformer destination; ordinary and
extraordinary maintenance activities; disposal at end of life.

3.1.4. Study assumptions

The end-of-life scenarios of the materials to be disposed have been defined
according to the national statistics (ISPRA, 2017).

The phase of raw materials transport from the place of extraction to the
components production sites has been accounted for by using secondary data
including general transport scenarios; for some minor flows these data were
unavailable, then were excluded from the system boundaries.
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3.1.5. Allocation rules

The allocation was necessary because in the reference period other
transformers were produced in the plant. The applied allocations are based on
physical quantities. The variable used to allocate total consumptions, wastes
and packaging is the percentage corresponding to the green transformer power
(250 MVA) compared to the total power produced in the reference year. The
allocation used for energy absorption of manufacturing phase refers to the
production worked hours with respect to the total working hours of the plant in
the reference year.

A system expansion was considered to account for avoided products due to end
of life recycling.

4. Life Cycle Inventory Analysis

The inventory analysis consists in the identification and quantification of data
related to energy, water, flows and emissions into the environment for every
phase of the life cycle of the system. The total weight of the “green” transformer
(upstream phase) is around 220t, distributed among the components and
materials listed in Table 1.

Table 1: Inventory analysis for components (left) an for materials (right)

Component Weight Materials Weight
kg % ke %

Core 71610 32,09% Ferrosilicon 73672 33,01%
Oil filling 60700 27,20% Soybean oil 60700 27,20%
Tank assembly (Tank, Cover, Conservator,..) 40800 18,28% Steel 51691 23'16?
Windings 24600 11,02% copber 278 | LA

Cellulose 3743 1,68%
Frame 7040 3,15% Wood 2052 0,92%
Winding insulation 5400 2,42% Alluminium 1814 0,81%
Fans 5292 2,37% Paper 1052 0,47%
Magnetic shields 2170 0,97% Epoxy resin 837 0,38%
RIP Bushings HV 2100 0,94% Fiberglass 738 0,33%
Connections supports 660 0,30% Polyester resin 480 0,21%
Insulation frame/core 633 0,28% Plastic 372 0,17%
Connections braidings 570 0,26% Ir:)n alloy ;4i 0’15?
Tap changer 355 0,25% gal_:,:iron 136 8,02‘;;
Handrail & gratings 500 0,22% Insulating foam 171 0:08%
RIP Bushings MV 420 0,19% Silicone 129 0,06%
RIP Bushings neutral 65 0,03% Electric camponents 71 0,03%
Gaskets 50 0,02% Rubber 50 0,02%

As it deals of an LCA of an high energy consuming product, energy plays a
relevant role in the impact assessment; for every energy absorption of this life
cycle, the reference was the Ecoinvent profile related to the Italian energy mix
(“Electricity, high voltage {IT}| market for | Alloc Rec, U”). A relevant part of the
impacts, as shown later, is due to energy losses during the transformer life-time,
as assessed according to legislation limits and carried out taking into account
impacts generated by the production of the electricity required to offset them.
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5. Impact Assessment

This LCA study was performed using the SimaPro 8.0.5 Software. The source
of eco-profiles of the materials is the Ecoinvent database (also available in the
SW itself).

The environmental impacts were assessed using the multi-category method
“Recipe Midpoint Hierarchist / Europe (v1.12). This method links the inventory
analysis results to 18 impact categories, so it covers a broad category range. In
addition, the energy assessment (“Cumulative Energy Demand” method, v.1.09,
CED) and the system COz2 content (“Greenhouse Gas Protocol” method, GGP)
are presented.

The results of the environmental analysis are integrated with a simplified
economic assessment. The Environmental LCC is based on the same model,
system boundaries, functional unit, on the product whole life cycle as the LCA.
Both the assessments are performed through the SimaPro SW; a specific
method (“LCC, v.1”) and database was built on puropose. To evaluate a product
life cycle costing (Hunkeler et al., 2008) some costs (maintenance) needed to
be updated to their net present value (“values discount”).

6. Results

6.1.1. LCA Output

Almost all the categories, as shown in Table 2, are dominated by downstream
phase, except “marine eutrophication” and “metal depletion”, in which the
upstream phase prevails, due to the production of the components, for the
significant amount of metals involved). The use phase is far and wide dominant
in the other considered categories, because of the impacts generated by the
production of the electricity - necessary to compensate the losses - through the
considered mix.

The core phase is almost always negligible, with the exception of the two
categories linked to aquatic ecotoxicity, “freshwater ecotoxicity” and “marine
ecotoxicity”, due to the waste disposal processes impacts of some waste
generated in the assembly plant.

Lastly, the end-of-life phase gives a negative contribution in all impact
categories except those connected to aquatic toxicity. The “positive” effects of
this phase are attributable mainly to the processes of recycling and reuse of
materials.

According to the CED method assessment (Table 3), in each considered phase
the non-renewable energy content prevails; however, the use of a biological
fluid instead of one from fossil source causes enhances the renewable energy
content.

Analogously, the content of CO2 stored in the “green” system increases (Table
4) moving from the traditional transformer to the “green” one. Therefore the
green transformer has a good CO:2 storage capacity (the amount of carbon
dioxide stored in the system for its useful life represents an equivalent amount
of CO2eq seized from the environment for a significant number of years, 35). In
addition, there is an increase in the ratio “stored CO2¢eq” on “emitted COzeq”.
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Table 2: Detailed contributions of the “green” transformer life phases to
ReciPe impact categories

Impact Category M.U. Total Upstream Core Downstream
Climate change kg CO2 eq 6,4E+07 9,3E+05 1,5% 1,1E+05 0,2% 6,3E407 | 98,4%
Ozone depletion kg CFC-11eq 8,4E+00 5,4E-02 0,6% 1,5E-02 0,2% 8,4E+00 99,2%
Terrestrial acidification kgS0O2 eq 2,4E+05 5,1E+03 2,1% 4,5E+02 0,2% 2,3E+05 97,7%
Freshwater eutrophication kgPeq 1,0E+04 1,0E+03 10,1% 1,2E+01 0,1% 9,2E+03 89,8%
Marine eutrophication kgNeq 8,4E+03 7,6E+03 91,2% 1,56+01 0,2% 7,2E+02 8,6%
Human toxicity kg1,4-DBeq 9,4E+06 1,6E+06 17,1% 1,4E+04 0,1% 7,8E+06 82,7%
Photochemical oxidant formation kg NMVOC 1,4E+05 3,8E+03 2,7% 3,5E+02 0,2% 1,4E+05 97,1%
Particulate matter formation kg PM10 eq 7,4E+04 3,2E+03 4,3% 1,5E+02 0,2% 7,1E+04 95,5%
Terrestrial ecotoxicity kg1,4-DBeq 2,3E+03 6,7E+02 29,6% 7,9E+00 0,4% 1,6E+03 70,0%
Freshwater ecotoxicity kg 1,4-DBeq 3,4E+05 4,2E+04 12,5% 1,7E+04 4,9% 2,8E+05 82,6%
Marine ecotoxicity kg1,4-DBeq 3,0E+05 4,1E+04 13,7% 1,4E+04 4,7% 2,5E+05 81,6%
lonising radiation kBq U235 eq 1,1E+07 9,1E+04 0,8% 1,3E+04 0,1% 1,1E+07 99,0%
Agricultural land occupation m2a 1,5E+06 5,8E+05 38,5% 1,7E+03 0,1% 9,3E+05 61,4%
Urban land occupation m2a 2,1E+05 1,4E+04 6,7% 1,1E+03 0,5% 1,9E+05 92,8%
Natural land transformation m2 9,7E+03 9,3E+02 9,6% 2,2E+01 0,2% 8,8E+03 90,2%
Water depletion m3 4,3E+05 1,7E+04 4,0% 6,9E+02 0,2% 4,1E+05 95,8%
Metal depletion kgFe eq 1,7E+06 1,4E406 84,6% 1,5E+03 0,1% 2,6E+05 15,4%
Fossil depletion kg oil eq 1,9E+07 1,9E+05 1,0% 3,4E+04 0,2% 1,9E+07 98,8%
Table 3: Contributions of the CED method
Upstream Core Downstream Total
MJ | % MJ % MJ % MJ %
Primary energy non renewable PE-Nre| 9,89E+06 | 68% 1,68E+06 92% 9,80E+08 87% 9,92E+08; 87%
Primary energy renewable PE-Re 4,57E+06 | 32% 1,48E+05 8% 1,43E+08 13% 1,47E+08 13%
[ Total [ 1.45E+07 ] 1% [ 1.83E+06] 0% [ 1,12E+09 [ 99% | [1,14E+09]
Table 4: Contributions of the GGP method
Impact category M.U. Total Upstream Core Downstream
Total kton CO, 63817,2 703,6 117,5 62996,1
Fossil CO2 eq kton CO, 63502,9 749,9 109,7 62643,3
Biogenic CO2 eq kton CO, 1324,8 56,1 8,9 1259,8
CO2 eq from land transformation kton CO, 6,7 169,0 0,0 -162,2
CO2 uptake kton CO, -1017 1 -271,3 -1,1 -744,7
% (uptake/emissions) % 1,6% 27,8% 0,9% 1,2%
6.1.1. LCC Output
According to the LCC method, the predominant economic impact is due to

electricity costs (67,8%), whose main contribution comes from the energy
consumption necessary to compensate the losses in the use phase, in line with
the LCIA results. Other quantitatively major contributions are components
(22,1%) and personnel (9,7%) costs.

7. Conclusions

The study presented the results of an integrated environmental and economic
analysis on a high energy consuming traditional object, remanufactured in an
“‘eco-friendly” way. The results locate the main impacts — both economic and
environmental — on the use phase, due to the energy consumptions necessary
to compensate the transformation losses. In conclusion, the work demonstrates
that there is room also for green design on market-mature and traditional
products with positive consequences on their environmental performances.

118



References

Scientific journal:

Berti, R., Barberis, F., Rossi, V. & Martini, L. Compararison of the ecoprofiles of
superconducting and conventional 25 MVA transformers using the life cycle assessment
methodology. Proceedings of the IET Conference Publications, 2009.

Debusschere, V., Ben Ahmed, H., Multon, B. & leee. Eco-design of electromagnetic energy
converters: The case of the electrical transformer. Proceedings of the leee lemdc 2007:
Proceedings of the International Electric Machines and Drives Conference, Vols 1 and 2, New
York, 2007, leee, Pp. 1599-+.

Jorge, R.S., Hawkins, T.R. & Hertwich, E.G. (2012) Life cycle assessment of electricity
transmission and distribution-part 2: transformers and substation equipment. International
Journal of Life Cycle Assessment, 17, 184-191.

Jorge, R.S. & Hertwich, E.G. (2013) Environmental evaluation of power transmission in Norway.
Applied Energy, 101, 513-520.

Lindner, C., Treier, L., Meyer, F., Pohlink, K., Dardel, T., Kieffel, Y. & Huet, . Environmental
analysis of different technologies for a Swiss high-voltage substation. Proceedings of the 43rd
International Conference on Large High Voltage Electric Systems 2010, CIGRE 2010, 2010.

Spinosa, A., Kieffel, Y. & Huet, I. (2013) Eco-design in high voltage applications, illustration by
two concrete cases. European Journal of Electrical Engineering, 16, 511-528.

Tran, T.V., Brisset, S & Brochet, P. (2009) Approaches for the ecodesign in electrical
engineering application to a safety transformer. 6th International Multi-Conference on Systems,
Signals and Devices. SSD 2009, art. no 4956695, 1-8

Turconi, R., Simonsen, C.G., Byriel, I.P. & Astrup, T. (2013) Life cycle assessment of the
Danish electricity distribution network. The International Journal of Life Cycle Assessment, 19,
100-108.

Wang, W. & Besséde, J.L. (2014) Life cycle assessment of equipment for electricity
transmission and distribution networks. Eco-friendly Innovation in Electricity Transmission and
Distribution Networks, 123-133 pp.

Wei-Han, W., Tao, L., Ymg-Hao, L. & Shui-Hua, G. (2012) Evaluation on contribution of steel
products to environmental improvement from life cycle assessment perspectives. Journal of
Shanghai Jiaotong University (Science), 17, 370-372.

Monograph:

Frischknecht, R.; Jungbluth, N.; Althaus, H.J.; Doka, G.; Dones, R.; Hischier, R.; Hellweg, S.;
Humbert, S.; Margni, M.; Nemecek, T.; Spielmann, M. 2007. Implementation of Life Cycle
Impact Assessment Methods: Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle
Inventories, Dibendorf, Switzerland.

Hunkeler, D, Rebitzer, G, Lichtenvort, K, (edts.) 2008. Environmental Life Cycle Costing.
SETAC publications, New York, USA.

ISPRA (2017) Rapporto Rifiuti Urbani 272/2017
PRé a.a.v.v., 2015, SimaPro Database Manual Methods library; Report version: 2.8

WBCSD & WRI. 2009. Product Life Cycle Accounting and Reporting Standard. Review Draft for
Stakeholder Advisory Group. The Greenhouse Gas Protocol Initiative. November 2009

Standard or rules:
UNI EN ISO 14025:2010 Environmental labels and declarations -- Type Il environmental
declarations -- Principles and procedures

UNI EN ISO 14040/14044:2006 - Environmental management - Life cycle assessment -
Principles and framework (14040) and Requirements and guidelines (14044).

119



Eco-design of wooden furniture based on LCA.
An armchair case study

Isabella Bianco', Alice Ghietti', Gian Andrea Blengini', Elena Comino’

1 Politecnico di Torino - Corso Duca degli Abruzzi 24, 10129, Italy

Email: isabella.bianco@polito.it

Abstract

The European wooden furniture industry is currently more and more involved in enhancing the
sustainability of its products. In this context, this paper analyses the case study of a wooden
armchair currently on the market, with the aim of defining some eco-design solutions able to
improve its environmental profile. The Life Cycle Assessment (LCA) method is employed to
identify processes and materials majorly responsible of the armchair impacts. Three integrated
solutions are here proposed: the use of local wood, the substitution of urea-formaldehyde resin
with soya-based adhesive and the substitution of foam cushion filler with poplar cotton. Through
a second LCA it emerges that these solutions can significantly enhance the armchair
sustainability. Beyond the specific armchair case study, the eco-design solutions here proposed
can be applied to other wooden furniture with similar supply chains.

1. Introduction

The furniture industry is an important sector in Europe, employing around 1
million workers and being the world leader for high-end segment (EU
Commission, 2013). The European furniture sector is nevertheless currently
facing a strong and increasing competition from overseas competitors, having
low production costs. In response to the high competition, but also to the recent
European Environmental policies and to the increase of consumers awareness
toward environmental issues, the EU furniture industry is currently focusing the
attention to the reduction of potential impacts caused by its products.

In order to assess the sustainability of furniture, a high number of ecolabels
have been developed. Among the most recognised ecolabels that certify the
environmental excellence of products, there is the European Ecolabel, whose
logo is the well-known flower. As far the furniture product category is
concerned, the ecological criteria for the award of the EU Ecolabel have been
reviewed by the European Commission in 2016 (EU Commission, 2016).
Specific criteria have been published for wood, cork, bamboo, rattan, plastics,
metals, textiles, leather, coated fabrics, polyurethane foams, latex foams and
glass. Moreover, restrictions have been introduced for limiting the presence or
the emission of hazardous substances, such as formaldehyde and VOCs.
Formaldehyde can therefore cause respiratory problems and irritation to eyes,
nose and throat (McGwin et al., 2010) and it has been classified as a human
carcinogen by the International Agency for Reaserach on Cancer (IARC) in
2004. Formaldehyde is often present in composite wooden products that are
made with urea-formaldehyde resin. Moreover, varnishes, paints, primers, wood
stains, biocidal products (such as wood preservatives), flame retardants, fillers,
dyestuff are potential sources of VOCs and toxic gas release. Finally, beyond
the human toxicity, the different materials employed in wooden furniture
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industries (necessary, for example, to produce upholstery, wheels, hinges, etc.)
could have more or less significant potential environmental impacts depending
on their specific supply chain.

Therefore, furniture industries interested in minimising environmental impacts of
wooden furniture should start from the design conception and study the product
with a Life Cycle approach. Different research groups have focused on wooden
furniture ecodesign: Lahtinen et al. (2014) identified ecological criteria to be
applied to Scandinavian wooden furniture industries; Gonzales-Garcia et al.
(2012) proposed strategies to mitigate the main environmental impacts detected
in the material stage, production and use of wooden furniture; Mestre and
Vogtlander (2013) describe how sustainable furniture can be produced with
cork, which is a natural, recyclable, renewable and non-toxic material.

In this context, the aim of this paper is to contribute to define eco-design
solutions for the wooden furniture industry. To this purpose, a wooden armchair
currently on the market has been taken as case study and it has been analysed
through a Life Cycle Assessment (LCA) to identify the main environmental
impacts and the related sources. Alternative more sustainable materials are
then proposed in substitution to the elements causing the major impacts,
without modifying the esthetical and geometrical characteristics of the armchair.

2. Methodology

A Life Cycle approach has been applied to identify eco-design solutions able to
enhance the environmental profile of the armchair chosen as case study.

The wooden armchair has been assessed with a Life Cycle Assessment (LCA)
developed according to the indications given in the ISO 14040-44 standards
and in the ILCD (International Reference Life Cycle Data System) Handbook
(EU Commission, 2010).

The Functional Unit is 1 armchair and the system boundaries include materials,
energy and emissions involved in the production of the armchair components,
the related transportation and the final assembly till the factory gate (from-
cradle-to-gate analysis). The producer provided primary data on the origin of the
armchair components and on their physical and geometrical characteristics.
Secondary data from Ecoinvent v2.2 database and from scientific literature
were employed for background data of components production.

The Life Cycle Impact Assessment (LCIA) has been carried out with ReCiPe
Midpoint (H) method, focusing in particular on the impact categories of climate
change, fossil depletion, human toxicity and ozone depletion. Climate change
category has been chosen because it is the most worldwide recognised impact
category connected to the international low-decarbonization strategies.
Moreover, together with ozone depletion, the robustness of the related impact
methods is confirmed by the extensive scientific consensus on the respective
characterisation factors. Human toxicity has been chosen in reason of the
considerations made in the Introduction paragraph, while fossil depletion was
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analysed because of the presence of some petroleum-based armchair
components.

From the interpretation of the LCIA results, the materials and processes majorly
responsible of the impacts were identified. With the aim of enhancing the
environmental performances of the armchair, possible alternative solutions were
studied. The eco-design phase took into account materials and products
already available in the market, as well as processes investigated by the
scientific literature. The solution proposals have been checked with a further
LCA and impact results of the enhanced armchair were compared with the
standard one.

3. Case study: the armchair

The case study is a wooden armchair (Figure 1) produced by an architectural
and design studio located in Turin (northern ltaly). The armchair is obtained
from a sheet of birch plywood having dimensions of 1525x1525x15 mm?3. The
plywood contains formaldehyde resin and it is produced in St. Petersburg
(Russia) and transported to Italy with a lorry. The armchair cushion is made with
foam rubber filler and cotton upholstery. Finally, a steel bar supports the
backrest.

\

»r
__a?"/

I ]

Figure 1: Case study armchair

The inventory is showed in Table 1: input/output quantities are primary data
provided by the design studio, while datasets from Ecoinvent v2.2 database
were employed for the processes of transportation and for the production of
plywood, foam and steel. As it can be noticed from the graphs showed in Figure
2, for all the analysed impact categories, the higher impacts are related to the
formaldehyde contained in the plywood, to the foam production and to the
transportation of plywood from Russia to ltaly. These results are in line with
similar studies in the wooden furniture field.

122



Table 1: Input/output ta

ble related to the production of 1 armchair

Input Quantity | Unit of Reference process
measure
Plywood 0.02590 m3 ecoinvent2.2/wooden materials/extraction/plywood
indoor use at plant - RER
Transport | 47219 kg*km ecoinvent2.2/transport system/road/lorry 16-32t EURO
with Lorry 3-RER
Foam 2 kg ecoinvent2.2/plastics/polymers/polyurethane flexible
foam at plant -RER
Steel 0.401 kg ecoinvent2.2/metals/general manufacturing/average
metal working - RER
Cotton 0.002 kg ecoinvent2.2/textiles/production/woven cotton at plant
-GLO
Output Quantity | Unit of
measure
Armchair 18.973 kg -
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Figure 2: Impact contribution of materials and processes related to the standard armchair
supply chain

4. Eco-design solutions

From the LCIA results, it comes to light that to enhance the armchair
sustainability it is necessary to identify design solutions able to avoid the use of
formaldehyde in the plywood production, minimise the transportation and
provide alternative materials for the cushion filler. For each of these three goals
this paper proposes a possible solution, hereafter described.

4.1 Local wood

Since the armchair final assembly takes place in Turin (Piedmont, northern
Italy), the impacts due to plywood transportation could be highly minimised
employing a local plywood. The wood industry in Piedmont has a long tradition
and it still represents an important production activity; according to the last
statistics of Regione Piemonte (2006), the total wood production is of 215000
m?3 and about 50% comes from poplar plantations. Poplar wood has a lower
density than birch wood and it has good mechanical properties to bending and
tensile strength, which allow this wood to be used for many different purposes,
included furniture production.

Beyond the significant environmental benefit due to the avoidance of long-
distance transport, a short supply chain would also enhance the local economy
and resources.

4.2 Soya-based adhesive

Urea-formaldehyde (UF) resins employed for the plywood production could be
replaced by an alternative, formaldehyde-free adhesive. Soy protein-based
adhesives were used from the 1930s (Liu, 1997), but since the World War I
period they have been replaced by petroleum-based adhesives, that provided
higher water resistance. Currently, restrictions on formaldehyde emissions bring

124




back the soy adhesives, which have been object of research and industrial
developments to provide a product that performs as well as UF resins.

Huang and Li (2008) and Zhu and Damodaran (2014) studied chemical
processes able to provide soy flour (SF)-based adhesives that improve strength
and water-resistance of plywood panels. The process for producing this
adhesive takes place with chemical phosphorylation of SF (PSF), using POCI3
as the phosphorylating agent. Therefore, since this method replace petroleum-
derived elements with abundant, renewable and inexpensive soy flour, it could
represent a valiant solution to increase the sustainability of plywood.

4.3 Poplar cotton

The armchair cushion, currently produced with foam rubber, should be replaced
with a renewable, non petroleum-based material. Since as described in
paragraph 4.1, poplar is a diffused resource in the Piedmont area, it is here
proposed the use of poplar cotton. This latter is obtained from poplar seed hair
fibres, which are harvested from the poplar seed pods and then ginned. Poplar
cotton is used since XIX century as filler for cushions and despite nowadays it
has not a wide market, it is still employed, especially in North America, for the
production of cushions, mattresses and as insulating material. Therefore,
according to Chen and Cluver (2010), poplar seed hairs have a higher fill power
(defined as fibre volume per unit of mass) than both down and wool.

5. LCA comparison between standard and enhanced armchair designs

A LCA has been developed considering the production of the same armchair
with local plywood produced with soy-based adhesive and with a cushion made
of poplar cotton. The steel bar and the cotton upholstery of the cushion
remained unchanged; since poplar plantations are located in Piedmont, a
transportation of 50 km with lorry has been estimated. Process data were found
in literature, while for background processes the Ecoinvent v2.2 database was
used. ReCiPe Midpoint (H) method has been employed to calculate the impact
of the armchair produced with the proposed eco-design solutions.

A comparison between the standard and the proposed designs of the armchair
has been carried out. Table 2 shows the absolute values obtained for the four
analysed impact categories. Since the lifetime of the armchair is estimated to be
shorter than 100 years (that is the time horizon of the chosen method for the
climate change impact category), the biogenic carbon stocked by wood
plantations is not calculated. Therefore, the treatment that the armchair will
undergo at its end-of-life will presumably cause the release of the CO2 stocked
during the plant growing to the environment.

Graph in Figure 3 shows the role of each choice in the reduction of impacts for
the four analysed impact categories; it is therefore compared the contribution of
the two types of plywood (respectively with formaldehyde and soya-based
adhesive), of wood transportation (respectively from Russia and within the
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Italian region of Piedmont) and of the cushion filler (respectively made of foam

and poplar cotton).

From Table 2 and Figure 3 it clearly emerges that the new design solutions
generate significant environmental benefits.

Table 2: LCIA results related to the armchair with standard and new proposed design

Impact category Standard armchair Proposed armchair
Climate Change [kg CO, eq.] 32,06 4,81

Fossil depletion [kg oil eq.] 11,87 1,38

Human toxicity [kg 1,4-DB eq.] 2,96 1,85

Ozone depletion [kg CFC-11 eq.] 2,84E-06 4,26E-07

Climate Change [kg CO; eq.]

= T S - T
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Standard armchair Prapased armchair

Fossil depletion [kg oil eq.)

Plyresaad Traspart

Standard armchair Proposed armchair
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Figure 3: Comparison of environmental impacts for each of the three variants analysed for the

6. Conclusions

new armchair design

The study presented in this paper aims to identify possible eco-design solutions
to increase the environmental profile of a wooden armchair currently on the
market. LCA has been employed to identify materials and processes causing
the major environmental impacts (with reference, in particular, to climate
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change, fossil depletion, human toxicity and ozone depletion impact categories).
From this analysis it emerged that the highest impacts contribution comes from
the use of urea-formaldehyde resins in the plywood production, from the long-
distance transport of wood and from the use of foam rubber as cushion filler.
Subsequently, solutions able to avoid or reduce the impacts have been studied
and proposed. The actual benefit has been checked through a comparative
LCA between the standard and the enhanced armchair designs. This evaluation
confirmed that the use of local wood, together with the substitution of urea-
formaldehyde resins with soy-based adhesive and of foam rubber with poplar
cotton, lead to a significant enhancement of the armchair sustainability. The
developed LCA presents some limits, mainly due to the unavailability of primary
data for the armchair components production. Nevertheless, the main focus of
this study was not the quantification of the specific impacts values of the
armchair, but rather the identification of solutions able to improve the global
environmental performance. Moreover, beyond the specific case study, this
paper aims to contribute to the identification of eco-design solutions to be
applied also to analogous supply chains of wooden furniture.

7. References

Chen, HL, Cluver, B, Assessment of Poplar Seed Hair Fibers as a Potential Bulk Textile
Thermal Insulation Material. Clothing & Textiles Research Journal 000(00), 1-8.

Hildesheim, A, Dosemeci, M, Chan, CC, Chen, CJ, Cheng, YJ, Hsu, MM, Chen, IH, Mittl, BF,
Sun, B, Levine, PH, Chen, JY, Brinton, LA, Yang, CS, 2001. Occupational exposure to wood,
formaldehyde, and solvents and risk of nasopharyngeal carcinoma. Cancer Epidemiology and
Prevention Biomarkers, 10(11), 1145-1153.

EU Commission, 2010. International Reference Life Cycle Data System (ILCD) Handbook:
General guide for Life Cycle Assessment - Detailed guidance. 1st Edition 2010.

EU Commission, 2013. A Blueprint for the EU forest-based industries (woodworking, furniture,
pulp & paper manufacturing and converting, printing). SDW (2013). 343.

EU Commission, 2016. Commission decision (EU) 2016/1332 of 28 July 2016 establishing the
ecological criteria for the award of the EU Ecolabel for furniture.

Gonzalez-Garcia, S, Garcia Lozano, R, Moreira, T, Gabarrell, X, Rieradevall i Pons, J, Feijoo,
G, Murphy RJ, 2012. Eco-innovation of a wooden childhood furniture set: An example of
environmental solutions in the wood sector. Science of the Total Environment 426, 318-326.

Huang, J, Li, K, 2008. A New Soy Flour-Based Adhesive for Making Interior Type Il Plywood. J
Am Oil Chem Soc 85, 63—70

International Agency for Research on Cancer, 2004. Formaldehyde, 2-Butoxyethanol and 1-tert-
Butoxypropan-2-ol. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans
Volume 88.

ISO, 2006. ISO 14040:2006 (EN) Environmental management - Life cycle assessment -
Principles and framework.

ISO, 2006. ISO 14044:2006 (EN) Environmental management - Life cycle assessment -
Requirements and guidelines.

127



Lahtinen, K, Samaniego Vivanco, DA, Toppinen A, 2014. Designers’ wooden furniture
ecodesign implementation in Scandinavian country-of-origin (COQ) branding. Journal of
Product & Brand Management, Vol. 23 Issue: 3, 180-191.

Liu, K, 1997. Soybeans—chemistry, technology, and utilization. International Thomson
Publishing, New York.

McGwin, G, Lienert, J, Kennedy JI, 2010. Formaldehyde exposure and asthma in children: a
systematic review. Environ. Health Perspec. 118, 313-317.

Mestre, A, Vogtlander, J, 2013. Eco-efficient value creation of cork products: an LCA-based
method for design intervention. J. Clean. Prod. 57, 101-114.

Regione Piemonte, 2006. Indagine del mercato dell’arboricoltura da legno piemontese con
particolare riferimento alla pioppicoltura.

Zhu, D, Damodaran, S, 2014. Chemical Phosphorylation Improves the Moisture Resistance of
Soy Flour-Based Wood Adhesive. J. Appl. Polym. Sci. 131, 40451.

128



Life Cycle Thinking in online accommodation booking
platforms: making a more sustainable choice

loannis Arzoumanidis’, Luigia Petti', Andrea Raggi’

'Department of Economic Studies, University “G. d’Annunzio”, Pescara, Italy

Email: a.raggi@unich.it

Abstract

The rise in tourism arrivals and the need for the achievement of sustainability goals have also
caused an ever-growing attention towards sustainable tourism. Recently, online platforms and
tour operators have become one of the most common means of booking in tourism and they
can play an important role for the promotion of sustainable tourism. The objective of this paper
is to identify to what extent and how the concept of sustainability can be integrated within these
websites and whether this has already been done. Additionally, a set of life-cycled-based
indicators is aimed to be identified or proposed for the selection of sustainable accommodation
within these websites. Tourists would therefore be assisted when it comes to choosing the most
sustainable option of accommodation, in the same way as they can already do today when
selecting the most convenient fare or the most suitable location and features.

1. Introduction

Recently, tourism arrivals reached a total of 1,322 million worldwide in 2017
(UNWTO, 2018) and they are expected to increase by 3.3% a year between
2010 and 2030 to reach 1.8 billion by 2030 (UNWTO, 2017a). Furthermore, the
need for achieving the sustainability goals has also caused an ever-growing
attention towards sustainable tourism. Recently, online platforms and tour
operators have become one of the most common means of booking in tourism
(Dutta and Manaktola, 2009). Although most of sustainability challenges depend
on human behaviour (Baddeley and Font, 2011), it is this behaviour that can be
aided and guided when it comes to making the right choices -a “nudge” as
described by the Nobel laureate Thaler (Thaler et al., 2014)-, e.g., selecting an
environmentally friendly or so-called “green” hotel through the interface of an
online booking platform.

Most of the sustainability-related impacts in tourism take place throughout the
supply chain of a tour operator (Schwartz et al., 2008). Life Cycle Assessment
(LCA) is a robust and standardised methodology that follows the concept of Life
Cycle Thinking and helps evaluate the environmental impact of goods and
services throughout their supply chain. This can also be of help to select the
most environmentally sound choice between two or more options (ISO, 2006).
Tourism is one of the sectors where LCA has been increasingly studied by the
scientific community (De Camillis, 2010). This is also because tourist activities
can be considered as a global power towards a local economic development,
particularly for some regions of the world (Hsieh and Kung 2012; Rizzi and
Graziano, 2017). Finally, there is a great number of eco-labels in tourism (De
Camillis, 2010), which can be somehow confusing for the final users.

129


mailto:a.raggi@unich.it

This paper builds on previous research (Raggi et al., 2018) and has a twofold
objective. One aim is to identify to what extent and how the concept of
sustainability can be (or has already been) integrated within accommodation
booking websites. Additionally, even though the identification or proposal of
sustainability indicators for the tourism sector is quite common (see, for
example, Agyeiwaah et al., 2017), an attempt will be made here to identify a set
of life-cycle-based indicators for the selection of environmentally-sound
accommodation within these websites.

This paper is structured as follows: in Section 2 the methods and strategies for
the analysis of this study are described in detail. In Section 3 the results
obtained are presented and discussed. Finally, some conclusions are drawn in
Section 4.

2. Materials and Methods

The first objective required the identification of the extent and the way the
concept of sustainability can be integrated within online booking websites and
whether this process has already started. This was addressed by means of a
literature review and via the analysis of the websites, as it will be described
hereafter.

A literature review was performed in order to identify whether the concept of
sustainability has been tackled so far by online booking platforms and tour
operators. This was carried by searching the Scopus and WebOfScience
databases. The keyword combinations used for the literature search included:
(“online booking” OR “online platform”) AND (“hotel*” AND “accommodation”
AND hospitality”) AND (“sustainab*” OR “environmen*”); and (“online platform”
OR “tour operator*”) AND “sustainab*”, in the fields of article title and abstract.
The results were then evaluated with regard to their relevance to the topic. The
screening resulted in 8 scientific contributions. The results of the literature
review are presented in Section 3.1.

The second part of the analysis concerned the online booking platforms. The
aim here was to explore whether the existing platforms have somehow
incorporated the concept of sustainability. Initially, a set of platforms had to be
identified from the vast number of existing ones. This was performed through a
selection procedure. The hypothesis made was that in order to depart for an
overnight trip one needs to book for an accommodation; thus, the number of
visits to online booking platforms is assumed to be related to the number of
trips. Based on the available statistics, the number of trips for each country of
the world was calculated as the sum of the domestic trips of overnight visitors
(UNWTO, 2017b) and the departures from the country of usual residence to any
other country (World Bank, 2017), for 2015. The results showed the countries
with the most trips'?, which included (in order of magnitude): India, Japan,
Germany, France, United Kingdom, Spain, Canada, South Korea, Australia,
Poland, Turkey, Italy, Saudi Arabia, Netherlands, Finland, Argentina, Hungary,

12 The databases do not always provide data for all countries of the world. In this study, the
analysis was performed for the countries for which there was available data.
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Czechia, Romania, Chile, Austria, Switzerland, Belgium, Ireland, Venezuela,
Ecuador, Greece, Georgia, Uruguay, Bulgaria, Croatia, Latvia, Lithuania,
Slovenia, Estonia, Cyprus, Armenia, Swaziland, Luxembourg, Zimbabwe,
Belarus, Malta, Moldova, Tajikistan (Raggi et al., 2018). The ones that
cumulatively made up a percentage of more than 80% of the total trips were
considered (India, Japan, Germany, France, United Kingdom, Spain, Canada,
Australia, Poland and Turkey)'3.

Then the most visited websites for online accommodation booking for the
previously identified countries were identified. This was accomplished using a
research service for online marketing (Semrush, 2018), through the search
option for competitors for one of the platforms. This provided detailed results
for the traffic (number of visits) of online booking websites performed through
the Google research engine for all the selected countries. Once the various
traffic-related visits were summed up, the 10 most visited websites were
identified (Booking, 2018; Cleartrip, 2018; Etstur, 2018; Expedia, 2018;
Holidaycheck, 2018; Hotels, 2018; Kayak, 2018; Makemytrip, 2018; Tripadvisor,
2018; Trivago, 2018).

In the third step, the selected websites were analysed in order to identify
whether they had included the concept of sustainability. This was performed by
(a) visiting the websites and trying to perform a test search for accommodation;
and (b) searching in the web (by using the Google search engine) for
sustainability-related issues regarding those websites. As far as (a) is
concerned, the procedure included a search for the keywords “sustainable”,
“sustainability”, “environment” or “green” in three different phases of a normal
booking process, that is: i) the home page of the website; ii) the page with the
resulting list of accommodation proposals'®; iii) the page of selected
accommodation. Regarding (b), the search was conducted to understand
whether the specific platforms were somehow involved in schemes, promotions
or awards concerning sustainability issues. The results of this analysis are
presented in Section 3.2.

The second objective of this study was to identify whether any life cycle-related
indicators could be identified for the sector. This was performed via another
review of the scientific literature. As with the first review, this was carried out
searching the Scopus and WebOfScience databases. The used keyword
combination included: “indicator*™” AND “life cycle” AND “environment*” in the
field of article title; and “indicator*” AND (“LCA” OR “Life Cycle Assessment”)

3 The initial list included South Korea instead of Poland and Turkey. However, no data were
found regarding the Korean internet traffic towards the various online booking platforms. For this
reason, this country was substituted by the next ones in the classification, until the 80%-trip
minimum threshold was reached.

4 The cited service compares different competitor websites in terms of their common keywords.
This was done in order to include all possible online booking platforms for each country (both
local and international) and not to be limited to a list of platforms that would have been set a
priori.

15 During the test search performed, the same destination city (Rome) and days of overnight
stay (November 11th to November 12th, 2017) were selected for all websites.

131



AND (“touris®™ OR “accommodation”) in the fields of article title and abstract.
The results were then evaluated with regard to their relevance to the topic. The
screening'® resulted in 6 papers, which are presented in Section 3.3.

3. Results and Discussion

3.1.Literature review on sustainability and online booking platforms
and tour operators

The review on whether sustainability has been tackled so far by online booking
platforms and tour operators (see Section 2) resulted in 8 scientific
contributions: seven journal articles (Schwartz et al., 2008; Sigala, 2008; Dutta
and Manaktola, 2009; Baddeley and Font, 2011; Nicoli and Papadopoulou,
2017; Ponnapureddy et al., 2017; Tasci, 2017) and one book chapter (Hamid
and Isa, 2017).

A general result to be highlighted is the scarcity of the findings. Indeed, none of
the reviewed papers reports any case of online booking platform having actually
implemented sustainability issues. Nevertheless, some of the identified articles
try to define what sustainable tourism actually is, as well as the importance of
the online tour operators and booking platforms and in promoting it.
Furthermore, the choice of a sustainable accommodation was found to be
dependent on socio-demographic factors or be somehow
unintentional/incidental (Ponnapureddy et al., 2017; Tasci, 2017). The practices
towards a sustainable tourism development may require several approaches,
such as Supply Chain Management (Schwartz, 2008; Sigala, 2008; Hamid and
Isa, 2017) and Corporate Social Responsibility (Dutta and Manaktola, 2009;
Hamid and lIsa, 2017). Furthermore, the importance of the companies’
awareness of their potential to promote (or not) sustainability issues is
highlighted (Schwartz, 2008; Dutta and Manaktola, 2009). The issue of a
sustainable Supply Chain Management (SCM) in tourism is stressed also from
the difficulty a company may face when trying to persuade its external
contractors or suppliers to gather and report all the necessary information
(Sigala, 2008). Nonetheless, a successful sustainable SCM may be hindered by
cultural and/or political issues affecting a country (ibid.). Moreover, the need for
use of SCM sustainability indicators in the sector is underlined (Schwartz, 2008;
Baddeley and Font, 2011; Hamid and Isa, 2017). Finally, since the customers’
review schemes used by some online booking platforms were found to be able
to determine the reputation of a hotel (Nicoli and Papadopoulou, 2017), they
can be used ideally for the promotion of sustainable tourism.

3.2. Analysis of the identified booking platforms

The analysis of the identified online booking platforms (Section 2) was twofold.
Firstly, the interface of the various websites was taken into account. A careful
examination showed that in 8 cases out of 10, the platforms did not provide any
information regarding the environmental-friendliness or sustainability) of the

16 The screening process for the general review on life cycle indicators for the environment was
performed for articles tackling this issue not limited to only one economic sector.

132



hotels, etc. This was identified both regarding the research filtres and within the
selected accommodation solution as well as their home page. Only one of the
websites provided the option to search for “green” accommodation.
Nevertheless, this was not a direct option from the home page, rather a filtre
that could be selected once the list of available hotels, hostels etc., had been
obtained. Furthermore, once a “green” hotel had been selected, more
information could be found on its platform-related webpage under a green leaf
logo. This information was related to a hotel award scheme of the specific
website, which will be described below. Finally, two of the platforms were found
to be only available in languages other than English. The first one was in
German and was evaluated; the second one was in Turkish and it was excluded
from this analysis due to lack in understanding it. For a schematic
representation of the results, please refer to Fig. 1.

The second part of the analysis included the search of sustainability-related
issues for the identified websites. For four platforms no results emerged; two of
them included dedicated pages on “green” accommodation, one specifically on
“green” hotels and its own award scheme and the other on how to reduce one’s
carbon footprint by donating money to an environmental promoter in India.
not examined
10%

green hotels appear
as a filter
10%

no reference to
green hotels
80%

Figure 1: Green accommodation within online platforms

The award scheme of the first one consists of four badge levels: bronze to
platinum. These are appointed in terms of a property’s level of participation in
environmentally-friendly activities. The indicators used for these awards
comprise energy efficiency, waste management, water use, purchasing,
education of the public on these issues, innovation. A third site also had an
environment-dedicated website, which did not appear to be working during this
analysis. Finally, two websites had separate domains (e.g., blogs) related to
sustainability issues and their promotion. One of them specifically promotes an
accelerator programme for new start-ups to stimulate sustainable tourism. The
other one specifically stresses the importance of some hotels’ sustainability
initiatives.
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However, once on the webpage of the hotel, no relevant information could be
found whatsoever. For a schematic representation of the results'?, please refer
to Fig. 2.
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Figure 2: Sustainability-related issues of online platforms, e.g., awards, blogs etc.
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3.3.Review on life-cycle indicators for tourism

The review on whether there were life cycle-related indicators that could be
proposed for the tourism sector (Section 2) resulted in 6 scientific contributions,
five journal articles and one PhD thesis.

It can be noted that this issue has been tackled with poorly so far. The
screening procedure for this review provided a few articles, which however
tackled the issue only marginally. Indeed, two articles (Kulkajonplun et al., 2016;
Puig et al., 2017) actually propose sustainability-related indicators, e.g., loss of
biodiversity, land management, atmospheric carbon emissions, energy use, and
climate change. Kalbar et al. (2017) propose using a sum of indicators, e.g.,
accommodation, thermal energy, electricity, road transport, air travel, and food,
or alternatively the use of a single indicator, i.e., carbon footprint (CF) for the
residences (possible application to the tourism sector). The use of a single
indicator (CF) is also proposed by Filimonau (2011). In this case, the proposed
indicator is, indeed, life cycle-based. Finally, Michailidou et al. (2017) proposed
the use of LCA along with Tourism Environmental Composite Indicator for a
Defined Area of Concentrated Tourism, including energy-, water-, waste- and
carbon footprint-related indices.

A general look at the use of environmental life-cycle indicators was made by
Steinmann et al. (2016), who propose using a minimum number of indicators in
a “one-size-fit-all” solution of 6 indicators: climate change, ozone depletion,

7 During this search, another website came out that declared to promote “green”
accommodation. Since it was not amongst the websites resulting from the selection procedure,
it was not considered in Fig. 2, although it was still analysed. This website proposed a series of
“green” solutions in the globe. On the hotel page, however, no additional information was
provided regarding why a hotel was considered to be “green”.

134



acidification and eutrophication, terrestrial ecotoxicity, marine ecotoxicity and
land use, accounting for 92% of the variance of the analysed product rankings.
A restriction to 84% of the variance provides a set of 4 indicators (energy,
water, land, materials). However, tourism was not explicitly cited.

4. Conclusions

This paper aimed at examining whether the concept of sustainability can be
integrated within online accommodation booking websites and whether this
process has already started. The literature review that was carried out showed
that this issue has not been tackled with so far. An analysis of selected
platforms confirmed this statement, with few exceptions where “green”
accommodation was either proposed, via special webpages, filtres within the
incorporated search engines or affiliated blogs, or awarded for the hotels that
promoted it. Another objective was to try to identify life cycle-based indicators
that could be suitable for the selection of environmentally-sound
accommodation within these websites. This also resulted to be a poorly tackled
issue. The promotion of a life-cycle indicator emerged only via the proposal of a
single indicator or a set of indicators (for general use). Future developments
would thus include the identification or the proposal of a set of indicators that
would be suitable for the sector and helpful for users when booking online for
accommodation to make more sustainable choices. Even though the concept of
sustainability has been inadequately introduced in online booking platforms so
far, there is still plenty of room for both its integration and dissemination. This
article can be a basis for future tourists to help them select a more sustainable
accommodation via online booking platforms, and thus reduce the overall
environmental impact of the sector.
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Abstract

In the construction sector, the integration of life cycle approach and the implementation of the
related methodologies are even more considered as a turning point to promote sustainability. To
support Architectural, Engineering and Construction firms in life cycle design, a framework is
proposed to implement Life Cycle Thinking in design process, according to different process’
phases and empowering different actors. The framework is presented from the conceptual to
the technical perspective, selecting Building Information Modeling as the most suitable tool
currently spread in practice and able to handle the wide range of information required and the
plurality of interactions between the actors involved. The outcome is a well-framed and
organized set of life cycle data to orient decision-making process and enforce life cycle design
for environmental but also wider (e.g. economic) purpose.

1. Introduction

Worldwide, the growing awareness of sustainability and environmental goals
boosts the ongoing process of transformation and increasingly complexity of
building sector, bringing out new pressure and more radical changing (Deamer
and Bernstein, 2010; BCG, 2016). Indeed, while until a short time ago
environmental targets were seen as constraints, today they are even more
considered as a way to improve performance and increase competitiveness.
For that reason, Architectural, Engineering and Construction (AEC) firms — as
key actors jointly responsible for the built environment — are changing step by
step the current practice (Dalla Valle et al., 2016). The transformation process
involves all the firms’ assets: tangible resources, such as materials, buildings,
plant, equipment, tools, money; and intangible resources, such as knowledge,
organization and intelligence of people (Sinopoli, 1997).

In this context, the integration of Life Cycle Thinking (LCT) represents a turning
point to support sustainable practice, promoting environmentally-friendly
strategies and business models. In fact, understood as a learning process, LCT
helps to identify hotspots where actions are most effective and thus to improve
resource efficiency with environmental, social and economic benefits (UN
environment, 2017).

1.1.Life Cycle Thinking in design process

Actually, LCT is not so far established and embedded in design and
construction practice. It represents a challenging task, due to the complexities
of buildings, the wide range of requirements to be achieved and the plurality of
practitioners and disciplines involved. Furthermore, it demands within the
practice a shift both in thinking (first step) and in process (second step).
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Indeed, during the design process, buildings should be considered not as
objects, but rather as unique systems where each individual part affects and is
in relationships with the others. Moreover, each part and in turn the building as
a whole should be envisioned and designed keeping in mind their entire life
cycle and not involving only the construction or use phase. In this way, products
are evaluated in relation to the proprieties and performance provided as well as,
for instance, in relation to the following hotspots: amount of material demanded,
distance between factory and site, energy and water used for the installation,
maintenance required, waste derived, reuse and recycle possibilities.

In addition, to face the complexities of buildings as systems and the amount of
information and choices required during the decision-making, a shift in process
is needed to change management in the way of participating. In our age of
specialization, one person cannot address all buildings data and aspects:
different competences must be involved, bringing their specific knowledge and
interacting to look at the whole considering the entire life cycle. This requires
not only an understanding that every building system is in relation with other
systems and the surrounding environment, but it also demands a holistic
process where everybody integrates their work rather than design their systems
in isolation. For this reason, the challenge is twofold. Not only buildings need to
be designed as systems, the design team itself need to function as a system
(Boecker et al., 2009). In this way, all design members have to understand how
the decisions undertaken by each affect the decision made by all other, with the
aim to jointly design and achieve sustainable and high-performance buildings.

1.2.Life Cycle Thinking in design process within a BIM environment

As results, building sector demands a new process that encourages design
teams and construction professionals to strengthen the two main tendencies in
action. On one hand, the understanding of the building in a systematic way. On
the other, the interaction with a much higher level of communication,
collaboration and communication for reducing environmental impacts and costs.
The advancement of technology certainly supports the transition of building
sector in that direction, providing a wide range of tools to help practitioners in
the enlightenment of buildings as systems and as parts of a larger system of its
context (Boddy et al., 2007; Rezgui et al., 2011; Riese, 2012; Ortiz et al., 2009).

Moreover, Building Information Modeling (BIM) is even more adopted in AEC
practice to face the hard tasks distinctive for the construction sector, as stated
by its denomination. The term “Building” concerns the physical characteristics of
the model and stresses its capability to virtually recreate the facility considering
the project-based tangible features. The term “Information” concerns the
intangible characteristics of the model and stresses its capability to organize the
set of facility’s data in a meaningful and actionable manner. Lastly, the term
“Modelling” concerns the act of shaping, forming, presenting and scoping the
facility and stresses its capability to enable multiple stakeholders to
collaboratively design, construct and operate (Succar and Kassem, 2015). BIM
is therefore conceived as a database that embedded, display and calculates
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graphical/tangible and non-graphical/intangible information, linking each part
and data of the systems and forming a reliable basis for decisions in the whole
project life cycle. For this purpose, it was conceived and tailored to fit all the
multitude of practice and projects, providing the maximum flexibility but
requiring a lot of effort to arrange all data in an efficient and effective way.

In this context, to support AEC firm in life cycle design, the paper presents a
framework able to orient and streamline the design process in line with LCT.
The framework is envisioned within a BIM-oriented working environment to be
spread and as much as possible well-integrated in AEC practice, providing a
worthy support in the shifting both in thinking and in process.

2. Framework proposal

For a long time, the construction sector was material oriented in the approach to
design, since it was focused on the palette of products necessary to produce
sustainable buildings. However, “products are of limited value if viewed only as
things that are added to building to make it green” (Boecker et al., 2009).
Nowadays, sustainable goals call even more for a different mind-set, asking
practitioners to change their mental model and way of practice, from stuff (i.e.
products and technologies) to purposeful systems- and life cycle-thinking.

To this end, a framework was developed with the aim to integrate LCT in design
and construction practice. To facilitate its implementation and to truly orient
decision-making starting from the early stage of the project, the framework was
tailored to fit the peculiarities of design process’ phases.

2.1.Basic matrix of the framework

The framework results from a matrix that combines life cycle perspective with
AEC firms design process. In particular, to put into effect LCT, that represents a
general mind-set, Life Cycle Assessment (LCA) was taken as reference frame,
providing an added value since depicts an international standardized
methodology. The framework spring thus from environmental issues but with
wider purpose, representing for instance the elementary frame for economic
issues. In this way, the underlying basic matrix of the framework is established,
in the horizontal axis, by the different stages of life cycle from cradle to grave
and, in the vertical axis, by the different phases of design process.

LCT is thus depicted by LCA methodology with the connected stages and set of
data. It was analyzed according to European Standard (EN 15978:2011) and
EPD Product Category Rules of building, the only available at building level
(EPD PCR 531:2014). Therefore, the identification of life cycle stages follows
the typically classification prescribed by the standards: product stage,
construction stage, use stage, end of life stage, benefits and loads beyond the
system boundary. Instead, design process phases were pointed out referring to
the supporting materials developed by international and national institutions
(UNEP, 2014; AIA, 2014; RIBA, 2013). In this case, due to the different
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partitioning, the terminology was harmonized splitting the design process in five
main phases: concept phase, design phase, construction phase, in use phase
and end of life phase. Note that despite the similarity of the terms, life cycle
stages do not correspond to those of design process. In fact, for example, the
design phase should take into consideration all life cycle stages, while the
process in use phase should consider the life cycle use stage but also the
product stage with regards to the maintenance and operational activities. In the
following paragraphs, to avoid the ambiguity of terminology, the word “stage”
refers to life cycle approach, while the word “phase” refers to design process.

Starting from the basic matrix, the framework interrelates design process with
life cycle approach setting out the following assets: i) the life cycle information
required; ii) the actors engaged to gather that type of data; and iii) the related
tools and sources used to provide that data.

2.2.Framework explanation from life cycle perspective

To face the complexity of the systems and to handle the large amount of data,
the framework was developed taking as a starting point life cycle standards and
extracting from them the complete list of life cycle information. In this way, the
framework helps in the data collection required to perform the inventory phase
of an LCA study, identifying the actors in charge and the tools and sources
suggested in relation to each process phase, as depicted for example for the
production phase in Fig.1.
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Figure 1: Framework explanation from life cycle perspective — production stage

However, it is important to underline that the framework focus only on life cycle
quantitative data, since they represent the type of information directly
demanded by AEC firms and therefore to bear in mind during the design
process. As a consequence, environmental and economic data, conventionally
required for the inventory phase respectively of an LCA and an LCC, are not
reported since not tied to design practice, but rather attributed to literature,
database or primary data, according to the phase of process and the type of
information.

2.3.Framework explanation from design process perspective

Despite set up starting from life cycle stages, the framework can be reversed by
explicating it in relation to the design process phases. In this way, it supports
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the implementation of life cycle practice, encouraging designers and
practitioners in life cycle design and operations and orienting the decision-
making with the aim to reduce the impacts and streamline the process. Indeed,
for each phase of the process are pointed out the life cycle information to be
considered, the actors who can collect that data and the source and tools where
information can be taken. In the following paragraphs a synopsis is provided to
briefly explain the framework according to the design process phases.
Nevertheless, it is worth mentioning that the framework recommends the most
virtuous life cycle-oriented practice and so its application depends case by case
on how deeply life cycle perspective is integrated in design process and on how
it is required by the project at issue.

The first phase of the design process is the concept phase. This phase does not
assume a key role in finding information but rather in setting targets to be
achieved in the subsequent stages. For that reason, providing the whole list of
life cycle information, the framework supports practitioners in selecting and
fixing life cycle-oriented targets for the project, such as the reduction of energy
consumption, the use of recycled materials and the limitation of emissions. In
addition, the framework affects the preliminary strategical design decisions,
encouraging practitioners to evaluate with a life cycle perspective the different
design concept, such as the choice to reuse existing structures or to opt for
alternative solutions like expansions, renovations or new construction.
Moreover, it orients the decision-making about the structure and the building
envelope, stressing design team in esteem materials altenatives in a life cycle
way. All these decisions are crucial from a life cycle perspective and must be
defined and shared with the design team as well as the clients from the
inception of the project to have an effect on the whole decision making process.

Shifting the design from a traditional to a life cycle perspective, the design
phase should embrace all life cycle stages, with the exception of repair and
refurbishment, since they refer to activities that cannot be predicted in advance.
In this way, the design team is encouraged by the framework to deal as soon as
possible with all the different stages, using LCT as a decision-making aid and
checking the compliance with the settled targets. For the product stage, as a
common practice, they should choose the building components and systems,
considering the relative amount of materials. For the construction stage, they
should select the manufacturers not only in relation to the products and
performance provided but also considering, for instance, the distance from the
factory to the site. For the use stage, they should esteem the energy and water
demand as well as the maintenance and replacement process of both materials
and systems and the emission of finishes. Finally, for the end of life stage, they
should account the materials diverted to landfill and the potential materials to be
reused or recycled. Starting from the early phases of the process, designers
and engineers are responsible for the collection of the above-mentioned
information, collaborating in some case with manufacturers and empowering
therefore the respective fields of expertise. Concerning source and tools, in this
phase a key role is played, on one hand, by the bill of quantities and, on the
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other, by software simulations, even if some information could refer to products
or also literature data.

As the previous one, the construction phase, involving both the preparation of
bid documents and the execution of works, must take into account all life cycle
stages, considering the information embedded in the design phase as
thresholds for the decision-making process. In this way, this is a progressive
definition of the set of information, with deepened data especially regarding the
construction process and the specific life cycle information of the materials
selected for the building. Here quantitative data turn out to be more accurate
and reliable: the amount of materials and related data refers not to metric
estimate but to tender documents and the information about construction and
installation process refers not to literature data but, possibly, to real data
measured on site. Instead, concerning the additional information, such as
materials, transport, energy and water used on site during the construction
process, they are included by means of tender specifications or local
measurements. In this phase, the actors involved are mainly general contractor
and sub-contractors, for the most specific and demanding aspects.

The use phase of the design process must monitor the current state of
buildings, taking into account all the life cycle stages with the exception of the
construction stage. Certainly, the use stage assumes a key role, on one hand,
for maintenance and facility process and, on the other, for energy and water
consumption. Indeed, during the operational phase, it is possible to compare,
confirm or adjust the value derived from software simulations with the real
consumption. Moreover, it is possible to check if the maintenance and
replacement activities were confirmed as predicted in the previous phase,
recording at the same time the information about repair and refurbishment
operations. Here, the selection of the new building materials must be done with
the same life cycle parameters adopted during the design phase and thus
embracing from the production to the end of life stage of the products to be
added. The actors in charge for gathering that type of data are facility managers
and, if expected, the commissioning authority.

Finally, the end of life phase should consider the end of life stage with the
addition of the related possible benefits beyond the system boundary. Here, like
happens in the previous phase, the life cycle information embedded in the
framework are taken as thresholds and are deepened, confirmed or adjusted in
relation to real data. As in the construction phase, the actors engaged are the
general contractors responsible for deconstruction, demolition, transportation,
waste treatment and disposal or reuse, recycling and recovery process.

2.4. Framework within a BIM-oriented working environment

To face the hard tasks and consistently with the trends currently underway in
AEC practice, BIM is identified as the most suitable tool to embed the
suggested framework and thus to shift it from the theorethical to the practical
level. Indeed, it allows to create over time a project-based and well-framed set
of data of the facility along the whole life cycle. Since BIM provides the
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maximum flexibility to tailor different practice and to fit the data needed, the
implementation of the framework lets to arrange all data in an efficient and
effective way and to progressively develop the life cycle database during the
design process by means of the following steps. The first step is the insertion of
life cycle information within BIM, enriching the set of information just embedded
in the model and connecting when possible the data with the relative parametric
objects. The second step is the grouping of information according to the phase
of the design process, including a wider range of data with the advancement of
the process. The third step is the insertion for each life cycle information of the
additional linked data, such as the actors involved and source used. In this way,
the responsible parties are able to input individually the life cycle quantitative
data and build up the shared model database in the course of the process.

3. Discussion

The proposed framework supports the implementation of life cycle practice
within building sectors, by matching the large amount of life cycle information
with the different phases of design process and setting out the related actors
involved and tools used. The application of the framework in practice reveals
several potentialities. The first key factor is that all life cycle quantitative data
are collected progressively in one-record, according to the different phases of
the design process. The second key factor is that life cycle information are
gradually defined, specified and detailed in conjunction with the process
phases, becoming even more accurate, reliable and corresponding to reality.
The third key factor is that life cycle data are gathered in every phase process
by different actors, empowering the responsible parties for the choices and
activities taken in their expertise area.

Moreover, by joining the framework within a BIM-oriented environment, the
same understanding of BIM turns out to be enhanced. The traditional vision of
BIM as a shared platform of exchange among different practitioners and
stakeholders and as a life cycle information database of the facility, will be
definitely proved and disclosed. Matching life cycle perspective and design
process, BIM becomes a feasible supporting tool and process to reduce
impacts and optimize building process. In the evaluation of a project, in fact, if
the life cycle quantitative information are lowered in value with the progressive
advancement of the process, necessarily at the end they will cause low impacts.
However, this statement is effective only when the same items and materials
are considered during the design process (e.g. specific type of concrete),
changing progressively the related quantities. By contrast, the reasoning lapses
when items and materials are replaced during the process (e.g. switching EPS
with mineral wool). Here, the arrangement with environmental and/or economic
data is demanded to make comparable the different materials in question.

The establishment in one-record of the life cycle information of the building in
question, from inception onward, represents an added value for all the actors
involved in the process. In fact, from early design to even the decommissioning
phase, all the stakeholders in charge and/or allowed contribute information to
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and extract information from the building virtual model, providing a lifelong view
of the facility. In this way life cycle BIM allows a continuous built-up of know-
how, meeting and reinforcing two shared goals. On one hand, it enables a
seamless flow of information across the process phases and stakeholders. On
the other, it provides a life cycle database strategical for clients to have full
control of the facility and thus a more efficient asset management and crucial for
practitioners to compare their input data with the others and thus broaden their
know-how for the following projects.

Nevertheless, in this perspective, it is important to not underestimate the
following AEC main barriers. First of all, the fact that construction sector is
considered resistant to change, whereas the suggested framework demands a
radical shifting both in thinking and process. In addition, the framework
implementation presumes the BIM equipment of all the AEC firms involved.
Nowadays the uptake and maturity of BIM vary considerably from country to
country and from company to company, according to their size and position.
Another barrier is the need of a “wide and open” BIM, with the aim to integrate
the entire value chain and to provide full interoperability of software and open
access to it. While the technical challenges are likely to be overcome in the next
future, it might be more difficult to change the existing processes and to
enhance collaboration and data sharing. Lastly, the fact that digital technologies
will realize their full potential only if they are widely adopted and regulated by
norms and standards. This task is crucial to create a fertile environment for the
digitalization of the construction sector and it is demanded to the government,
as regulator and incubator as well as often a key project owner.

To conclude, it is worth mentioning that the proposed framework was developed
on the basis of LCA methodology (environmental impacts) but can easily
represents the input data frame also of Life Cycle Costing — LCC methodology
(economic impacts) and with greater effort of Social Life Cycle Assessment — S-
LCA methodology (social impacts).

4. Conclusion

Due to the high impacts of buildings at a global scale, the implementation of the
aforesaid methodologies into the design process represents the forthcoming
challenge of the construction sector. To this end, the integration of the
suggested framework into a BIM-oriented working environment turn out to be
crucial for two main reasons. Firstly, since BIM is nowadays widespread, to
support, foster and put into action LCT in practice. Secondly, to orient the
decision-making of all the actors involved starting from the early phases of the
process and to streamline the building process.

Whereas BIM and life cycle methodologies are both available and the
construction sector is just involved in the process of transformation and change
management, the need is to seize the opportunity, orient the process
development in the right direction and figure out how to exploit the most of it.
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Abstract

Electric vehicles (xEV) are a key low carbon technology for mobility. Although xEV have no
tailpipe emissions, the production of traction batteries leads to environmental and social
burdens. In this context, authors assess the environmental and social impacts of a cell of
Lithium ion traction battery in order to identify the most relevant aspects and the potential added
value of performing both the assessments. Results show the relevance of the resources in
terms of both environmental and social impacts. Moreover, the social assessment results
pointed out the relevance of the geographical boundaries, often overlooked for in the
environmental analysis. The combination of both the assessment represents an added value to
assess the sustainability of products; however, data collection (e.g. sources, quantities, quality)
still represents a major bottleneck in this type of assessements.

1. Introduction

Hindering global warming and achieving a more sustainable economy are some
of the most relevant goals of the European Union (EU). According to various
authors, electromobility is a key technology for the decarbonization of European
transport sector (Thiel et al., 2016). The transition towards a low-emission
mobility entails a fast increase of the electric vehicles (xEVs) (UNFCCC, 2015),
and consequently an increasing demand of high performant traction batteries. In
this context, the most promising battery technology is Li-ion (Blagoeva, Aves
Dias, Marmier, & Pavel, 2016). Although the traction batteries have no tilepipe
emissions, high environmental impacts are related to their production (Ellingsen
et al.,, 2014). Moreover, according to the battery chemistry, Li-ion batteries
contain different quantities of Critical Raw Materials (CRM) (e.g. cobalt) or raw
materials (e.g. lithium) that, although are not perceived as a CRMs, call for new
assessment due their increased demand in traction batteries (Bohnes et al.,
2017; Blagoeva et al., 2016; Lebedeva et al., 2016). In addition, issues related
to human rights risk can affect the supply of raw materials employed in Li-ion
batteries (Blengini, Blagoeva, Dewulf, & Others, 2017).

Life Cycle Thinking (LCT), officially introduced in the framework of the
Sustainable Consumption and Production and Sustainable Industrial Policy of
the EU (COM(2008) 0397), contributes to identify potential improvements along
the whole life-cycle of products (and services) in order to decrease the
environmental impacts and reducing the adoption of resources increasing their
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circularity'. This approach should be enlarged allowing to cover the three
pillars of the Sustainable Development (economic, environmental and social) °.

In this context, authors assess the environmental and social aspects of a Li-ion
battery cell in a life-cycle perspective. In the followings, the results of the
environmental and social assessments are illustrated. Then, results are
discussed and links between the two assessments are highlighted.

2. Methodology
2.1.Goal and scope definition

The goal of this analysis is to assess the environmental and social impacts
related to the manufacturing process of a Li-ion cell of a traction battery in a life-
cycle perspective and to highlight the potential links between the two analyses.
The case study is represented by a cell of a Li-ion battery?® used in the
Mitsubishi Outlander Plug-In Hybrid Electric Vehicle, characterized by a
composite cathode active material made of lithium-manganese-oxide and
lithium-nickel-manganese-cobalt-oxide (LMO/NMC).

The environmental impacts of the battery cell were assessed through a Life
Cycle Assessment (LCA) according to the international standards (ISO, 2006a)
(ISO, 2006b). The eco-profiles of materials and energy sources used to produce
the cell components are based on Ecoinvent 3 database (Wernet et al., 2016)
(all material components are modelled as 100% of primary production).

With reference to the social impacts, a Social Life Cycle Assessment (S-LCA)
was performed according to the “Guidelines for social life cycle assessment of
products” produced by the UNEP/SETAC Life Cycle Initiative (UNEP Setac Life
Cycle Initiative, 2009). The analysis especially focuses on social impacts related
to the supply chain of 4 materials embedded in the cathode of the LMO/NMC
cell: Cobalt (as CRM and recognized as a risky process for exploiting forced
labour and children, mostly in artisanal and small-scale mines (Thorsen, 2012));
Lithium (due to its increasing demand); Manganese (previously a CRM and now
still on the border); Nickel (as intensively used in the EU market). The social
data are inferred from the Product Social Impact Life Cycle Assessment
(PSILCA) database (Ciroth & Eisfeld, 2016). Missing information derived from
literature (e.g. percentage of children in employment in China (Tang, Zhao, &
Zhao, 2016)).

The recommended ILCD/PEF impact categories are used for the LCA analysis
(EC - JRC, 2012). Consistent with Bobba et al. (2018) and the goal of the
analysis, three impact categories are reported: 1) Global Warming Potential
(GWP) because of its high societal and policy relevance, 2) Abiotic Depletion
Potential - mineral resources (ADP-res) because of the relevance of the
availability of natural resources for economic development and the increase of
the political interest in resources consumption, 3) Water Depletion (WD) since

18 http://www.europarl.europa.eu/atyourservice/en/displayFtu.html?ftuld=FTU 2.5.7.html

19 https://ec.europa.eu/environment/efe/content/long-term-vision-sustainable-future _en

20 The battery pack consists of 10 modules, each made up of eight battery cells and it has a
nominal capacity equal to 11.4 kWh, and weighs 175 kg.
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water has relevant consequences both in terms of environmental and social
aspects and then could be useful in order to identify potential links between
LCA and S-LCA assessments.

The S-LCA is performed according to the categories selected by (Mancini et al.,
2018): child labour (CL), contribution of the sector to the economic development
(CE) and industrial water depletion (WU). These impact categories refer to
different stakeholder groups we selected: ‘Workers’, ‘Society’ and ‘Local
community’. In detail, within the stakeholder ‘Workers’, CL is one of the most
recognized category by the general public due to the widely spread information
related to the manufacturing of Li-ion batteries from organizations like Amnesty
Inter-national, United Nations International Children’s Emergency Fund
(UNICEF). CE, subcategory of stakeholder ‘Society’, is the first indicator
provided by PSILCA with a positive evaluation (opportunity) in the social life
cycle impact assessment (Ciroth & Eisfeld, 2016). It assesses organizations’
and industries’ contribution for the economic development. WU was selected for
the ‘Local community’ stakeholder category. This impact category highlights the
importance of industrial water compared to other water uses and provides a
different kind of information if compared with WD assessed in the LCA. In fact,
while WD provides an indication about the pressure on the water resource, high
levels of industrial water can be associated with high levels of water pollution
and then with different risks for local communities, e.g. health risks, destruction
of local economic structures, and an overall deterioration of quality of life (Ciroth
& Eisfeldt, 2016). Moreover, this indicator is linked to the water use indicator
also considered by the environmental assessment.

The functional unit of the study is one LMO/NMC cell. The cell is the
electrochemical unit of the batteries; it contains the raw materials (e.g. Cobalt)
expected to account for the highest contribution to environmental and social
impacts. According to the goal of the study, a cradle-to-gate analysis was
performed for both assessments including all the input and output flows of the
system from the extraction of materials up to the assembly of the cell.

2.2.Life Cycle Inventory

The Life Cycle Inventory (LCI) of the cell is compiled by combining primary data
obtained by the dismantling of the LMO/NMC cells (Pfrang et al., 2018) with
secondary data from the available literature (Ellingsen et al., 2014; Majeau-
Bettez, Hawkins, & Strdmman, 2011). The detailed inventory of the battery cell
is illustrated in (Cusenza, Di Persio, Bobba, Ardente, & Cellura, 2018). The
battery cells are characterized by a composite cathode active material: 0.52
LiMn204 + 0.48 LiNio.4Mno.4Co0.202 with a graphite-based anode.

While LCA inventories consist of physical quantities related to the product
system, S-LCA inventories requires quantitative and qualitative information on
organization-related aspects (Mancini & Sala, 2018). In detail, to build the
model, social information (e.g. share of children in employment) and prices of
specific materials (e.g. Co price) are necessary. For investigated materials
contained in the cathode (Co, Li, Mn and Ni), the mining processes were
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assumed to take place in the major world producer countries?!. Manufacturing
of cell components and assembly processes take place in China (Brunot,
Charreyron, Chung, Mitrofan, & Rietveld, 2013). Inventory data (e.g. prices) are
based on the available raw material profiles provided by the Raw Materials
Information System developed by European Commission?2. It is underlined that,
due to the lack of primary social data, industry sectors do not refer to the
specific production phase (e.g. Cobalt mining corresponds to “Mining and
Quarrying” in DR Congo). In this case the social assessment is carried out
without primary data; therefore, results highlight a social risk assessment
rather than a social impact.

The working time needed for producing a monetary unit (1US$) of output for
each production process (measured in worker hours?? [h]) were derived from
similar processes in PSILCA (e.g. Mining and Quarrying in DR Congo referring
to Co mining). Table 1 shows social LCI data used to create the model for the
extraction phase of Co, Li, Mn and Ni.

Table 1: social LCI information for analysed materials in the cathode

. Price

. Major world Amount Worker
Material producer PSILCA sector [kg/cell] hours [h] EUS$lkg
Co DR Congo Mining and Quarrying 2.3 0.08 25.7
Li Chile Other minerals 2.7 0.02 7.1
Mn China Non-ferrous ore mining 25.0 0.13 2.0
Ni China Non-ferrous ore mining 6.5 0.13 16.8
3. Results

3.1.Environmental LCA (LCA)

Results illustrated in Figure 1 point out that the energy used for the cell
assembly is quite relevant for the GWP category, which is dominated by energy
consumption. On the contrary, the ADP-res is dominated by the resources
consumption; in this case, the most relevant contribution is related to the copper
in the anode and the cell case (more than 75% of the ADP-res impact).
Concerning WD, both the solvent and the process water for the production of
the cell have relevant contributions for both anode and cathode of the cell. In
addition, the process water for the cell assembly contributes for more than 30%
to the overall impact.

Especially for the ADP-res impact category, the relevance of resources
emerged from Life Cycle Impact Assessment (LCIA). However, not specific data
and the need to resort to secondary of aggregated of average data to model the
impact of specific materials is source of uncertainty for the LCA. In particular,
geographical boundaries are not always taken into account in creating LCA
models and often aggregated data are adopted, as in case of “Cobalt {GLO}".

21 Data for production from BGS World Mineral Statistics database

22 http://rmis.jrc.ec.europa.eu/

23 The activity variable ‘worker hour’ is a common unit giving relative indication of the
importance of different unit processes in a product’s life cycle.
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Figure 1: Environmental LCA results

Moreover, despite the relevance of some materials embedded in Li-ion cells
(Mathieux et al., 2017), this relevance is not kept by the analysis. Looking for
Co used in the battery, it is indeed possible to identify the absolute quantity
used in the manufacturing process but also quantities indirectly used in the life-
cycle.

Due to the relevance of resources for two out of three categories, material
recovery in the end-of-life (EOL) could be potentially relevant to decrease the
environmental impact of cells, and consequently Li-ion batteries. Recycling
processes already allow to recover some materials from cells (e.g. Al, Ni, Co);
new processes are under development aiming at improving the recycling
efficiency of already recovered materials but also to recover new materials like
graphite and Li (e.g. through hydrometallurgical processes (Mathieux et al.,
2017; Swain, 2017)).

3.2.Social LCA (S-LCA)

Processes considered in the analysis refer to production phases and to the
Country in which the production occurs. Figure 2 shows the S-LCIA of 1 cell
manufacturing. Figure 3 llustrates the contribution of processes involved in the
active material production. The main contributing sectors are: “Other
manufacturing products” and “Cathode” in China (Figure 3). Note that “Other
manufacturing products” is a general sector in PSILCA referring, in this
analysis, to the manufacturing sector of components such as anode and
separator. Moreover, the anode component has a higher economic value, which
results in a significant contribution in all the examined impact categories. As
shown in Figure 3, impacts are not equally distributed; for instance, in case of
Co, labour conditions are very critical and therefore the risk of occurrence of
children in employment results quite high; whereas in case of Ni, relevant
impacts in all the categories are linked to the high amount of material used in
the cathode. Concerning Mn, despite the same industry sector was used for
mining Ni (i.e. “Non-ferrous ore mining, China”), its risk is lower than Ni due to
the very low price of Mn (2 USD/kg compared 16.8 USD/kg for Ni) (Table 1).
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Figure 2: Contribution to impacts for the cell
assembly process

Figure 3: Contribution to impacts for the
active material production process
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Figure 4: Treemaps: contribution by location for active material production

Concerning the CE impact category, results reflect to what extend the sectors
contribute to the economic development of the Country, which is a positive
impact for the society. The WU category shows a very low impact for Li
extraction, even if it is extracted from brines containing lithium carbonate
(Buratovic & Danestig, 2017). This is mainly due to the absence of specific
mining sector in PSILCA.

In addition, results can be analysed taking into account geographical locations
where impacts occur along the supply chain. Figure 4 combines results by
location showing the sector contribution within each Country. For the impact
category CL, the main contributing Countries are Congo DR and China, as
expected. Mining and refining sectors have the highest contribution in Congo
DR and in China as well, meaning that impacts are directly related to the
processes analysed. Other sectors contribute to the overall impact, but for less
than 10% of the total (grey area of the chart). In case of WU, the main
contributing Country is China with mining, smelting of non-ferrous metals
sectors and with the production of the active material. Even though not straight
implicated in the inventory phase, the contribution of Belgium is not negligible,
mainly due to “Manufacture of furniture”.
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This result depends on the Eora Multi-regional Input/Output database,
backbone of PSILCA, which worldwide connect economic activities among
Countries. This result occurs because relevant economic activities in Belgium
are linked with the “Mining and Quarrying” sector in Congo DR. Moreover,
PSILCA provides a high risk level for Belgium because industries account for a
large share of water withdrawal. Concerning CE (Figure 4, right), it is observed
that the most relevant positive contribution is located in China, where many
manufacturing processes occurr. Note that this is a relevant positive social
impact (more than 90% of the total impact). An interesting contribution is related
to Congo DR where the sector “Mining and Quarrying” reveals a positive
opportunity for the country’s Gross Domestic Product (GDP).

4. Discussion and conclusion

In this paper, some preliminary results of both an LCA and a S-LCA of a
LMO/NMC battery cell are provided. Results are analysed in order to identify
the most relevant aspects of both assessments and the potential links between
the LCA and the S-LCA of a specific product. Due to a lack of primary data, a
different level of assessment was carried out for the potential environmental and
social impacts. In detail, an impact assessment was performed for the
environmental aspect and a risk assessment for the social aspects.

In the performed analysis, the common starting point is represented by the LCI
of materials needed in the battery cell manufacturing. However, the Bill of
Materials of the product is not sufficient for modelling both the environmental
and social LCAs. At the same time, stakeholders should be involved to gather
different type of information useful both for LCA and S-LCA. Compared to the
LCA, the inventory of the S-LCA requires a broader overview of the involved
processes and materials along the life-cycle and different stakeholders should
be involved for the data collection, e.g. manufacturers, workers, local
community.

Results also highlighted that the geographical boundary, often not considered
as a crucial aspect for LCA, is relevant in identifying social aspects in specific
Countries involved in the supply chain. Therefore, it is possible to identify the
most critical sites along the supply chain in which both environmental and social
impacts occur. For that, site-specific data collected from the supply chain are
needed in order to minimize the uncertainty related to the generic data provided
by databases. This analysis shows that more efforts in terms of data quality and
representativeness could lead to a better understanding of the results (e.g. the
contribution of Belgium in WU results).

Considering an emerging technology such as Li-ion batteries, the combination
of both environmental and social LCIA could offer a wider overview of impacts
of products for which strategic materials for Europe are used (e.g. CRMs).
Recycling processes for some relevant materials for the market (e.g. aluminium,
nickel, cobalt) can mitigate the environmental burdens related to these materials
but also cause positive/negative social impacts in specific areas (e.g. job
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creation, illegal shipment to third Countries from Europe). Then, a further
development of the study should include the EOL of cells.

In conclusion, within the context of LCT, links and complementarity between
LCA and S-LCA emerged as an added value for a more complete sustainability
assessment of products. Results of both assessments underlined that, although
limitations due to the lack of data and the novelty of the topic, the combination
of different assessments is recommended to identify the most relevant hotspots
along the value chain of products and to improve their sustainability.
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Abstract

The realization of global sustainability takes place through the development of the triple bottom
line (environmental, economic and social dimension.) The S-LCA methodology, used to
evaluate the social aspects according to the life cycle approach, still remains a weak instrument
as it needs a greater number of applications. This work aimed at reviewing the literature,
proposing a case study analysis focused on the products and methods of application of the S-
LCA, highlighting the categories of stakeholders and the sub-categories investigated. as in the
last period the case studies have significantly increased.

1. Introduction

Although nowadays there are only the guidelines (UNEP/SETAC 2009) to
evaluate some social aspects of products, the S-LCA methodology follows ISO
14040-44 (2006a, 2006b) standards, which are available for the ELCA analysis.

The general principles of guidelines (UNEP/SETAC 2009), define the S-LCA as
“a valuation technique of social impacts (or potential impacts) in order to
evaluate socio-economic aspects of products and their potential impacts, which
could be positive and negative, during their life cycle, including the extraction
and the working of raw materials, the production, the distribution, the use, the
re-use, the maintenance, the recycling and the ultimate disposal”. Social
impacts are classified according to five protection areas, matching five
categories of stakeholder, namely, workers, consumers, local community,
society and actors of value chain. Social impacts categories of S-LCA are:
human rights, health and security, worker’s conditions, cultural heritage, socio-
economic administrations and repercussions.

In order to provide elements for the identification of inventory indicators, related
to each categories of stakeholder and then to methodological schedules of
reference, it is introduced the concept of impacts subcategory as indicated in
the schedule drawn up by UNEP/SETAC. (UNEP/SETAC, 2013). This paper
shows the results of a case studies review, based on the literature.

2. Materials and Methods

The following analysis was carried out through a study of literature (from 2013
to 2017), using Scopus database and initially taking into account all available
documents (235 articles). The review of the literature was carried out with a
qualitative approach through automated analysis of the texts (ATA) which,
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together the analysis of lexicon to identify the keywords, has allowed to draw a
map of the current methodology application. Thanks to this procedure, it was
possible to create a representative sample of 48 documents, containing study
cases and applications of S-LCA.

3. Results and Discussion

Starting from the review of literature about S-LCA it appears that the number of
the study cases during the last years (from 2013 to 2017) has increased,
proving that this tool has elicited steady interest from the scientist research, as
shown in Table 1 below this one some cases examined will be outlined briefly.

In the Weldgiorgis and Franks (2013), the study concerns the steel sector and
for the energy supply in Australia 3 different alternatives are examined,
(charcoal produced by the revegetation of eucalyptus, charcoal produced by the
forestry and metallurgical coal). The indicators used are: the impact on soil, the
employment, the health and the safety in the workplace. The results of this work
have shown as the alternatives of biomass create direct employment at regional
level, they record lower work accidents and represent a significant change in
the land use. Smith and Barling (2014) propose a methodology which focuses
on the working conditions along the supply chain for food and drink products of
small and medium-sized enterprises (SME). The classification of the key
stakeholders is limited to workers/employees and to local communities affected
by the production process. After a review of literature about the life cycle
assessment (LCA) and its relation with S-LCA and SME, it was administered to
SME of food and European beverage sector and trade associations a
questionnaire about their knowledge, experiences and dedication to social
impacts. The study case of Dong and Ng (2015) relates to the evaluation of
social impacts of a construction project of buildings in Hong Kong. The category
of stakeholder, which was selected, concerns workers, local community and
society. For the local experts the most important social aspect concerns the
health and the safety of workers. The results of this work, which represents the
first attempt of a S-LCA analysis in Hong Kong, have highlighted how the
adoption of prefabricated components in concrete could generate negative
impacts on the fair wage and the local employment, because this type of
material generally was produced outside of Hong Kong. Usually the study case
presents positive social impacts, its best performances are recognized during
the building phase. Wang et all. (2016) have evaluated the social impacts in the
electronics industry and those of operations at work in three factories (A, B and
C) of a packaging company. Once the subcategories of impact are selected
(Freedom of association and collective bargaining; Child labor; Forced labor;
Fair salary; Working hours; Equal opportunities; Health and safety), between
that three packaging factories integrated circuit (IC), the C factory was classified
as the lowest social impact on work with the higher performances, followed by B
and A factories.
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Table 1: Study cases and applications (Elaborations of the authors)

Year

Author

Article

Sector/product

2013

Musaazi et al.

Quantification of social equity in life cycle
assessment for increased sustainable
production of sanitary products in Uganda

Sanitary pads

2013

Hosseinijou et
al.

Social life cycle assessment for material
selection: a case study of building materials

Building materials

2013

Fitsum et al.

Social dimensions of energy supply
alternatives in steelmaking: comparison of
biomass and coal production scenarios in
Australia

Biomass and coal
production

2014

Umaira et al.

Social impact assessment of informal recycling
of electronic ICT waste in Pakistan using
UNEP SETAC guidelines

Electronic waste

2014

Martinez-
Blanco et al.

Application challenges for the social Life Cycle
Assessment of fertilizers within life cycle
sustainability assessment

Mineral fertilizers and
industrial compost

2014

Ekener-
Petersen

Screening potential social impacts of fossil
fuels and biofuels for vehicles

Fossil fuels and
biofuels

2014

De Luca et al.

Social Life Cycle Assessment and Participatory
Approaches: A Methodological Proposal
Applied to Citrus Farming in Southern Italy

Citrus farming

2014

Smith et al.

Social impacts and life cycle assessment:
proposals

for methodological development for SMEs in
the European food and drink sector

Food and drink sector

2015

Dong et al.

A social life cycle assessment model for
building construction in Hong Kong

Building sector

2015

Papong et al.

Development of the Social Inventory Database
in Thailand Using Input—Output Analysis

Thailand economy

2015

Sanchez
Ramirez et al.

Subcategory assessment method for social life
cycle assessment. Part 2: application in
Natura’s cocoa soap

Cocoa soap/ cosmetic
sector

2015

Ren et al.

Prioritization ~ of  bioethanol
pathways in China based on
sustainability assessment
decision-making

production
life cycle
and multicriteria

Bioethanol production

2016

Souza et al.

Social life cycle assessment of first and
second-generation ethanol production
technologies in Brazil

Ethanol production
technologies
(sugarcane for
bioethanol)

2016

Fan

Evaluation for social and humanity demand on
green residential districts in China based on
SLCA

Building sector (green
residential)

2016

Siebert et al.

Social life cycle assessment: in pursuit of a
framework for assessing wood-based products
from bioeconomy regions in Germany

Wood-based
production system

2016

Petti et al.

An ltalian tomato “Cuore di Bue” case study:
challenges and benefits using subcategory
assessment method for social life cycle
assessment

Tomatoes
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Year

Author

Article

Sector/product

2016

Zamani et al.

Hotspot identification in the clothing industry
using social life cycle assessment—
opportunities and challenges of input-output
modelling

Clothing industry

2016

Touceda et al.

Modeling socioeconomic pathways to assess
sustainability: a tailored development for
housing retrofit

Retrofitting of a house

2016

Chen et al.

Social life cycle assessment of average Irish
dairy farm

Dairy farm

2016

Wang et al.

An analytical framework for social life cycle
impact assessment—part 2: case study of
labor impacts in an IC packaging company

Integrated circuit
packaging

2016

van Haaster et
al.

Development of a methodological framework
for social life-cycle assessment of novel
technologies

Novel technologies

2016

Agyekum et al.

Environmental and social life cycle assessment
of bamboo bicycle frames made in Ghana

Bamboo bicycle
frames

2016

Tecco et al.

Innovation strategies in a fruit growers
association impacts assessment by using
combined LCA and s-LCA methodologies

Agro-food sector

2016

Reuter

Assessment of sustainability issues for the
selection of materials and technologies during
product design: a case study of lithium-ion
batteries for electric vehicles

Lithium-ion batteries

2017

Valente et al.

Testing environmental and social indicators for
biorefineries:  bioethanol and biochemical
production

Chemical sector

2017

Kolotzek et al.

A company-oriented model for the assessment
of raw material supply risks, environmental
impact and social implications

Raw material supply
chain/ capacitor

2017

Prasara-A et al.

Applying Social Life Cycle Assessment in the
Thai Sugar Industry: Challenges from the field

Sugar industry sector

2017

Siebert et al.

Social life cycle assessment indices and
indicators to monitor the social implications of
wood-based products

Wood-based product

2017

Zimdars et al.

Enhancing comprehensive measurement of
social impacts in S-LCA by including
environmental and economic aspects

T-shirts and
residential housing
heating systems

2017

Hannouf et al.

Subcategory assessment method for social life
cycle assessment: a case study of high-density
polyethylene production in Alberta, Canada

Chemical sector (high-
density polyethylene
production)

2017

Cardoso et al.

Economic, environmental, and social impacts
of different sugarcane production systems

Sugarcane production
system

2017

Singh et al.

Social life cycle assessment in Indian steel
sector: a case study

Steel sector

2017

Corona et al.

Social Life Cycle Assessment of a
Concentrated Solar Power Plant in Spain. A
Methodological Proposal

Solar power plant

2017

Lenzo et al.

Social Life Cycle Assessment in the Textile
Sector: An Italian Case Study

Textile sector
products (soft blend of
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Year

Author

Article

Sector/product

wool and cashmere)

2017

Aleisa et al.

A ftriple bottom line evaluation of solid waste
management strategies: a case study for an
arid Gulf State, Kuwait

Waste management
system

2017

Lu et al.

Inventory Analysis and Social Life Cycle
Assessment of Greenhouse Gas Emissions
from Waste-to-Energy Incineration in Taiwan

GHG management of
waste to energy
inciniration plants

2017

Tsalis et al.

A social LCA framework to assess the
corporate social profile of companies: Insights
from a case study

Energy sector

2017

Santos et al.

Assessment of health and comfort criteria in a
life cycle social context: Application to
buildings for higher education

School building for
higher education

2017

Peruzzini et al.

A social life cycle assessment methodology for
smart manufacturing: The case of study of a
kitchen sink

Kitchen sinks

2017

Hossain et al.

Development of social sustainability
assessment method and a comparative case
study on assessing recycled construction
materials

Recycled construction
materials

2017

Opher et al.

A comparative social life cycle assessment of
urban domestic water reuse alternatives

Urban domestic water
reuse

2017

M. Pastor et al.

Social aspects of water consumption: risk of
access to unimproved drinking water and to
unimproved sanitation facilities—an example
from the automobile industry

Water consumption in
automobile industry

2017

Yi Teah et al.

Support Phosphorus Recycling Policy with
Social Life Cycle Assessment: A Case of
Japan

Phosphorus mining

2017

van der Velden
et al.

Monetisation of external socio-economic costs
of industrial production: A social-LCA-based
case of clothing production

Supply chain of
clothing T-shirt and a
pair of jeans

2017

Subramanian et
al.

Assessing the social impacts of nano-enabled
products through the life cycle: the case of
nano-enabled biocidal paint

Nano- enabled
product/oxidebased
paint

2017

Holgera et al.

The social footprint of hydrogen production - A
Social Life Cycle Assessment (S-LCA) of
alkaline water electrolysis

Hydrogen production

2017

Hake et al.

Towards a Life Cycle Sustainability
Assessment of Alkaline Water Electrolysis

Alkaline water
electrolysis system

2017

Yildiz-Geyhan
etal.

Social life cycle assessment of different
packaging waste collection system

Packaging waste
collection
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Moreover, the results show that for four indicators there are social impacts on
work during the IC packing production. The study case led by Kolotzek et al.
(2017) considers the selection process of three different capacitor technologies
(aluminum-based, niobium and tantalum based). The small and medium-sized
enterprises (SME) of this study case assemble small electronic components,
like capacitors or resistors, for printed circuits manufactured individually and
ordered by different customers. The study case focuses on how the SME can
handle the tantalum capacitor, having regard to the risk of supply based on raw
materials, environmental impacts and social implications. The niobium turned
out to be the less critical material except for “health” and “safety”. By comparing
the aluminum and the tantalum, both of them show very similar results. The
tantalum is the most critical material as regards the indicators “cultural heritage”
and “child labor”, whereas the aluminum is considered the most critical material
in these cases “forced labor” and “working hours”.

4. Conclusions

The analysis points out that, especially in the last two years, the number of
study cases about S-LCA has been significantly risen for the increased adoption
of guidelines. Moreover, it was observed that there is a growing combination
between S-LCA and E-LCA. The numerous efforts made by scientific research
on the S-LCA have led to a wide diffusion of the works and the case studies,
mainly due to the extent of the results that can be obtained through its
application. However, the absence of a reference standard, as in the case of the
E-LCA, leaves considerable discretion in carrying out the analysis, preventing
the definition of a univocal and consolidated analysis process. The Guidelines
and the Methodological Sheets of the UNEP are fundamental as starting point
for any type of study that intends to evaluate the social aspects of any type of
product or service, but it is necessary that the research undertakes to pursue a
shared direction of the modalities on which to carry out the assessment of social
impacts. The main critical issues that emerged from the carrying out of this work
of review of the case studies concern the difficulty, on the part of the authors, of
finding sufficient data to conduct the analysis work, and in some cases, the lack
of participation of some categories of stakeholders .The consolidation of this
analysis methodology is in fact threatened by the absence of an agreement on
key aspects such as functional units, system limits, bottom-up and top-down
approach, etc.. Analyzing case studies, it emerges the need to create and
develop techniques and indicators for each sub-category applicable to the
various economic sectors and for small and medium-sized enterprises
(SMEs).Analyzing case studies, it emerges the need to create and develop
techniques and indicators for each sub-category applicable to the various
economic sectors and for small and medium-sized enterprises (SMEs). It has
also been noted that case studies make it possible to identify the priority areas
of intervention, providing useful indications for the implementation of social
policies that can be promoted both by individual companies and by policy
makers in the implementation of policies of welfare state.
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Abstract

Europe is heavily dependent on imported oil for its mobility and transport. High population
densities and an increase in sewage treatment facilities have resulted in a large increase in
sludge production volumes in Europe and, consequently, disposal problems. The
Demonstration of Waste Biomass to Synthetic Fuels and Green Hydrogen project, acronym TO-
SYN-FUEL, aims to provide satisfactory answers to both of these environmental issues. The
project implements a new integrated process to produce a fully equivalent gasoline and diesel
substitute starting from sewage sludge. A Life Cycle Assessment will be performed in order to
evaluate the environmental performances of the new integrated process to produce biofuels.
This paper illustrates the process that has led the authors to define the LCA goal and scope
considering both the feedstock and the end product point of view.

1 Introduction

Wastewater treatment leads to sewage sludge production and recent
restrictions on the use of sewage sludge have resulted in increased disposal
problems (Bharathiraja et al., 2014). The average dewatered sludge contains
approximately 65-75% water and has a low caloric value (Thinkstep, 2018).
However, dried sewage sludge can be considered as a potential biogenic
feedstock as a result of its considerable volatile content (30-88%) and calorific
value (typically 11-25.5 MJ/kg) (Kan et al., 2016). Thermochemical conversion
of sewage sludge into energy and fuel has considered as one of the most
attractive technologies to handle sewage sludge (Rulkens, 2008).

The Demonstration of Waste Biomass to Synthetic Fuels and Green Hydrogen
project, acronym TO-SYN-FUEL, aims to validate the conversion of sewage
sludge into biofuels. It is a H2020 project that runs from 2017 until 2021
implemented by twelve partners from industry and academia from five different
European countries. The project implements a new integrated process
combining Thermo-Catalytic Reforming (TCR®), with hydrogen separation
through pressure swing adsorption (PSA), and hydrodeoxygenation (HDO), to
produce a fully equivalent gasoline and diesel substitute (compliant with EN228
and EN590 European Standards) and green hydrogen for use in transport.

The aim of this paper is to illustrate how we have addressed the definition of
goal and scope of the LCA of the TCR-PSA-HDO system and alternative
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scenarios with the study of a deep literature review and the analysis of
statistical data. Two different points of view were considered: the feedstock
management point of view and the fuel for road transport point of view.

2 Materials and methods

The work was carried out under the conceptual framework shown by Figure 1.
As it is possible to observe, we have defined four steps: 1) analysis of the
process from both feedstock and product point of view; 2) analysis of the
current situation in Europe regarding sewage sludge treatment and fuel for road
transport consumption; 3) analysis of the state of the art of LCA applied to both
sludge management and residues biorefineries; 4) aim and scope definition of
the TCR-PSA-HDO system and its alternative scenarios.

1° step
Feedstock point of <=|ITCR-PSA-HDO process analysis I|=>End products point of
view view
2° step

Fuel for road
consumption

Sewage sludge

European current situation
management

3° step

] —3
LCA of sewage sludge <=lI SoA of LCA application 'I=> LCA of residue
| —

treatment biorefineries
4° step

Cradle to gate Aim & scope definition Well to wheel

Figure 1: Conceptual framework applied in this work

2.1 TCR-PSA-HDO system
The project aims to deliver a combined TCR-PSA-HDO plant with a nominal dry
feedstock throughput capacity of 500 kg/h. The core technology at the heart of
the project is TCR®, which is an intermediate pyrolysis flowed by catalytic
reforming. In the pyrolytic conversion of biomass by TCR® process, the
following streams are generated: oil, gas, char and process water.
Subsequently, during the reforming process, the char catalyses the cracking of
larger oxygenated compounds present in the vapour phase and promotes
reforming to synthesis gas and condensable organic vapours leading to a lower
molecular weight, less viscous, non-corrosive and significantly deoxygenated oil
fraction, thus avoiding the problems associated with fast pyrolysis oil (Ahmad et
al., 2018; Conti et al., 2017, Jager et al., 2017). In total, the process produces
three product fractions: the thermal stable oil, char, and hydrogen rich synthesis
gas. During this project the green H2 produced will be separated from the rest of
the synthesis gas by a standard PSA technology and partially utilised
downstream for upgrading of TCR®-oil. The physical characteristics of the
TCR®-oil (low molecular weight components, low oxygen content) enable it to
be blended with fossil and biogenic fuels but there is an even greater
opportunity available through the upgrading of the oil through HDO, without the
need for large volumes of expensive catalyst required due to the low oxygen
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content. This results in a liquid which readily distils into “synthetic” fuel fractions
(diesel and gasoline) that can be used directly by existing transport
infrastructure (Neumann et al., 2016).

2.2 Analysis of the current sewage sludge management and fuel for
road transport in Europe
The analysis is based on Eurostat web database (http://ec.europa.eu/eurostat).
Eurostat produces annual data on waste generation and management. Waste
statistics at EU level responds to the need for comparable and harmonised data
which are collected and published every two vyears following common
methodological recommendations.

2.3 State-of-art of LCA applied to residue-based biorefineries and

sewage sludge management
The literature search was done by mean of the bibliographic databases:
Scopus, ScienceDirect and Web of Science. The main analysed aspects were:
goal definition, functional unit (FU), allocation procedures, and system
boundaries. Twenty-six scientific papers addressing LCA and biorefineries fed
with organic residues and waste were selected; they are listed and identified by
a number in Table 1. The research covers both European and extra-European
experiences since 2008. Nine scientific papers addressing LCA and current
uses of sewage sludge were selected (see Table 2). In this case, the research
covers the period 2002-2017 and focuses only on European case studies since
this geographic area is interesting for the project.

3 Results

3.1 Current situation in sewage sludge management

As it is possible to observe from Figure 2 (Eurostat, 2017a), in the EU two are
the most common fates of sewage sludge: land spreading and incineration. In
spite of the fact that about 40% of the total sludge produced in the EU is used
for agriculture purposes, the individual EU countries are very different in terms
of the amount of sewage sludge that is distributed into soil. Some Member
States have adopted stricter limit values for contaminants than those listed in
the Council Directive 86/278/EEC and other Members have added some new
contaminants. Several EU Members are taking into consideration the health and
environmental risk of applying sludge to agricultural land and have even banned
its use, while others use it widely and are still improving sludge management
(Kacprzak et al., 2017). In Belgium, Denmark, Spain, France, Ireland and the
United Kingdom, the amount of sludge used for agriculture was more than 50%
in 2010. However, in other countries, for instance in Finland and Belgium, less
than 5% is used for agricultural purposes. In Greece, Netherlands, Romania,
Slovenia and Slovakia sludge is not used in agriculture. In Poland, a gradual
decrease in landfilling of sewage sludge and an increase in their thermal
conversion has been observed.
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Table 1: Allocation choices used by LCA studies applied to residue-based biorefineries

NO allocation among end- | Allocation among end-
products products
ID | Reference gggro duct g/ilgglrzl::laucts Mass | Energy | Economic
1 Adom and Dunn, 2017 v
2 Benoit and Gagnaire, 2008 V4
3 Cherubini and Ulgiati, 2010 |
4 Ekman and Bdrjesson, v
2011
5 Falano et al., 2014 N4
6 Farzard et al., 2017 v v v
7 Gilani and Stuart, 2015
8 Giwa, 2017 N4
9 Gonzalez-Garcia et al., Y
2016a
10 | Gonzalez-Garcia et al., Y
2011
11 | Gonzalez-Garcia et al., v
2016b
12 | Kimming et al., 2011 V4
13 | Liu and Shonnard, 2014 v v
14 | Magalh&es do Na-et al.,
2016 v v
15 | Morales et al., 2017 V4
16 | Parajuli et al., 2017a v
17 | Parajuli et al., 2017b V4
18 | Piemonte, 2012 V4
19 | Pourbafrani et al., 2013 V4 V4
20 | Sadhukhan and Hern., v
2017
21 | Schmer and Dose, 2014 V4
22 | Spatari et al., 2010 N4
23 | Tonini and Astrup, 2012 N4
24 | Tonini et al., 2016 N4
25 | Uihlein and Schebek, 2009 v
26 | Wangetal., 2013 N4
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Figure 2: Sewage sludge management methods in EU

3.2 Current situation in road fuel consumption

In the transport sector, gasoline and diesel are still the main energy sources.
According to the European Commission, Europe is heavily dependent on
imported fossil fuels to sustain its mobility and transport system (European
Commission, 2014). In 2015 by Eurostat data, diesel consumption was about
200,000 Mtoe while gasoline consumption was less than 80,000 Mtoe (Eurostat,
2017b). Gasoline demand continues to decline while diesel demand is on the
rise, currently reaching a 2.6 demand ratio in 2016. Almost all diesel sold in the
EU contains biodiesel, whereas 85% of petrol sold contains bioethanol.

3.3 State-of-art of LCA applied to residue-based biorefineries

As far as residues-based biorefineries are concerned, Saraiva (2017) divides
the goals of LCA studies into three categories: 1) analysing environmental
performances of a biorefinery as a whole, aiming at comparing different
systems setups or process arrangements. These studies commonly have an
input-related FU and do not perform allocation of impacts between different
outputs; 2) analysing environmental performances of the production of a
specific (main) product in a biorefinery, aiming at comparing this product to
others with the same function. These studies commonly have an output-related
FU and either perform allocation of impacts between different outputs or use
system expansion, discounting impacts from goods substituted by by-products;
3) analysing environmental performances of the production of different outputs
from a specific feedstock in a biorefinery, aiming at comparing use of different
feedstocks for production of goods with the same function. These studies
commonly have an input related FU and do not perform allocation of impacts
between different outputs.

As observed by Saraiva (2017), the FU depends strongly on the type of LCA
goal and can be input-related (e.g. kg of feedstock) or output-related (e.g. L of
ethanol).

As far as allocation choices are concerned, the approaches are much
diversified. Excluding the eight case studies where only one end-product is
analysed (studies 1, 3, 8, 11, 12, 15-17), in the remaining cases nine studies
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use the expansion boundaries system (studies 5, 6, 9, 20-26) and the other
ones show allocation. Also here the most common criterion is the economic one
(studies 4, 6, 10, 13, 14, 18, 19) but also mass (studies 2, 13, 14) and energy
(studies 6, 19) criteria are in some cases applied. It is noteworthy that in some
cases, multiple allocation choices with a sensitive analysis have been applied
(studies 6, 13, 14, 19).

The most common system boundary approach is “cradle to gate” (studies 1-7,
9, 10, 12-18, 22, 25, 26). This is the typical approach of situations in which
agricultural and forest residues are the feedstock. Quite common is also the
“cradle to grave” approach (studies 1, 8, 11, 13, 19, 20, 23, 24). Then, it is
possible to observe rarer system boundaries choices, like as “gate to grave” by
Sadhukhan and Martinez-Hernandez (2017), Tonini and Astrup (2012) and
Tonini et al (2016), “well to tank” by Schmer and Dose (2014), and “gate to
gate” by Wang et al (2013).

3.4 State-of-art of LCA applied to sewage sludge management
Table 2 shows the nine studies analysed in the state-of-art review; the current
treatments of sewage sludge are reported for each study.

Table 2: Sewage sludge management methods in LCA state-of-art review

ID | Reference Landfilling Lanq Incineration | Compost | AD
spreading
27 | Buonocore et al.,
2016 v v
28 | Hospido et al., 2005 v v
29 | Houillon and Jolliet,
2005 v v v
30 | Lombardi et al., 2017 N4 V4 N4 N4
31 | Lundin et al., 2004 V4 N4
32 | Mills at al., 2014 v
33 | Peregrina et al., 2006 V4
34 | Righietal., 2013 v v
Suh and Rousseaux,
35 2002 v v v v v

In all cases, LCA is applied to compare the environmental performance of
different scenarios for sewage sludge treatment or disposal.

With the exception of Buonocore et al. (2016), who chose 1000 m?3 of
wastewater, all the cases have selected the mass of sludge as functional unit.
The differences are in the content of water in the sludge.

The all case studies follow the same structure: from the dewatering to the
valorisation fate (incineration, land spreading, etc.).

Very often, cases of recovered materials and/or energy produced as outputs
from the systems were resolved by expanding the system boundaries to include
avoided primary productions (studies 27, 29, 30, 34). In other cases, the
substitution process has been selected (studies 28, 31, 32). Peregrina et al.
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(2006) examine two different incineration processes and they do not have to
face the issue of different product production. Suh and Rousseaux (2002) do
not take into account energy and/or material recovery to avoid the expansion of
the system under study.

3.5 Goal and scope definition of TO-SYN-FUEL project

Table 3 shows the most important choices resulting from the phase of “Goal
and scope definition” of TO-SYN-FUEL project. The second column lists the
choices concerning the sewage sludge treatment point of view in which the aim
is to compare different sludge management systems. As alternative scenarios,
the most common sludge treatments applied in EU were selected. The third
column shows the choices concerning the biofuel production point of view. In
this case the aim is to compare different type of road fuels. Gasoline and diesel
were selected because they still represent the main energy sources in Europe,
moreover biodiesel from dedicated crops was added as third alternative
because it represents the most common road biofuel in EU Member States.

As far as the multifunctionality problem is concerned, the analysis of sludge
management will be carried out applying the expansion of the system
boundaries, the choice is due to the many different products in output of the
analysed scenarios (power, heat, soil amendment, biofuels, etc.). In the case of
biofuels perspective, the energy allocation appears the more suitable choice
since all the output products of TO-SYN-FUEL have relevant energy content.

Table 3: main choices of the “Goal and scope definition” phase of TO-SYN-FUEL project

Feedstock point of view End products point of view
Goal to compare different sewage | to compare biofuels from the
sludge management project to conventional fuels
1 ton of sewage sludge
Functional unit resulting from wastewater | 1 MJ of fuel
treatment
Svstem boundaries from dewatering to | from dewatering to distillation
¥ valorisation treatment of HDO-oil to biofuel
. . landfilling -~ (worst-case | . ine  giesel, biodiesel
Alternative scenarios scenario), incineration, land :
. from dedicated crops
spreading
Multifunctionality problem av0|d|ng allocation by | energy _a_llpcatlon (gompleted
expansion by sensitivity analysis)

4 Conclusions

In conclusion it is possible to affirm that the state-of-art of LCA applied to
biorefineries and to sewage sludge treatments has been very helpful in order to
accomplish “Goal and scope definition” phase. Thank to it, we were able to
evaluate pros and cons of the operational choices of the various authors and to
make informed choices in relation to the different options. In the same way, the
analyses of the current situation concerning sewage sludge management and
road fuels consumption have been fundamental to define the most remarkable
alternative scenarios
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Abstract

Despite the generation of photovoltaic (PV) waste is expected to grow exponentially, current
base case PV recycling processes have a low efficiency and, in some cases, are not even in
line with legislative targets. The article analyses the resource efficiency of a novel process for
the recycling of crystal silicon (c-Si) PV panel waste. The life cycle impacts related to this
recycling and the potential environmental benefits related to the recovered materials are
investigated. It is estimated that over 80% recycling rate (in mass) of the PV panel can be
achieved. Moreover, this is one of the first processes developed for the recycling of silicon (one
of the EU critical raw materials) from PV waste. Benefits derived from the production of
secondary raw materials largely outperform the impacts for all the considered categories. The
article also discusses some improvement measures at the product level and at process level.

1. Introduction

Since 2012, photovoltaic (PV) panels have been included within the scope of
the Directive 2012/19/EU on Waste of Electrical and Electronic Equipment
(WEEE). The Directive established a minimum target of 80% of PV waste to be
prepared for reuse or to be recycled starting from August 2018. Although
several LCAs of PV panels have been published in the literature, the end-of-life
(EoL) phase of this product has been generally excluded or neglected
(Sherwani et al., 2010). This was due to various reasons, such as the low
amount of PV waste collected, the complexity of their recycling, and the lack of
data concerning the EoL stage.

On the other hand, the number of PV power plants largely increased in the last
decade. The cumulative PV installations worldwide rose from 6 GW in 2006 up
to 303 GW in 2016 (IEA, 2017). Crystalline-silicon (c-Si) PV dominates the
market, accounting for 85-90% of the PV technologies (IEA, 2014). The long
operational life of the c-Si PV panels (20-25 years or even more) implies that
PV waste generation will grow exponentially in the next decades. This implies
the need of further research on new technologies for PV waste processing and
on the assessment of their efficiency in materials recovery and their related
environmental impacts. Moreover, PV panel production is also a key sector in
terms of use of Critical Raw Materials (CRMs). In particular, it is estimated that
the demand of silicon for PV could rise from 33,000 tonnes in 2015 up to
235,000 tonnes by 2030 (EC, 2018). The recycling of silicon, alongside with
other raw materials, has high potentials, and more than 95% is claimed as an
economically feasible for recycling (EC, 2018). Nevertheless, the recycling of
silicon metal at EoL, which the EC considers a supply risk mitigation filter when
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defining the list of CRMs for the EU (Blengini et al., 2017), is currently close to
zero (EC, 2018).

The present article presents an assessment of a novel and high-efficient
recycling process for c-Si PV waste, providing an estimation of the life cycle
impacts of the processing and the potential benefits from secondary raw
materials (SRMs) production. In particular, the article focuses on key aspects of
the recycling process (as related to the waste transport and the PV backsheet
treatment) and identifies some improvement measures at the process level and
at the product level. The case-study also evaluates some methodological
considerations related to the representativeness of impact categories used in
the assessment, and to the accounting of the benefits derived from avoided
primary materials production.

2. Recycling of PV in current practises and in a novel process

Latunussa et al. (2016) provided the average composition of a c-Si PV: glass
(70%); metal frame (18%), mainly aluminium; polymer encapsulations (5.1%),
predominantly ethylene-vinyl acetate (EVA); silicon cells (3.6%); backsheet
(1.5%), made by polymers; cables (1%); others (2.3%), including silver (0.05%).
Based of the analysis of various WEEE recycling plants in the EU, there is little
evidence of currently established recycling processes for c-Si PV waste. It was
observed that the common practice, which can be considered representative of
the current basic recycling route, is to dismantle the frames and cables of the
PV waste, which are subsequently sorted for recycling. The remaining parts are
then treated with simple techniques (e.g. hammered or grinded, to separate
some glass) or directly shredded with other WEEE. However, due to the
heterogeneity and complexity of the PV panel (including glass, encapsulations,
silicon cells and multi-polymers backsheet), the amount and quality of materials
that can be recycled in such a way is very low. However, the recycling rates
achieved by such processes?* revealed to be much below the target of 80% set
by WEEE Directive.

Few examples of analyses of selective processes for PV recycling have been
discussed in the literature. For example, Corcelli et al. (2018) applied the LCA
to a recycling process of PV waste. The authors based the analysis on
laboratory tests and ideal conditions conducted on some PV samples. Corcelli
et al. (2018) also concluded that a well-designed recovery process has to focus
on all high value materials, such as silicon and silver. Nevertheless, scale-up
from laboratory to full-scale industrial process would be necessary to confirm
the findings.

This article analyses a novel recycling process developed by the project “Full
Recovery End of Life Photovoltaic — FRELP” (SASIL, 2016) (Figure 1). The
process has been developed up to the pilot phase and it is currently considered
ready for full application at industrial stage by the industrial operator. The follow-

24 For the analysis of the base case process currently occurring in a WEEE recycling plant, it is
estimated that following amounts are recycled: 95% of the aluminium in the frame (171 kg);
96.5% of copper in the cables (3.18 kg); and 10% of the glass of the frame (70 kg). Plastics
from cables are energy recovered. All other materials are considered to be lost in the shredding
residuals and landfilled. The overall recycling rates is estimated to be around 24%.
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up of the FRELP project was however put in stand-by, awaiting for sufficient
and constant flows of PV waste that would pay-back for the investment. After
transport (1), the PV waste is unloaded (2) and transferred into an automated
system for the PV dismantling (3), to remove the frames and the cables, which
are further treated for copper recycling and energy recovery of plastics (4 and
5). The waste panels are then introduced into a glass separation process (6), in
which the glass layer is detached from the remaining layers of polymers and
cells (so-called ‘PV sandwich’). Glass is then brought to a refinement process
(7), while the sandwich is reduced in size (8), and later treated by an
incineration plant (9). Ashes from the incinerations are sieved (10) and treated
by acid leaching (11). The acid solution is then filtered (12) (to recover the
silicon), and treated by electrolysis (13) (to recover silver and copper). The
residues of the electrolysis are finally neutralised (14) and filtered (15), while
silver metal is finally refined (16).

The analysis of the inventory flows of the FRELP process has been described in
detail by Latunussa et al. (2016). In the present study, a more detailed analysis
of the incineration of the PV panel has been carried out. In particular, impacts of
the incinerations have been estimated according to a study by the Fraunhofer
Institut (2017), which analysed the composition and EoL of different PV
backsheets, including the measurement of air emissions from incineration.
Emissions from incineration of EVA are estimated from Hull et al. (2002).
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Figure 1: Input and output flows of the FRELP recycling process for C-Si PV waste (modified
from Latunussa et al. (2016))

The composition of the backsheet can play a key role in the recycling of the PV
waste. In particular, fluorine contained in certain polymers (as polyvinyl fluoride
- PVF) can be responsible of the release of hazardous substances, such as
hydrogen fluoride (HF), which is also regulated by legislation (EU, 2000). The
PV backsheet is assumed to have a structure of Tedlar/PET/Tedlar (TPT) with
the following composition (Fraunhofer Institut, 2017): carbon (55.6%), fluorine
(5.5%), hydrogen (4.5%), oxygen (28.5%), nitrogen (0.2%). Fluorine is fully
released when the backsheet is incinerated already at the temperature of 750°C
(Fraunhofer Institut, 207), and HF is formed. It is also assumed that 80% of HF
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is neutralised by dedicated abatement system (Biganzoli et al., 2015). The
following SRMs can be produced after the recycling process: glass (617 kg);
aluminium (174 kg); copper (4.2 kg); silicon (34.7 kg); silver (0.5 kg). The
estimated recycling rate of the process is about 83 %. Plastics in cables,
encapsulations and backsheet are incinerated with energy recovery.

3. Impact assessment of the c-Si PV recycling process

The impact assessment of the novel recycling process for c-Si PV waste has
been carried out according to the ILCD impact categories [EC, 2010]. Impacts
are referred to the functional unit “recycling of 1,000 kg of c-Si PV waste”
according to the FRELP process. However, it was observed that these
categories are not capturing some relevant air emissions flows, as HF from the
incineration of the backsheet. Therefore, the analysis has been extended to
include two additional categories for which HF emission are characterised®.
The potential environmental benefits related to the recycling process have been
estimated according to Ardente and Mathieux (2014). In particular, the benefits
of SRMs produced thanks to the recycling process are accounted as the
impacts of the avoided primary raw material, at the net of the impacts for the
production of the SRMs. Particular attention is given to the accounting of the
effective amount of SRMs produced, on the material potentially substituted and
the inventory data used. The analysis of the SRMs derived from the process
(and of the potentially substituted primary materials) has been performed jointly
with the designers of the FRELP recycling process. In particular, it is observed
that:
- aluminium scraps from the frames and from internal connectors are separated
and can be further processed for the production of secondary aluminium
(assumed equivalent in quality of primary one);

- copper scraps (from cables and from interior parts of the PV panel) are sorted
and can be further processed for the production of secondary copper (assumed
equivalent in quality of primary one);

- glass scraps are separated through a highly selective process in order to
maintain high purity. This glass also contains some valuable additives, as
antinomy?%, which cannot separated further but that could be recycled together
with glass in high quality applications. On the other hand, due to the low value of
glass scraps, it is expected that these will be mixed with other waste glass for
lower quality applications (e.g. recycled for the production of flat glass).

- silicon is separated by acid leaching to obtain a high purity material. However, a
market of silicon metal scrap does not exist yet. Silicon metal in solar cell is
assumed to be recovered as metallurgical grade silicon metal that will directly
substitute the production of metallurgical grade silicon metal (substitution 1:1).

- silver is separated by electrolysis on graphite rods. Successively, graphite is
burnt and silver is recovered (assumed of the same quality of primary silver).

25 ‘Acidification’ impact as in the method “EDIP2003” (Hauschild and Potting, 2005) and ‘Human
toxicity’ as in the method “ReCiPe” (Goedkoop et al., 2013).
26 Antimony is used in solar glass applications to improve transmittance (Wirth and Weil3, 2016).
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Figure 2: Impact assessment — Comparison of the FRELP recycling process with a base case recycling for c-Si PV waste
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The impact assessment of the ¢c-Si PV recycling process is presented in Figure
2. This illustrates the impacts of the FRELP process in comparison with the
potential benefits due to the material recycling and SRMs production. Moreover,
the Figure 2 presents the differences with the impacts (and benefits) of a base
case PV recycling process (as described in section 2).

4. Discussion

The results showed that the impacts of the advanced recycling process are
slightly higher compared to a lower quality recycling in a base case treatment,
but the overall benefits are higher for all the considered impact categories. The
benefits of the base case process are still high because of the efficient recycling
of the most relevant fraction (aluminium). The difference of the impacts/benefits
between the two processes are low for certain impact categories (e.g. the
Global Warming Potential), while are much higher for some others (e.g. the
Abiotic Depletion Potential — mineral), especially thanks to the recycling of
silver.

The analysis of results proved also that transport is the main responsible of the
impacts in the FRELP recycling process to several impact categories. This large
incidence of the transport can be related to the heterogeneous distribution of PV
plants in the geographical areas, combined with the need to transport to the
specialised recycling plant. A potential improvement of the recycling could be
regard the creation of decentralised recycling plants, for some pre-treatments of
the PV waste.

Another key aspect of the PV recycling is related to the content of fluorinated
plastics. Their processing through thermal treatments has to occur in dedicated
plants provided of proper abatement systems for flue gases (especially for acid
emissions as HF). On the other hand, since some valuable materials of the PV
(i.e. silver and silicon) are recovered from the bottom ashes of the incineration
process, it is necessary that PV waste are incinerated separately from other
waste. This type of process could imply some technical problems. First of all, it
is necessary to provide a certain amount of input waste to sustain the
incineration in a dedicated plant. This is could represent a constraint for the full
development of this type of recycling, since the amount of PV panel currently
reaching the EoL are still very limited?”- On the other hand, a large amount of
fluorinated plastics incinerated all together could represent a problem for the
incineration plant, which could risk to pass the legal limits for HF emissions.
These emissions are also environmentally relevant. Considering the additional
impact categories (as in note 2), it resulted that HF emissions are responsible
for about 40% of the Acidification impact (EDIP) and about 80% of the Human
toxicity (ReCiPe).

Additional metal pollutants could be emitted during the incineration of the PV
waste, including arsenic, cadmium, chromium and lead (Tammaro et al., 2015).
A large variability of these metal emissions is possible, mainly due to the
composition of the panel, and additional research is needed on this topic.

27 According to Wambach (2017) the development of the FRELP pilot process was stopped in
spring 2016 because of the short supply of waste modules as input to the process.
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In the absence of fluorinated plastics the PV could be treated by alternative
processes (e.g. pyrolysis) with several potential benefits as: avoided releases of
acid air emissions; possibility to treat the PV waste in small batches, with minor
losses/dispersion of ashes; reduction of the impacts due to transport?. The
analysis of the recycling of fluorine-free PV panel can be the objective of further
analysis. For this assessment is particularly relevant to select impact categories
which capture HF air emissions (as those mentioned in note 2).

5. Conclusions

Basic and low-performance processes currently adopted by WEEE recycling
plants for the treatment of PV waste are still not efficient in recovering high
quality secondary raw materials and, in some cases, not suitable to meet
legislation targets concerning the recycling rates. Still these processes are
characterised by a low impact and are able to separate the metal frames and
cables (which are some of the most valuable components). These processes
are instead not efficient for the recovery of the glass (the main component, in
mass, of the PV panel) and other valuable materials (e.g. silver and silicon).

A novel and high efficiency recycling processes for c-Si PV waste has been
analysed in a life cycle perspective. This process entails some additional
environmental impacts (mainly due to transport, thermal treatment, use of
reagents), which are however largely compensated by the benefits due to
additional material recovery (including high quality glass, silicon and silver).
Some aspects require still additional research as: the analysis of the emissions
released to the incineration, the use of alternative processing (in case of non-
fluorinated plastics used in the PV), and the assessment of the impacts of the
recycling compared to other life cycle phases.

The article also highlights some methodological aspects. The assessment of the
benefits of recycling (i.e. credits derived from SRMs productions and avoided
primary raw materials) requires a detailed analysis of the outputs. In this
analysis, the reliability of the assumptions have been cross-checked and
validated with the industrial counterpart, taking into account the composition
and quality of the material fractions derived from the recycling.

Moreover, this analysis showed the relevance of a proper selection of the life
cycle impact categories. Although the relevance of this phase is clearly
recommended by the standards of the series ISO 14040, LCA practitioners
sometimes overlook this aspect. In particular, one of the major impact of the
process was represented by the potential emission of HF air emissions. This
impact was not captured by any of the impact categories initially selected. It is
certainly difficult to check all the elementary flows and iffhow these are captured
by the selected impact assessment methods. However, it is recommended to
cross check at least the major direct emissions released by the studied process.

28 |n this scenario, there is no need to send the PV waste to a specialized incineration plant with
the abatement of the acid emission. The waste could be treated in small pyrolysis plant located
close to the PV dismantling facility.
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Abstract

The study was realized to examine the environmental impacts related to two possible ways of
managing the Anaerobic Digestion (AD) liquid digestate of the organic fraction of municipal solid
waste (OFMSW). The comparison, in terms of managing 1 tonne of liquid digestate, was made,
using the Life Cycle Assessment (LCA) methodology, between the treatment in a civil
Wastewater treatment plant (Wwip) and the spreading on landfarms. Environmental impacts
were evaluated with both a Mid-point and an End-point method. The results showed higher
impacts for the Wwip in relation to the Use-on-land for the majority of the analyzed categories
with the Mid-point method. The End-point method considered reported higher damages for the
Wwip compared to the Use-on-land.

1. Introduction

A great amount of AD digestate was produced in Europe during last recent
years (Tampio et al.,, 2016). A significant quantity of solids remain in the
digestate that is a liquid to thick slurry withdrawn from anaerobic digester. Great
amounts of digestate produced daily can represent an issue related to the
movement of it since a big amount of fuel is used for transporting it. As a
consequence the solid-liquid separation of raw digestate is often performed
onsite. The two fractions follow different paths in terms of treatment; the solid
one can be composted or applied directly on land as organic fertilizer (Tambone
et al., 2015), while the liquid one is usually treated in a waste-water treatment
plant or spreaded on farmlands. The two digestate’s disposal applicable ways
above mentioned are exploited differently within the countries of European
Community in consequence of the diverse emission values on which digestates
must conform in order to be no more considered as a waste (Saveyn & Eder,
2014). Both available treatments have advantages and drawbacks. The use on
land of digestate causes problems such as pollution of rivers and deterioration
of the acquatic life principally due to the nitrogen leaching and penetration into
the groundwater (Svoboda et al., 2013). On the other side the application on
soils generates an increase in the organic matter on soil (Odlare et al., 2011) as
a result of long-term nutrient release (Abubaker et al., 2012). The Wwtp is
mostly used to treat civil wastewaters but it is also largely adopted for treating
leachates resulting from biological treatments i.e. A.D. and composting. The
functioning of these plants guarantees a treated effluent that can be discharged
on water bodies, but it is required also the disposal of the sludge produced that
represents an important cost item on the overall operating cost of the plant (Wei
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et al. 2003). In order to better understand which are the environmental impacts
related to the treatment of OFMSW's liquid digestate a L.C.A. was conducted, in
this study, with reference to two possible treatment paths; Wwtp and Use-on-
land. In particular the study focuses on differences due to use-on-land in soils
with different characteristics as the percentage content of clay, silt and sand.
Different studies were conducted in order to understand the effects of the use
on land on diverse types of soil. Bruun et al. (2006) performed an analysis on
which values related to N-leaching result variable depending on the soil type
considered. Sogn et al. (2018) determined, for the silt and loam soils, a
replacement value for the ammonium N fraction in digestates equal to that of
mineral fertilizer N, whereas the replacement value was higher in the nutrient
poor sandy soil. With regard to Phosphorus, Albacete et al. (2014) found the
potential P losses connected to digestate application not to be significantly
dependent on soil type, but more related to digestate characteristics. As for the
Potassium, Sogn et al. (2018) detected a strong K adsorption in the loamy soil
while for the other soils investigated varying degress of leaching were observed.

2. Materials and methods

The study was performed comparing two different scenarios; the first one
consisted in the treatment of the OFMSW digestate directly in the wastewater
treatment plant (Fig.1) while in the second one the OFMSW digestate is
spreaded on farmlands as organic fertilizer (Fig. 2).
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Table 1: Chemical characterization of the OFMSW digestate considered in the study

Parameter Value Unit Measurement References
Moisture Content 68.05+£17.06 (kg/kg w.b.)
Volatile Solids 0.252+0.105 (kg’kg w.b.)
Total Organic Carbon 0.118+0.074 (kg/kg w.b.) Di Maria et al.,
Total Kjeldal Nitrogen 0.005+0.0014 (kg/kg w.b.) 2016
N-NH4* 0.0011%0.001 (kg/kg w.b.) Di Maria et al.,
COD 13130+3822.4 (mg O2/L) 2013
Total P 8.2E-4+4.4E-4 (kg/kg w.b.) Di Maria et al.,
Total K 0.0023+5.9E-* (kg’kg w.b.) 2013
Total Ni 1.31E-7+2,45E-7 (kg/kg w.b.) Schievano et al.,
Total Cu 1.63E-°+8.96E-6 (kg/kg w.b.) 2010
Total Zn 3.59E-%+2 43E-° (kg/kg w.b.) Tambone et al.,
Total Hg 1.61E-7+3,26E-7 (kg/kg w.b.) 2010
Total Pb 8.75E-5+541E-% (kg/kg w.b.)
Total Cd 2.11E-°4+2,59E-1° (kg/kg w.b.)
Total Cr 3.31E-5+5,40E-° (kg/kg w.b.)
Table 2: Main features of the first scenario
Parameter Amount Unit
Diesel 4.74 kg
Wastewater treatment 1 Mg

2.1. The first scenario

In the first scenario 1 tonne of OFMSW liquid digestate (Table 1) was
transported 130 km away from the AD plant and treated in a WWTP (Table 2).
Three stage wastewater treatment (mechanical, biological, chemical) including
sludge digestion (fermentation) was adopted as standard technology, since it is
well applicable for European plants. Two outputs exit from the plant; treated
water and sludge. The treated water was discharged in a river 