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Abstract

Normalisation is an optional step in Life Cycle Assessment (LCA), often used in decision making
since it helps interpreting the results of LCA studies with regard to some reference
information. The applicable ISO standard recommends considering different reference systems
to guarantee the robustness of the normalisation step, and so the availability of different
normalisation datasets becomes of high relevance.

Life Cycle Impact Assessment (LCIA) methods provide normalisation factors (NFs) for global
and regional areas, but no NFs are proposed for smaller areas such as local or subnational
scales. The aim of this paper is to evaluate the feasibility of using territorial LCA approach to
determine subnational NFs. Normalisation datasets for both Galician (NW Spain) production
and consumption activities have been calculated considering a life cycle perspective. In
addition to this, the normalisation datasets calculated for Galicia have been used to evaluate
two food products produced and/or consumed in the region as case studies. Then, the
normalised results have been compared to those obtained using different reference systems
(Europe and the World), calculated following the same methodology (ReCiPe).

A qualitative uncertainty analysis of the NFs has been carried out, and the usefulness of
territorial LCA to determine them has been discussed. It was concluded that territorial LCA is a
promising way to determine NFs but that some improvements could be made, which have also
been pointed out here.

1. Introduction

Life Cycle Assessment (LCA) is a tool designed to evaluate the environmental performance of a
product® throughout its entire life cycle (ISO, 14040:2006). It consists of four mandatory
stages, i.e. i) goal and scope definition, ii) inventory analysis, iii) impact assessment, and iv)

! Following the terminology of LCA International Standards, the term “product” includes services (ISO,
14040:2006).
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interpretation; and of several optional ones including normalisation, grouping, weighting, or
data quality analysis.

This paper focuses on the normalisation step, in which the impact assessment results are
compared to a certain reference. This step serves several purposes, i.e. it helps interpreting
the impact assessment results and finding inconsistencies among them, it can facilitate the
communication of the results to non-practitioners, it can serve as a first step before other
optional phases such as weighting, and it can also ease decision making when trade-offs exist
(Bare et al., 2006). Trade-offs refer here to the issues arising in comparative studies, when
identifying the alternative with the best environmental performance is not straightforward,
due to the different scores obtained in the various impact categories.

The normalisation of the life cycle impacts of a certain product or process is carried out
following Eq. (1).

C.

For a certain impact category i, N; is represents its normalised result, C; is the impact of the
product or process under study and NF; is the normalisation factor, i.e. the impact of the
reference against which the results are compared. The choice of the reference system largely
influences the results and the way to interpret them. There are two main types of
normalisation, i.e. internal and external (Pizzol et al., 2016).

The internal normalisation is used to compare the environmental performance of different
alternative scenarios, and so the impact results of the different alternatives are compared to a
certain reference from the same study (Norris, 2001). This can be done in several ways, such as
division by baseline (the impacts of each alternative are divided by those of a certain one,
chosen as baseline scenario) or division by maximum (the impacts of each category are divided
by the maximum value found for that category throughout all the alternatives). By definition,
internal normalisation can only be used in comparative scenarios (Pizzol et al., 2016), and it
can lead to incongruent results if a subsequent weighting step is carried out (Norris, 2001), and
so the current recommendation of the United Nations Environment Programme and the
Society of Environmental Toxicology and Chemistry (UNEP-SETAC) is to use external
normalisation instead (Verones et al., 2017).

In the external normalisation, the reference system is usually a geographical area (which may
be global, regional, national, or local (ISO, 14044:2006)) at a specific period of time (usually
one year) (Lautier et al., 2010). There are two main types of external normalisation, i.e. the
production based approach and the consumption based one. The production based approach
derives NFs from the direct environmental flows occurring within a certain area, linked to the
human activities. The consumption based one includes both the direct and indirect life cycle
environmental flows (i.e. occurring within a certain area or elsewhere) linked to the final
consumption of that area (Breedveld et al.,, 1999). It should be noted that the terms
consumption and production are not necessarily linked to the type of human activities (e.g. the
production based approach usually includes direct emissions from households, not linked to
any productive activity), but to the boundaries considered. At the global scale, both
approaches yield the same NFs and reflect the total worldwide environmental impacts.

The reference system chosen to calculate NFs must be consistent with the system boundaries
of the assessed product (Lautier et al., 2010). Considering that nowadays most raw materials
required travel around the world, the reference system should account for all life cycle
emissions. For instance, using the ReCiPe European NFs to normalise LCIA results of the annual
consumption of two Galician brands of coffee seems inappropriate, as both system boundaries
are completely different. On the one hand, most of the coffee supply chain and the related
environmental flows take place outside Europe, while on the other hand the ReCiPe European
NFs follow the aforementioned production based approach, and thus they only include the
direct environmental flows taking place in the European continent. Another way to keep the
same system boundaries is to use global scale NFs.
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Neither the global scale nor the life cycle based approach, however, has achieved widespread
development due to the difficulty of data gathering and to the extrapolation requirements of
global inventories, since usually the worldwide environmental interventions need to be
inferred from a few countries for which data are available. To the best of our knowledge, only
a few sets of both types of normalisation factors exist, using different LCIA methodologies and
reference years and areas: three for the consumption based approach, for The Netherlands in
1993/1994 using CML (Breedveld et al., 1999), for Finland in 2005 (Dahlbo et al., 2013)
following ReCiPe, and for Canada in 2005 using three different LCIA methodologies (Lautier,
2010); and three for the worldwide reference: in 1990 and 1995 using CML (Huijbregts et al.,
2003), in 1994 following EDIP97 (Stranddorf et al., 2005), and in 2000 using ReCiPe (Sleeswijk
et al., 2008).

More numerous are the production based regional (i.e., continental and national)
normalisation datasets, again calculated with different methodologies for different reference
years, available for Europe (Sala et al.,, 2015), the United States (Kim et al., 2013), and
individual countries (Slapnik, 2015). Only the most recent regional normalisation datasets have
been cited here, while a detailed list of those existing before 2013 can be found in (Laurent
and Hauschild, 2015).

In any case, no subnational normalisation references exist so far, even though considering
regional particularities can lead to significant deviations when compared to large scale ones
(Slapnik, 2015). Subnational NFs can be useful for designing local policies and identifying
hotspots in a given area.

Considering these recommendations and needs, this paper explores the possibilities and
interests of determining subnational life cycle based normalisation factors. These factors will
be computed according to the territorial LCA approach (Loiseau et al., 2013).Territorial LCA is a
hybrid methodology, combining bottom-up (process LCA) with top-down (input-output LCA)
approaches to evaluate the overall environmental impacts of all the production and
consumption activities that take place within a region (Loiseau et al., 2013). Both NFs for
Galician production and consumption activities will be determined according to a life cycle
perspective, also called consumption-based approach in the literature. As already mentioned,
in most existing normalisation studies, production NFs refer to those only including direct
environmental flows, while consumption NFs include both direct and indirect ones. This
terminology can be misleading as it is not directly linked to the type of activities included in the
reference system boundaries unlike the NFs computed in this study. Our approach is more
consistent with that used in the LCA of individual products. Moreover, the normalisation
factors will be computed according to existing LCA databases, thus limiting discrepancies with
conventional LCAs.

The objective of this study is to evaluate the suitability of using territorial LCA to calculate
normalisation factors, using Galicia (NW Spain) as case study due to the following reasons: i)
there are numerous Galician LCA case studies applied to specific products or activities in all
sectors, but none for all regional production and consumption activities; ii) the territorial LCA
methodology developed to collect environmental flows for all production and consumption
activities has never been used to obtain normalization factors; iii) Galicia has particular
economic characteristics, where the primary sector plays a more important role than in the
rest of Spain, so determining specific regional NFs could be interesting for local decision-
making to assess the contribution of a product or an activity to the overall regional impacts in
a more robust way, iv) the Spanish Autonomous Communities are regions with transferred
competencies in environmental issues from the National Government, and local decision-
makers need quantitative tools to design their policies.

The NFs obtained are then applied to two sets of existing LCAs of products produced and
consumed in the region. The methodological issues found when calculating normalisation
factors are discussed, and the normalised results of the case studies are compared using
different normalisation references. Last, the feasibility and interest of using the territorial LCA

3
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methodology to calculate NFs is evaluated, and the main advantages and disadvantages of the
approach are presented, along with recommendations for future studies aimed at the same
purpose. The normalisation factors obtained can be used in subsequent studies in Galicia, and
they can also largely contribute to the body of knowledge of the topic and set a pathway for
the determination of other normalisation references.

2. Methods

Territorial LCA is a methodology developed by (Loiseau et al., 2013), aimed at providing LCA
based information to support decision making in land planning. This hybrid methodology
combines top-down and bottom-up approaches to determine the environmental impacts of all
production and consumption activities that take place within a certain territory, following a life
cycle perspective and thus including all the upstream impacts no matter where they occur.

The consumption activities are split into five subactivities (Kaenzig and Jolliet, 2006), i.e., food?,
goods, services, housing and transport; while the production ones are divided into eight main
groups following the NACE? classification of economic activities (Eurostat, 2008), i.e., primary
sector, quarrying, energy, building, manufacturing activities, transport, services and end of life.
The impacts of some of the aforementioned activities are calculated following a top-down
approach (i.e. food, goods and services in consumption and manufacturing in production),
while the remaining ones are calculated using a bottom-up methodology. In both cases, the
impact calculation consists of combining activity descriptors with Life Cycle Inventories (LCls),
which relate the descriptors to a certain amount of environmental flows (i.e. resource
consumptions and substance emissions). In the top-down approach, the activity descriptors
are economic values, which are then combined with the LCI data contained in the United
States Environmental Input Output (USEIO) database (Suh, 2010). The representativeness of
this database is not optimal; however, this is the only |0 database that computes more than a
thousand substances, thus allowing quantifying numerous environmental impact categories. In
the bottom-up approach, the descriptors are physical quantities, which are combined with
numerous individual LCls, taken from the Ecoinvent v 3.1 database (Wernet et al., 2016) or
from local studies when available. For all territorial activities, all upstream stages are
considered for computing LCls except for the service sector: due to the lack of data, only the
impacts linked to the consumption of electricity, heat and tap water, and to wastewater
treatment have been accounted for.

When applying this methodological approach, the annual impacts of the chosen environmental
impact categories are obtained both for consumption and production activities. Moreover,
both consumption and production impacts are split into the aforementioned activities. These
annual impacts are then used as the normalisation factors.

To calculate NFs, territorial LCA is applied to Galicia (Roibas et al., 2017), a region located in
the North West (NW) of Spain (Figure 1). The region has a population of 2,732,347 inhabitants
(IGE, 2015c), of which only 998,000 are employed (IGE, 2015b), a Gross Domestic Product
(GDP) of 53,865 M€ (INE, 2016b) (5% of the Spanish GDP) and annual household expenditure
figures of 27,907 M€ (INE, 2014b) (5% lower than the Spanish average), all of them
corresponding to 2014. Regarding the time framework of the study, the activity descriptors
used correspond to different years. The most recent values (2014) were always used when
available, but in practice they reflect a range of years (2009-2014). It was decided not to
extrapolate the older results to 2014, since this would increase the uncertainty of the
normalisation factors (Slapnik, 2015).

2 The food consumption activity includes food, beverages and tobacco consumption.
3 Statistical classification of economic activities in the European Community. The acronym derives from
the French: Nomenclature statistique des Activités économiques dans la Communauté Européenne
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Figure 1: Geographical location of the Galician region (in red).

It should be also noted that, due to the methodology used, both the impacts of production and
consumption can be affected by double counting. The LCI of all activities is computed by
adding LCls of individual products belonging to one activity, and some of them can belong to
the same supply chain (business to business or business to consumer) and hence be quantified
several times. Within production, double counting has been avoided following (Roibas et al.,
2017): when goods from a Galician sector are purchased and used as raw materials by other
sector, their impacts are assigned to the latter. Within consumption, the LCl data used in
bottom-up activities is modified to make sure that the impacts included in the top-down ones
are excluded there. A detailed list of all the descriptors and LCI data used to determine both
production and consumption impacts in Galicia can be found in section S1 of the
supplementary material.

Fifteen normalisation values have been obtained using ReCiPe 2008 Hierarchist v1.13
(Goedkoop et al., 2009), corresponding to the following impacts: Climate change (CC), Ozone
depletion (OD), Terrestrial acidification (TA), Freshwater eutrophication (FE), Marine
eutrophication (ME), Human toxicity (HT), Photochemical oxidant formation (POF), Particulate
matter formation (PMF), Terrestrial ecotoxicity (TET), Freshwater ecotoxicity (FET), Marine
ecotoxicity (MET), Agricultural land occupation (ALO), Water depletion (WD), Metal depletion
(MD) and Fossil depletion (FD). Three environmental impact categories were removed due to
the lack of data for certain environmental flows in the USEIO database (ionising radiation,
urban land occupation and natural land transformation). The authors are aware that a new
version of the ReCiPe methodology has been recently released (Huijbregts et al., 2017), but no
normalisation factors are available so far. Since one of the objectives of the paper is to
compare the applicability of our NFs to that of the existing ones and to provide an alternative
normalisation dataset, the previous version of ReCiPe has been used.

The NFs determined here for Galician production and consumption will therefore be tested in
the evaluation of two comparative case studies, i.e. a locally produced foodstuff and an
imported product consumed in Galicia.

In the first case study, two cradle-to-gate productive scenarios of canned tuna processed in
Galicia are compared. More specifically, the former supply chain of tuna fishing and processing
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is compared to the current one (Hospido et al., 2006; Roibas et al., 2015b) taking into account
that both strategies locate their last productive stages in Galicia.

In the second case study, organic and conventional Ecuadorian banana consumed in Galician
households will be compared. The LCI data of this cradle-to-grave comparative study are taken
from previous papers published by the authors (Roibas et al., 2015a, 2016).

3. Results

This section presents the normalisation factors obtained for Galician production and
consumption, and then the results from the characterisation stage and the normalised results
of the two case studies are compared.

3.1. Normalisation factors

3.1.1. Normalisation factors of Galician production activities
Table 1 displays the NFs obtained for Galician total production, and the main contributing
substances to each impact category. As expected, only a few substances dominate most
impact categories (Huijbregts et al., 2003; Sleeswijk et al., 2008).
NFs are also presented per capita, per unit of GDP and per number of employed people. To the
best of our knowledge, the latter has never been used in previous studies where normalisation
factors are provided, but the authors believe that it can be a useful metric in normalisation
from the production perspective, when different reference systems are compared. So,
expressing the production NFs per number of employed people can offer a different
perspective in contexts of economic recession or in regions with a very aged population, and
both situations occurred in Galicia within the reference years of the study.
It should be noted that the NFs are also made available split into the production activities
considered, so as to increase their usability. Only the production activity contributing the most
to each impact category will be mentioned in the analysis of the results shown below, while a
full list of the disaggregated NFs can be found in section S2 of the supplementary material.
A detailed discussion of the normalisation values and their major contributors can be found in
section 4.1.
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Table 1: Normalisation factors of Galician production for fifteen impact categories, expressed in absolute terms, per capita and per worker. For each impact category, the

five main contributing substances or resources are ranked based on their percentage contribution to the total impact.

Normalisation factors

Main contributors

Impact Total Per
category (unit) Per capita Per € GDP | 1% 2nd 3rd 4th 5th

annual employed
ccH L Dinitrogen monoxide Methane biogenic

A1E+ .25E+ ALE+ .32E- 9 9
(kg CO, eq) 3.41E+10 | 1.25E+04 | 3.41E+04 | 6.32E-01 |Carbon dioxide (77%) | Methane (12%) (7%) (3%)
(Okz CFC-11 eq) 1.80E+04 6.60E-03 1.81E-02 | 3.35E-07 | HCFC-140 (25%) HCFC-22 (12%) CFC-10 (12%) Halon 1001 (11%) CFC-114 (9%)
TA (kg SO> eq) | 2.39E+08 | 8.76E+01 | 2.40E+02 | 4.44E-03 | Ammonia (54%) Sulphur oxides (29%) | Nitrogen oxides (17%)
FE Phosphate to water Phosphorus to water
(kg P eq) 4.82E+06 | 1.76E+00 | 4.83E+00 | 8.95E-05 (77%) (23%)
ME Nitrate to water Nitrogen to water . . o Ammonium ion to Nitrogen oxides to
(ke N eq) 4.75E+07 | 1.74E+01 | 4.76E+01 | 8.81E-04 (59%) (18%) Ammonia to air (10%) water (6%) air (6%)
:Jg LaDBeq | H66E*09 | 170403 | 4676403 | 8.64E-02 m;g)anese fo water g;e)”'c fOWaLEr | Mercury to air (7%) Acrolein to air (5%) | Arsenic to air (4%)
POF . . . . NMVOC, unspecified | Methane, total

31E+ A1E+ .33E+H .73E- 9 9 9
(kg NMVOC) 9.31E+07 | 3.41E+01 | 9.33E+01 | 1.73E-03 | Nitrogen oxides (77%) | Sulphur oxides (6%) | Carbon monoxide (6%) (4%) (2%)
Fk'\g/'EM l0eq) | LOBE+08 | 395E401 | 108E+02 | 2.00E-03 f:;f/'c)“'ates’ all sizes |\ monia (16%) Nitrogen oxides (15%) | Sulphur oxides (13%)

()
Metam-sodium . . 2-(thiocyanomethy

(TkET L4DBeq) | 6BBE¥07 | 251E401 | 6.87E+01 | 1.27E-03 | dihydrate to soil (Clyj’;;meth”“ tosoil |\ otolachlor to soil (8%) | Atrazine to soil (6%) | Ithio)

&L q (56%) 0 benzothiazole (2%)
FET Copper to water Beryllium to water . o Manganese to water . o
(kg 1,4-DB eq) 4.04E+08 | 1.48E+02 | 4.05E+02 | 7.51E-03 (59%) (16%) Nickel to water (10%) (3%) Zinc to water (2%)

S55E+H .30E+ S56E+ .59E- Nickel to water ) Zinc to water (2%
:\ng-; 208 eq) 3 08 | 1.30E402 | 3.56E402 | 6.59E-03 (Csogp()]/p)er to water ?lef;';l;lum to water ickel (11%) g;r;ganese to water . (2%)
) ° (] (]
MD (kg Fe eq) 1.16E+09 | 4.24E+02 1.16E+03 | 2.15E-02 |lron (60%) Copper (11%) Nickel (10%) Chromium (8%) Manganese (6%)
FD (kg oil eq) 1.73E+10 | 6.35E+03 1.74E+04 | 3.22E-01 | Natural gas (32%) Crude oil (29%) Energy, unspecified (23%) | Coal (16%)
ALO (m?2a) 1.18E+10 | 4.31E+03 | 1.18E+04 | 2.19E-01 |-
WD (m3) 3.54E+09 | 1.30E+03 | 3.55E+03 | 6.57E-02 |-

4 CC results have already been published in (Roibas et al., 2017), but using the IPCC most updated set of characterisation factors (IPCC, 2013).
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Climate change is dominated by carbon dioxide emissions, being electricity production its main
contributing sector. Regarding ozone depletion, hydrochlorofluorocarbons (HCFCs) are
responsible for 44% of the impacts, followed by chlorofluorocarbons (CFCs, 35%) and halons
(16%). Motor vehicle manufacturing, an important industrial activity in Galicia, is the major
contributor to this category.

Only three substances have characterisation factors for terrestrial acidification in ReCiPe, being
ammonia the major contributor (Table 1). The main contributing activity of this category
corresponds to the manufacture of food products.

Phosphorous emissions are responsible for freshwater eutrophication, while nitrogen ones
cause marine eutrophication. Both impacts are split among the different compounds and
compartments to which each substance is emitted: direct emissions to water (which include
nutrient leaching from agricultural soil) are the main cause of the impacts in both categories.
While, as expected, agricultural and livestock production is the major contributor to ME, the
main contributor to FE here is electricity production (from coal burning).

A set of heavy metals dominates the human toxicity impact, being manganese emissions to
water the main contributor, while nitrogen oxides dominate photochemical oxidant formation.
Electricity production is the main contributing activity to both impact categories.

The manufacture of food products is the main contributor to particulate matter formation,
while the agricultural and livestock sector causes the largest impacts in terrestrial ecotoxicity.
The main contributing substances to TET are pesticides emitted to soil.

Waste management is responsible for most of the emissions of freshwater and marine
ecotoxicity categories, and copper emissions to water represent the highest share of both
impacts.

Regarding resource depletion, iron, copper and nickel are the main contributors to metal
depletion, being vehicle manufacturing the main contributing activity. When considering fossil
depletion, the environmental impacts correspond mainly to natural gas and crude oil, followed
by a generic category (unspecified energy) which also includes (among others) those two.
Petroleum refining is the production activity that contributes the most to FD. The main
contributing activities to both resource depletion impact categories seem quite intuitive and
thus they do not show any modelling inconsistencies.

Agricultural land occupation and water consumption are the only contributors to ALO and WD
categories, and thus their results are not further split (Table 1). Forestry is the main
contributor to agricultural land occupation, and food production to water depletion.

3.1.2. Normalisation factors of Galician consumption activities
Table 2 displays the NFs obtained for Galician consumption, both for total consumption and
consumption expressed per capita and per Euro of household expenditure.
The NFs of Galician consumption are lower than those of its production, reflecting the fact that
only 37% of Galician products are consumed by local households, while 86% of the products
purchased by Galician residents come from the region. Both figures reflect monetary shares
and not physical volumes, and the second one could be misleading. This 86% figure includes
the expenditures on the services sector (food and drinking places, health services, real
estate...). The activities of the services sector are always located in Galicia, and expenditures in
services represent a major share of the budget of the Galician inhabitants. However, that a
service (e.g. a restaurant) is located in Galicia does not mean that it only serves Galician
products. Thus, even though it is said that 86% of the expenditures of the Galician inhabitants
correspond to Galician products, this should not be interpreted as a high level of resource self-
sufficiency in the region as a lot of resources are imported.
Again, the NFs split into the five consumption activities considered is available in section S2 of
the supplementary material, so as to allow comparing the impacts of a certain product
consumed in Galicia to those belonging to the same activity.
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Table 2: Normalisation factors of Galician consumption for fifteen impact categories, expressed in absolute terms, per capita and per euro of consumer expenditure. For
each impact category, the five main contributing substances or resources are ranked based on their percentage contribution to the total impact.

Impact Normalisation factors Main contributors
category Total Per Per € of 15t ond 3 4th g th
(unit) annual capita exp.
(Ck(; €O, eq) 1.53E+10 |5.59E+03 | 5.48E-01 | Carbon dioxide (76%) Methane (14%) Dinitrogen monoxide (7%) | Methane biogenic (2%)
2
(Okz CFC-11 eq) 1.26E+04 | 4.62E-03 | 4.53E-07 | Halon 1001 (39%) CFC-113 (13%) HCFC-140 (11%) HCFC-141b (8%) R-40 (5%)
TA . o Nitrogen oxides . o
(kg SO eq) 1.00E+08 |3.66E+01 | 3.59E-03 | Ammonia (59%) (22%) Sulphur oxides (20%)
FE Phosphorus to water Phosphate to S 1m0
(kg P eq) 2.53E+06 | 9.26E-01 | 9.06E-05 (70%) water (28%) Phosphorus to soil (3%)
ME . o Nitrate to water . : o Ammonium ion to Nitrogen oxides
(kg N eq) 2.08E+07 | 7.60E+00 | 7.44E-04 | Nitrogen to water (59%) (13%) Ammonia to air (11%) water (8%) to air (7%)
HT Manganese to water Acrolein to air . o . 0 Antimony to air
(kg 1,4-DB eq) 1.76E+09 | 6.43E+02 | 6.30E-02 (34%) (9%) Barium to water (7%) Arsenic to water (6%) (5%)
0,
(sz FNMV oc) | SBSEH07 | 2.14E401 | 2.10E-03 | Nitrogen oxides (66%) Ex;’i?ﬁ(::@' Carbon monoxide (8%) | Sulphur oxides (3%) :\g;t)ha”e’ total
(o]
PMF Particulates, all sizes Nitrogen oxides . o . o
(kg PM10 eq) 4.22E+07 |1.54E+01 | 1.51E-03 (52%) (20%) Ammonia (18%) Sulphur oxides (9%)
TET - . ., | Cypermethrin to . . o Cypermethrin to air Aldicarb to soil
(kg 1,4-DB eq) 1.08E+07 |3.96E+00 | 3.88E-04 | Chloropicrin to soil (30%) soil (17%) Atrazine to soil (14%) (7%) (5%)
FET o Beryllium to water | . o . 0 Bromine to
(kg 1,4-DB eq) 3.21E+08 | 1.17E+02 | 1.15E-02 | Copper to water (60%) (27%) Nickel to water (4%) Zinc to water (2%) water (2%)
MET 0 Beryllium to water | . o ) 0 Manganese to
(kg 1,4-DB eq) 2.87E+08 | 1.05E+02 | 1.03E-02 | Copper to water (57%) (31%) Nickel to water (5%) Zinc to water (2%) water (1%)
MD (kg Feeq) | 2.62E+08 |9.59E+01| 9.39E-03 |Iron (44%) Copper (25%) Nickel (10%) Chromium (8%) x;';ga”ese
(o]
FD (kg oil eq) 6.22E+09 | 2.28E+03 | 2.23E-01 | Natural gas (34%) Crude oil (28%) Energy, unspecified (27%) | Coal (10%)
ALO (m?a) 3.17E+09 | 1.16E+03 | 1.14E-01 |-
WD (m3) 1.42E+09 |5.21E+02 | 5.11E-02 |-
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Climate change is again dominated by carbon dioxide emissions, and its main contributing
activity is housing, and more specifically the energetic consumption of houses and flats.
Regarding ozone depletion, halons are responsible for 44% of the impacts, followed by CFCs
(26%) and HCFCs (24%). Food consumption (fruits and vegetables) is the major contributor to
this category.

Ammonia is the main contributing substance to terrestrial acidification (Table 2), while the
main contributing activity is food consumption, and more specifically the consumption of
animal products.

As found for consumption, phosphorous and nitrogen emissions to water are the major
contributors to freshwater and marine eutrophication, respectively. The consumption of food
products (again dominated by animal based consumption) is the main contributor to both
impacts.

Manganese emissions to water dominate the human toxicity impact, being housing (and more
specifically energy consumption) responsible here for the largest share of the emissions.
Regarding photochemical oxidant formation, nitrogen oxides bear the largest share of the
impacts, while the second contributor is unspecified Non-Methane Volatile Organic
Compounds (NMVOC) emissions. This contributor groups a series of compounds which are not
further split into their different substances in the inventory data, for which more specific
characterisation factors exist. The first individual NMVOC that appears as a major source of
impact is toluene (0.5%). Regarding the consumption activities, both housing (energetic inputs)
and food consumption (animal products) are responsible for the largest share of the emissions.
Particulate matter formation is mainly caused by food consumption (and especially
consumption of animal based products).

The main contributors to terrestrial ecotoxicity are the emissions of pesticides to agricultural
soils, mainly chloropicrin, cypermethrin and atrazine. Food consumption is once again
responsible for the largest share of the emissions, which in this case correspond to tobacco
products and to the pesticides used in tobacco cultivation.

Emissions of copper, beryllium and zinc to water dominate both freshwater and marine
ecotoxicity categories, being responsible for more than 90% of the impacts in both categories,
while pesticides play a marginal role (less than 3% in total). Housing is the main contributing
activity to both FET and MET impacts, in both cases due to household waste management (and
more specifically to the share of waste which is incinerated).

Regarding resource depletion, iron, copper and nickel are the main contributors to metal
depletion, being housing (energetic impacts) the most impacting activity. When fossil
depletion is considered, the main contributing substances are natural gas and crude oil, being
goods consumption (of fuels for personal transport) the most impacting activity.

The largest share of agricultural land occupation corresponds to the housing activity, due to
the use of wood in building construction, while food consumption (animal products) largely
dominates water depletion.

As already mentioned, Galician consumption impacts are lower than those of production for all
impact categories. The main differences are found in TET (6.4 increase factor), MD (4.4) and
ALO (3.7). These impacts correspond to those sectors in which the Galician production is
outstanding, i.e. the primary sector (agricultural and wood production), and the motor vehicle
sector. The results indicate that each year, much more products of both sectors are produced
in Galicia than consumed by its inhabitants. This can be easily seen in the case of motor
vehicles: the vehicle factory located in Galicia manufactured 450,000 cars in 2014 (ABC, 2015),
while Galician inhabitants only purchased 35,000 units (Faro de Vigo, 2015). Within the
primary sector, potato production causes the major TET impacts: Galicia produces yearly more
than 473 kT (MAGRAMA, 2014) while each inhabitant only consumes 30 kg (MAPAMA, 2015),
that results in a total consumption of 83 kT. Differences in the forestry and timber sector are
more difficult to quantify due to the great variability of wood products commercialised, but
the differences are expected to respond to the same pattern.
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3.2. Using Galician NFs for LCAs of products
The results of the impacts of the two aforementioned case studies are presented here, used as
an example of application of both production NFs (in the case of canned tuna) and
consumption NFs (banana).

Canned tuna production case study

The first case study compares the environmental performance of canned tuna obtained with
two productive scenarios: the previous one (2005) and the current one (2014). In the previous
scenario, tuna was captured in the Pacific, Indian and Atlantic oceans, and then transported by
several cargo vessels to the processing facilities in Galicia, where tuna was cut and canned. In
the current scenario, tuna is fished in the Pacific and Atlantic oceans only, and a pre-processing
stage has been added in El Salvador to handle Pacific tuna. In this stage, fish is cut and cooked,
and thus only frozen tuna loins are transported to Galicia in refrigerated container ships. These
loins enter the Galician processing factory at a later stage than tuna coming from the Atlantic
Ocean, which undergoes all processing stages in the region. This cradle-to-gate case study ends
at the factory gate, when tuna cans leave the facilities.

Figure 2 displays the comparative results of the impact characterisation step for both
productive scenarios, expressed per Euro of product (in 2017 Euros). The detailed numeric
results can be found in section S3 of the supplementary material.

CC[kgCO2eq] N
OD [mg CFC-11 eq] [x10] |y —
TA [gSO2eq] I
FE [g P eq] [x10] ...
ME [gNeq] ™
HT [kg 1,4-DB eq] [x10] ™
POF [g NMVOC] =
PMF [EPM10eq] | W 2005
TET [g 1,4-DB eq] [x10] m 2014
FET[g 1,4-DBeq] |
MET [g 1,4-DB eq] [x0.1] [
ALO [m2a] [x10] |
WD [I] [x0.1] s
MD [kg Fe eq] [x10] |
FD [kg oil eq] [x10] |——

Impact category [unit]

0 1 2 3 4 5 6 7 8 9
Characterisation results

Figure 2: Comparative impact assessment results of 1 Euro of canned tuna considering two productive
scenarios: the 2005 supply chain and the current (2014) one. Fifteen impact categories have been
considered: CC(climate change), OD (ozone depletion), TA (terrestrial acidification), FE (freshwater

eutrophication), ME (marine eutrophication), HT (human toxicity), POF (photochemical oxidant
formation), PMF (particulate matter formation), TET (terrestrial ecotoxicity), FET (freshwater

ecotoxicity), MET (marine ecotoxicity), ALO (agricultural land occupation), WD (water depletion), MD

(metal depletion) and FD (fossil depletion).

The characterisation results (Figure 2, S3) have been normalised using the Galician production
NFs. To do so, NFs expressed per Euro of 2014 GDP (Table 1) have been converted into 2017
figures, by taking into account the rises in consumer prices (INE, 2016a). The normalised
results obtained (Figure 3) add a new decision element by identifying the most important
contributions to the Galician impacts (Pizzol et al., 2016).
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Figure 3: Normalised results of the canned tuna production case study. Please note that values in the
axis are in logarithmic scale. Fifteen impact categories have been considered: CC(climate change), OD
(ozone depletion), TA (terrestrial acidification), FE (freshwater eutrophication), ME (marine
eutrophication), HT (human toxicity), POF (photochemical oxidant formation), PMF (particulate matter
formation), TET (terrestrial ecotoxicity), FET (freshwater ecotoxicity), MET (marine ecotoxicity), ALO
(agricultural land occupation), WD (water depletion), MD (metal depletion) and FD (fossil depletion).

When comparing the normalised results, the relevance of the metal depletion caused by
canned tuna (mainly due to can production) is highlighted, and so the minor difference
between both alternatives in this category (the new situation reduces the impacts by 4% due
to the higher tinplate recycling rate) acquires relevance. Nevertheless, and given the major
influence of canned tuna production in Galician MD, alternative packaging materials should be
looked for.

The normalisation step also reveals the importance of the reductions achieved in the marine
ecotoxicity impacts. These reductions represent an important environmental improvement
since canned tuna production contributes largely to that impact category in Galicia. Broadly
speaking, the normalised results point at an overall better environmental performance of the
new situation, and also help identifying new improvement requirements (mainly the need to
continue lowering metal consumption). FD, ALO and WD are the only environmental
categories in which the new supply chain causes higher impacts. The main reason is the higher
guantity of olive oil used in the current production process than in the former one.

The LCIA results of the case study (Figure 2) showed that the impact categories in which the
environmental performance of both supply chains differed the most were WD (by 60%) and
MET (by 87%). Thus, if only the LCIA results were considered for decision making, these would
be the impact categories to focus on. The normalised results (Figure 3), however, show that
MD is the impact category which needs the most attention, although the 2014 scenario only
shows a 4% decrease. This proves that the normalisation step provides additional information
that can be valuable for local stakeholders to highlight where improvements should be done to
decrease the overall impacts of the area in a significant way.
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Banana consumption case study

The second case study evaluates the impacts of the annual consumption of bananas of a
Galician inhabitant, comparing the environmental performance of two alternatives:
conventional and organic bananas. Both types of fruit are grown in Ecuador, and transported
in refrigerated vessels to the port of Rotterdam, where they are ripened and then taken by
trucks to the distribution centres in Galicia. The impacts linked to transport to the Galician
households and to consumption (e.g. peel waste management) have also been included in this
cradle-to-grave case study.

Figure 4 displays the comparative results of the impact characterisation step for both products,
per annual amount of banana consumed per inhabitant (9.8 kg (INE, 2014a)). The detailed
numeric results can be found in section S3 of the supplementary material.
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Figure 4: Comparative impact assessment results of the yearly consumption of banana (9.8 kg) by a
Galician inhabitant, comparing conventional and organic options. Fifteen impact categories have been
considered: CC(climate change), OD (ozone depletion), TA (terrestrial acidification), FE (freshwater
eutrophication), ME (marine eutrophication), HT (human toxicity), POF (photochemical oxidant
formation), PMF (particulate matter formation), TET (terrestrial ecotoxicity), FET (freshwater
ecotoxicity), MET (marine ecotoxicity), ALO (agricultural land occupation), WD (water depletion), MD
(metal depletion) and FD (fossil depletion).

The results shown in figure 4 have been normalised using the NFs calculated here for Galician
consumption per capita (Figure 5). This choice is consistent with the functional unit of our case
study: the annual banana consumption per capita. The normalisation step is aimed at
facilitating the interpretation of the aforementioned results, and at solving the existing trade-
offs by identifying the most important contributions to the Galician impacts.
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Figure 5: Normalised results of both conventional and organic banana consumption in Galicia. Fifteen
impact categories have been considered: CC(climate change), OD (ozone depletion), TA (terrestrial
acidification), FE (freshwater eutrophication), ME (marine eutrophication), HT (human toxicity), POF
(photochemical oxidant formation), PMF (particulate matter formation), TET (terrestrial ecotoxicity), FET
(freshwater ecotoxicity), MET (marine ecotoxicity), ALO (agricultural land occupation), WD (water
depletion), MD (metal depletion) and FD (fossil depletion).

The normalised results reveal that banana consumption contributes largely to ecotoxicity
categories. Impacts of organic banana are lower in the three of them, but differences are only
significant in terrestrial ecotoxicity, where choosing organic bananas reduces impacts by
almost 80% (Figure 4). The results can help highlighting the advantages of choosing organic
bananas, and also help identifying those categories in which further action is required to lower
the impacts of both products: marine and freshwater ecotoxicity. Based on the normalised
results, choosing organic bananas seems the most responsible option in the light of the results
shown in figure 5.

The LCIA results of banana consumption (Figure 4) showed that the impact categories in which
the environmental performance of both supply chains differed the most were TET (by 76%)
and ALO (by 46%). Thus, if only the LCIA results were considered for decision making, these
would be the impact categories to focus on. The normalised results (Figure 5), however, show
that FET and MET are the impact categories which need the most attention to attempt to
decrease the overall impacts of the Galician region, even though the differences between both
alternatives are not that significant (1% for both of them). The normalisation step also
provides valuable information to local decision makers here.
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4. Discussion

On a first subsection, both normalisation datasets displayed in section 3.1 are discussed: the
main contributing substances to each category are further evaluated and methodological
issues found are detailed. On a second subsection, the normalised results of the case studies
shown in section 3.2 are compared to those obtained with different normalisation references.
Last, the suitability of using territorial LCA to obtain normalisation datasets is evaluated.

4.1. Main contributors: contextualization an methodological issues
As often found in the literature (Breedveld et al., 1999; Sala et al., 2015; Sleeswijk et al., 2008),
climate change impacts are dominated by CO; emissions, both for consumption and
production datasets. No discrepancies were found between the modelling approaches used in
both LCI sources (Ecoinvent and USEIO database), and the substance coverage is similar in
both datasets.
Within the ozone depletion impacts, the contribution of Halon 1001 stands out. Its prevalence
is only found in those consumption and production activities modelled using the USEIO
database, being negligible in the remaining ones. Halon 1001 (also named methyl bromide) is
a pesticide banned from the EU (ECHA, 2017), and whose production has also been restricted
in the US since 2005 (EPA, 2017). Thus, its presence as a major contributor in the Galician NFs
responds to the use of an outdated (2002) North American dataset, which in this case does not
properly reflect the current situation. This results in a low reliability of the OD NF, especially in
the consumption dataset: if the impacts of Halon 1001 were left out of the study, this NF
would only be 60% of that shown in table 1. However, doing this would probably result in an
underestimation of the NFs, since other pesticides also causing environmental impacts are
surely used instead. Thus, the uncertainty of this NF should be taken into account when the
Galician NFs are used. An uncertainty score is assigned to all NFs in section 4.3.1.Regarding
terrestrial acidification, only three substances have characterisation factors in ReCiPe, and
ammonia emissions are responsible for the largest share of the impacts both for Galician
consumption and production. All three contributing substances are included in both LCI
sources, and thus no incongruences have been found. Moreover, the prevalence of ammonia
emissions in the European acidification impacts has also been found by other authors (Sala et
al., 2015; Sleeswijk et al., 2008).
Regarding eutrophication, emissions to water are responsible for the largest share of both
freshwater and marine impacts, as found by (Sleeswijk et al., 2008) for Europe. As expected,
the production and consumption of agricultural and livestock products is responsible for the
largest share of both eutrophication impacts, with one exception: the main contributor to the
FE of the Galician production is electricity generation. This counterintuitive result (especially
considering the high relevance of the primary sector in the region) responds to the inclusion in
the inventories of long term emissions: in the particular case of electricity production, FE
impacts correspond to coal mining (and more specifically to the landfilling of the spoils
generated). When long term emissions are considered, all the P compounds contained in this
spoils are considered to be (eventually) released in the environment, and thus represent a
major contribution to FE. Long term emissions should always be included in LCA assessments
so as to accurately assess end of life impacts (Doka, 2009; Hellweg and Frischknecht, 2004),
and so our NFs have included long term emissions to guarantee consistency with future LCA
studies also including those impacts. It should be noted, however, that the USEIO database
does not consider the same system boundaries, thus excluding long term emissions. The
authors acknowledge that the use of different sources of inventory data having different
system boundaries represents an inconsistency at the LCl level, and that it can clearly affect
the accuracy of the results, and so an alternative set of normalisation factors, excluding long
term emissions, is made available in section S4 of the supplementary material, both for
Galician production and consumption.
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Even though HT impacts are also significantly affected by the inclusion/exclusion of long term
emissions (their exclusion would lower the impacts by 54% in consumption and 60% in
production), the main contributing substances are consistent between LCl data sources.
Acrolein emissions represent an important share of both production and consumption
impacts. This biocide (also named 2-propenal), was not even considered to calculate ReCiPe
normalisation factors (Sleeswijk et al., 2008), while a more recent European normalisation
dataset (Sala et al., 2015), in which the ILCD methodology was used, also found acrolein to be
a non-negligible contributor (4%) to the human toxicity category. Both our results and those of
Sala et al. point at a noteworthy lack of completeness of the ReCiPe HT NF. This lack of
completeness leads to an underestimation of the factor, and to inaccuracies when the ReCiPe
normalisation dataset is applied.

Regarding POF impacts, it should be noted that the USEIO database always distinguishes
among specific NMVQOCs, thus not using the generic substance (NMVOC, unspecified) often
included in Ecoinvent and found to be a major contributor here. This lack of differentiation is a
common issue in NF determination (Dahlbo et al., 2013; Sleeswijk et al., 2008), and it can
largely affect the accuracy of the POF impact (Laurent and Hauschild, 2015).

Regarding particulate matter formation, the direct emission of particles is the major
contributor to PMF of both Galician consumption and production, as also found by (Sala et al.,
2015) for Europe. These particles have not been split here among sizes since they all share the
same characterisation factor, and no incongruences have been found among LCI sources in
PMF.

TET impacts of consumption and production are dominated by a series of pesticides. Some of
them (chloropicrin, atrazine) have been banned from the European Union(ECHA, 2017) but not
from the US, and so the inventory data used is expected to overestimate their contribution to
TET impacts. Contrarily, metam-sodium dehydrate, is a pesticide absent in the USEIO database
but included in Ecoinvent inventories, which appears as a major contributor in TET of Galician
consumption. This is another inconsistency found between the two major LCI sources of the
study, and it can affect the accuracy of the toxicity normalisation factors.

When focusing on FET and MET impacts, a clear dominancy of a few substances is found (Cu,
Be, Li), which is not frequently seen in the literature, where toxicity impacts are split among
numerous contributors (Laurent and Hauschild, 2015; Sleeswijk et al., 2008). It should be
noted, however, that numerous authors point at the large uncertainties of the NFs of toxicity
impacts (Lautier et al., 2010; Sleeswijk et al., 2008), both due to the uncertainties of the fate
models but also to the emission inventory data used. In this case, the dominance of these
substances is linked to the Ecoinvent-based modelling, and it responds again to the inclusion of
long-term emissions considered in the database. This explains how waste management
dominates both FET and MET impacts, since all substances included in waste are assumed to
be eventually released in the environment. If long term emissions were excluded from the
assessment, both impacts would be lowered by one order of magnitude and the impacts of
pesticides would be much more relevant (see section S4 of the supplementary material). Last,
another source of uncertainty linked to the toxicity related categories has been found,
associated to pesticide emission modelling (van Zelm et al., 2014). Again, an inconsistency is
found between the fate models used in the two major sources of inventory data. In Ecoinvent
LCI data it is assumed that the full quantity of pesticides applied are directly emitted to the
soil. Thus, the fate process is left to be handled by the characterisation model. The USEIO
database, however, splits agrochemical emissions among air, water and soil compartments. To
do so, a simplified partitioning calculation based on vapour pressure (Suh, 2010) is used, and
thus that of the characterisation model is not employed.

When focusing on MD impacts, the prevalence of iron extraction is caused again by the USEIO
database, since iron is the only metal included there. Regarding fossil depletion, the lack of
specificity of the USEIO database also limits the accuracy of the results, since it only includes a
generic fossil consumption category with an average characterisation factor (energy,
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unspecified). The lack of specificity of the substance coverage in the USEIO hinders the
applicability of both MD and FD NFs. An uncertainty score is assigned to all NFs in section
4.3.1.

Last, water depletion and agricultural land occupation NFs are not expected to have high
uncertainties: in those processes occurring in Galicia, both land use and water consumption
figures included in LCl inventories have been modified to reflect the actual Galician conditions.
For the remaining ones, no incongruences have been found between the two LCI data sources,
which are assumed to represent average values of both water consumption and land
occupations.

4.2. Comparison of the normalised results of Galician products
This section compares the normalised impacts of the aforementioned case studies (section 3.2)
with those obtained using alternative normalisation datasets. The comparison is meant to
evaluate how the use of different references could affect the interpretation of the impacts in
both comparative case studies, and how it could influence decision making.
Even though several other normalisation datasets exist for Europe and the world, it is only
possible to compare our NFs to those calculated with the same LCIA method, Thus, the most
recent European and Global NFs obtained using the methodology ReCiPe Midpoint (H) v1.13
available in SimaPro v8.3 have been chosen (PRé Consultants, 2016).
It should be noted that different system limits are considered in the three sets of
normalisation factors: the Galician normalisation factors consider a life cycle perspective, and
thus include all direct and indirect emissions linked to production or consumption activities.
The ReCiPe European values, however, only include the direct emissions happening in Europe,
thus neglecting that numerous raw materials are imported from elsewhere. Last, the Recipe
Global NFs also consider direct emissions only but, given their worldwide coverage, direct and
indirect emissions are accounted for in practice.

Canned tuna production case study

Figure 6 focuses on the canned tuna case study, and compares the normalised results obtained
with the Galician production NFs to those obtained with ReCiPe normalisation datasets for
Europe (ReCiPe EU) and the World (ReCiPe GLO). Impact categories have been reordered so
that the Galician normalised results of the 2005 supply chain are ranked in descending order.
To obtain these values, all normalisation references (Galicia, ReCiPe EU and ReCiPe GLO) have
been expressed per euro of GDP (and all figures have been converted to 2017 Euros to
guarantee consistency). GDP data for Europe and the World in 2000 have been taken from
(The World Bank, 2017).
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Figure 6: Normalised LCIA results (per euro) of the previous (2005) and current (2014) canned tuna
supply chain, using three normalisation datasets: the Galician production NFs and the ReCiPe European
and Global NFs. Fifteen impact categories have been considered: CC(climate change), OD (ozone
depletion), TA (terrestrial acidification), FE (freshwater eutrophication), ME (marine eutrophication), HT
(human toxicity), POF (photochemical oxidant formation), PMF (particulate matter formation), TET
(terrestrial ecotoxicity), FET (freshwater ecotoxicity), MET (marine ecotoxicity), ALO (agricultural land
occupation), WD (water depletion), MD (metal depletion) and FD (fossil depletion).

The impact category to which the current canned tuna supply chain contributes the most is
MD in all three references systems (Figure 6). However, when the 2005 supply chain is
analysed using ReCiPe NFs, the MET category acquires higher relevance, being MD ranked 2",
This difference may influence decision making, since stakeholders could prioritise actions
aimed at reducing the highest environmental impact. If all impact categories were ranked
according to the contribution of the 2005 supply chain to the total per Euro impacts (as done
in figure 6 for the Galician NFs), the rank position of OD, the 3™ impact category when using
Galician references, would fall to the 13" or 14™ position, respectively, if European or World
values were used. Similarly, the relevance of the POF category (ranked 2™ here) would be
much lower if ReCiPe values were used (10™). The opposite would happen to the FET category,
ranked much higher (4™) in both Recipe references than in the Galician ones (13%). The
remaining categories do not experience significant variations among reference systems. It
should be noted that ReCiPe does not include WD normalisation factors, and thus a
comparison is not possible for this impact category.

The characterisation results (Figure 2) showed that the current tuna supply chain had better
environmental performance than the older one, except for FE, WD and ALO impact categories.
When these results are normalised against different references (Figure 6), ALO experiences the
most significant ranking variation: it ranks higher here (7th) than when using European (11th)
or World (12th) references, but it is never a dominant impact category. FE, however,
experiences a lower ranking variation, rising from 5th in Galicia to 3rd in Europe and the
World, and becoming one of the highest impacts when ReCiPe is used. Thus, if the case study
was evaluated using ReCiPe NFs only, the higher contribution to FE of the new supply chain
would be highlighted.
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Banana consumption case study

Figure 7 focuses on the organic and conventional banana consumption case study.

In this case, impact categories have been reordered so that the Galician normalised results of
conventional banana are ranked in descending order.
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Figure 7: Normalised LCIA results of organic and conventional banana yearly consumption per capita,
using three normalisation datasets: the Galician consumption NFs and the ReCiPe European and Global
NFs. Fifteen impact categories have been considered: CC(climate change), OD (ozone depletion), TA
(terrestrial acidification), FE (freshwater eutrophication), ME (marine eutrophication), HT (human
toxicity), POF (photochemical oxidant formation), PMF (particulate matter formation), TET (terrestrial
ecotoxicity), FET (freshwater ecotoxicity), MET (marine ecotoxicity), ALO (agricultural land occupation),
WD (water depletion), MD (metal depletion) and FD (fossil depletion).

Unlike the canned tuna case study, the dominant impact categories (MET and FET) are the
same using all three normalisation references, but the relative contribution of banana
consumption to the yearly impacts of an average citizen from the World or Europe is much
higher than those of a Galician one. This implies that the annual Galician impacts per capita
(NFs) in both categories are much higher than in Europe or the World. The impacts of HT are
much higher when the World reference is used, while those obtained with Galician NFs are
very similar to the European ones, meaning that the normalisation value (annual impacts per
capita) calculated for Galicia and for Europe are similar, and much lower than that of the
World.

If all impact categories were ranked according to the contribution of conventional banana to
the total per capita impacts, the rank position of HT would not vary significantly, being ranked
4™ for Galicia and 3™ for both ReCiPe references. On the contrary, FE and MD impacts would
vary their relative position in a notable way: MD would fall from the current 5™ position to the
12" if any of the ReCiPe datasets were used, while FE would rise from the current 12t position
to the 4™ one. The remaining impact categories would not experience large position variations,
and again WD results cannot be compared since ReCiPe values are not available.

Figure 4 showed that organic bananas had a better environmental performance than
conventional ones in almost all impact categories, except for TA, FE, PMF, ALO, WD, and POF.
Among them and as already mentioned, the only category which experiences a significant
ranking variation is FE, and so if the case study was evaluated using ReCiPe NFs, the slightly
lower contribution of conventional bananas in this category would be highlighted.
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Broadly speaking, important differences are found among the ranking position of the impact
categories between the Galician references and the ReCiPe ones, being the variations between
both ReCiPe references (European or Global) much less important. The similarities between
both ReCiPe datasets respond to the use of the same methodologies and data sources, since
both the European and World inventories have been extrapolated from the data available in a
few countries only (Sleeswijk et al., 2008). The choice of a particular region here with its own
characteristics in terms of human activities, and the use of a life cycle perspective (and thus a
different methodology), can explain the differences found between the Galician and ReCiPe
reference systems.

On the one hand, the average European or World references chosen in ReCiPe probably do not
reflect the particular consumption patterns and economic characteristics of a small economy
such as the Galician one. As an example, energetic consumption in households is expected to
be much lower in this southern region than in an average European country. This probably
explains the lower Galician NFs for those impact categories to which energy consumption
contributes the most (CC, POF, MD), when compared to the ReCiPe European ones. Regarding
the production activities, the density of the bovine livestock sector (in heads per hectare) is
50% higher in Galicia than in the average European country (Eurostat, 2017a; IGE, 2015a). This
probably explains the higher NFs of the categories to which the primary sector contributes the
most (TET and ME). Last, the Galician urban waste management mix differs greatly from
Galicia to the rest of Europe, and this activity is accounted for both in the Galician
consumption and production NFs. Incineration is applied in Galicia to 42% of the urban waste,
a much higher figure than that of Europe (6%(Eurostat, 2017c)). Since waste incineration is the
main contributor to FET and MET impact categories (both for consumption and production
NFs), this probably explains the higher value of both Galician NFs when compared to ReCiPe
ones.

On the other hand, ReCiPe NFs only consider the direct emissions happening in a certain
territory. In our approach, we consider life cycle emissions occurring not only in Galicia but
also elsewhere (direct and indirect emissions). This difference of approach mainly affects the
Galician production NFs: if our approach were applied to all regions in the world, the total
impacts would be higher than the actual worldwide emissions. The reason behind this is that
some of the impacts would be accounted for twice: e.g. the impacts of the raw materials used
in Galician industries but coming from a different region, would be accounted for in the NFs of
both of them. Thus, the different approaches followed in both Galician and ReCiPe
normalisation references also lead to changes in the normalised results when Galician
production NFs are used. This difference does not affect consumption NFs, since starting from
the final consumption of the inhabitants of a certain region avoids the aforementioned
addition problems, even when territorial LCA is used.

Even though using different NFs did not alter the main conclusions drawn from both case
studies, this evaluation shows how the choice of different normalisation datasets can affect
decision making. The fact that the dominant impact categories of both case studies coincide
among normalisation references (Galicia and ReCiPe) confirms that lowering those impacts is
the right path to follow by decision makers to reduce the overall environmental impacts of the
Galician region. However, important ranking differences appeared in some environmental
categories (such as FE in bananas and OD in canned tuna). Thus, as advised by (ISO,
14044:2006), using different reference systems can help decision making both if they lead to
the same conclusion (proving its robustness) or to different ones (indicating the need for
further investigation, or to consider the uncertainties of both references). The NFs calculated
here provide a different reference dataset to be used in Galician studies along with that of
ReCiPe.
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4.3. Appropriateness of territorial LCA for the calculation of normalisation factors
This section is aimed at evaluating the suitability of using territorial LCA to calculate
normalisation datasets. First, an analysis of the uncertainty of the normalisation factors
obtained for Galician production and consumption is provided. Afterwards, a general
evaluation of the methodology is proposed and further improvements for subsequent studies
are presented.

4.3.1. Uncertainty analysis
An evaluation of the uncertainty of the normalisation datasets should always be made
available (Pizzol et al., 2016). Even though quantitative evaluations would be desirable (Sala et
al., 2015), the lack of data usually leads authors to qualitative evaluations (Huijbregts et al.,
2003; Sleeswijk et al., 2008), in which impact categories are classified into groups based on
their level of uncertainty. A qualitative analysis has also been performed here (Table 3).
Uncertainty in normalisation factors is originated by both uncertainty in emission data
(inventories) and uncertainty in characterisation factors (Sleeswijk et al., 2008). The former
refers mainly to the lack of substances included in the inventories, while the latter includes
both the possible lack of characterisation factors and the uncertainty linked to fate, effect and
exposure models used in impact determination. An uncertainty analysis has been designed
here to account for both sources.
Moreover, a third source of uncertainty has been considered here due to the use of a hybrid
methodology, combining different LCI data sources which may follow inconsistent approaches.
Following (Sala et al., 2015), the uncertainty linked to the lack of substances in the inventory
data used has been evaluated by comparing the inventoried substances to those included in
the ReCiPe methodology (i.e. having characterisation factors). Each category obtains a score
based on the level of coverage of its inventory: 3 (good), 2 (fair), and 1 (poor), which is shown
in the first column of Table 3. A table detailing the number of flows covered and leading to
those values is available in section S5 of the supplementary material.
Regarding the uncertainty of characterisation factors, each impact has also been given a score,
based on the uncertainty of the modelling used in ReCiPe: the highest score (3) has been given
to those methods having widely accepted characterisation factors (e.g. included in the ILCD
recommendations (EC-JRC, 2011)), or whose characterisation factors do not reflect an impact
pathway but more of an inventory analysis (ALO, WD). The lowest score (1) has been awarded
to those impact categories usually linked to high uncertainties (i.e. toxicity related categories)
(Sleeswijk et al., 2008). An intermediate score (2) has been given to the remaining impact
categories. This classification is included in the second column of table 3.
The last source of uncertainty originates from the use of two different LCI data sources (the
USEIO database and Ecoinvent), since some differences in modelling approaches have been
found between them (see section 4.1). The lowest score (1) is given to those impact categories
in which these differences exist (inclusion/exclusion of long term emissions, different pesticide
modelling). An intermediate value (2) is awarded when differences are found between the
substances coverage in the two LCI sources (inclusion of outdated substances, use of generic
compounds or exclusion of relevant elements in one of the LCl data sources). The highest score
(3) is awarded to those impact categories where no discrepancies were found. These values
are shown in column 3 of table 3.
All three uncertainty scores have been averaged, and a fourth column has been added where
impact categories are classified into three levels of uncertainty: high (average score < 1.5),
medium (1.5<average score<2.5) or low (average score >2.5).

Table 3: Uncertainty evaluation of the impact categories included in both normalisation datasets. Three
scores from 1 to 3 are given in three uncertainty sources, and their average value provides the global
level of uncertainty of each NF.
Uncertainty scores
Impact category | Inventory | Characterisation Modelling
data factors incongruences

Global level of
uncertainty
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CC 2 3 3 LOW
oD 3 3 2 LOW
TA 3 2 3 LOW
FE 2 3 1 MEDIUM
ME 2 3 1 MEDIUM
HT 2 1 1 HIGH
POF 2 3 2 MEDIUM
PMF 2 2 3 MEDIUM
TET 1 1 2 HIGH
FET 1 1 1 HIGH
MET 1 1 1 HIGH
ALO 3 3 3 LOW
WD 3 3 3 LOW
MD 3 2 2 MEDIUM
FD 1 2 2 MEDIUM

As expected and often found in the literature, high levels of uncertainty are found for toxicity
related categories (Laurent and Hauschild, 2015). The high uncertainty of the toxicity
categories is a major issue in all normalisation datasets available (Lautier et al., 2010; Sala et
al., 2015; Sleeswijk et al., 2008), and also for all LCIA results, and it is directly linked to the
uncertainty of their characterisation factors. This issue also affects the Galician NFs and, like
when other reference systems are used, it could hinder decision making. Thus, stakeholders
basing their decisions on toxicity normalised impacts should be aware of the high uncertainty
always linked to these categories, and know that the NFs may not accurately reflect the actual
toxicity levels.
Eutrophication categories get intermediate levels of uncertainty (mainly due to the
incongruences found in modelling), along with metal and fossil depletion, photochemical
oxidant formation and particulate matter formation (due to inventory incompleteness or the
use of generic categories). The remaining impact categories are considered to have low levels
of uncertainty.

4.3.2. General evaluation and prospective improvements
This section emphasizes the usefulness of the Galician normalisation factors, summarizes the
main advantages and disadvantages of using territorial LCA to calculate subnational NFs, and
proposes improvement measures to overcome the drawbacks in subsequent studies.
The normalisation factors for Galician production and consumption reflect the total yearly
environmental impacts of all regional activities. Then, normalised results express the
environmental impacts relative to the total impacts in this area. The production NFs could be
used to normalise the LCIA results of products manufactured in Galicia. Likewise, the
consumption NFs could be used when the LCIA study refers to a product which is consumed in
Galicia (no matter where its manufacturing takes place).
In both cases, the normalised results help decision makers to identify which product impacts
should be reduced in regards to the overall impacts of the region: those that contribute the
most to the environmental issues of the area (i.e. those impacts having the highest normalised
values). This is important for local stakeholders in charge of developing projects, plans or
programs that have low impacts on the environment. With subnational NFs, they know the
contributions of their activities to the overall impacts of their region, and this can help to
determine where the main improvements can be done to decrease these impacts.
Moreover, the territorial LCA methodology used allows calculating the total impacts of the
region, used here as normalisation factors, but which also represent an environmental
baseline of the area, disaggregated into its contributing activities (see S2). Thus, these
disaggregated impacts could be useful for policy making, by acting on those activities having
the higher impacts both for production and consumption:
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When focusing on the consumption based NFs, the main contributing activities to most
impacts are food consumption and household consumption. Within the former, the
consumption of animal based products stands out, being the most polluting activity in 5 out of
7 impact categories. Thus, policy recommendations on this subject could focus on reducing the
consumption of livestock-based foodstuff. This suggestions would be in line with that of the
Galician Health Service, which recently published a decalogue of tips to improve nutrition
(SERGAS, 2016), in which the lowering of the consumption of meat and dairy derivatives was
recommended. Concerning to household consumption, electricity and heating are the
activities that contribute the most to 4 out of 6 impacts. Thus, policy recommendations should
encourage the use of clean energies. An example of this kind of policy is the subsidy provided
by the Galician government to install photovoltaic panels in residential buildings (INEGA,
2017). Moreover, the Galician electricity mix should be improved by switching to renewable
sources of energy, since in 2014 31% of the Galician electricity came from coal burning (REE,
2014). Initiatives such as the Galician regulation authorising new wind farms in the region
(Xunta de Galicia, 2010) could help lowering these impacts.

When focusing on the production based NFs, the main contributing activities to the impacts
are electricity production (major contributor to 4 impact categories), food production (3
categories), and agricultural and livestock products (2 categories). The same policies
recommended for consumption could also be used for reducing production impacts: switching
to a more renewable energetic mix would lower impacts related to coal burning. Moreover,
more attention should be paid to the agricultural and livestock sector, where the use of
pesticides and fertilisers should be optimized, and the emissions linked to enteric fermentation
and manure management should be reduced. Seeking to lower the environmental impacts of
the agroforestry sector, the Galician government recently published good practice guidelines
(Xunta de Galicia, 2014a), to help designing the optimal dosages of pesticides and fertilisers for
different crops. Moreover, the most recent Rural Development Plan approved in Galicia (Xunta
de Galicia, 2014b) foresees financial support for improvements in manure and slurry
management facilities, leading to lower environmental impacts.

The life cycle perspective considered for both production and consumption activities when
determining the Galician normalisation factors is probably the main advantage of both
datasets. This perspective guarantees that the system boundaries of the normalisation factors
are compatible with those of most product LCAs. Normalisation factors referred to
consumption are often scarce. To the best of our knowledge, they only exist so far for The
Netherlands, Finland and Canada; while production normalisation factors do not consider a life
cycle perspective: they only include the total emissions of a certain region (e.g. Europe),
neglecting that numerous raw materials are imported from elsewhere. Normalisation datasets
for Galician consumption and production have been obtained here, thus adding new datasets
to those currently available and proposing the use of a new methodology to obtain
normalisation values in different regions.

Moreover, both production and consumption datasets are also made available per
consumption/production activity (see section S2 of the supplementary material), always
following this life cycle perspective, so that each product consumed or produced in Galicia that
needs to be evaluated can be compared to the total impacts linked to that type of products.
Last but not least, both normalisation datasets have been calculated for Galicia, a region in
which numerous LCA studies are carried out and for which no normalisation factors existed so
far. The new normalisation datasets can be used in sensitivity analysis, since it is
recommended to use several reference systems when using normalisation for decision making
(Dahlbo et al., 2013). Numerous authors have pointed at the relevance of this regionalisation,
which is often consistent with policy targets (Breedveld et al., 1999) and makes normalised
results more intuitive to decision makers (Lautier et al., 2010). The major drawback of
regionalization (the exclusion of the impacts occurring outside the territory under study) is
overcome here by means of the life cycle perspective.
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Using territorial LCA to calculate normalisation factors has however, some disadvantages. A
2002 US database has been used to characterise numerous inventories: this database was
chosen due to the large list of environmental flows included, to the extensive list of activities
covered, and to an easy correspondence of those activities to the Galician production and
consumption inventory data. However, it is a quite old database that reflects the United States
conditions, which are not necessarily similar to the Galician ones.

Another drawback is linked to data gaps: some activity descriptors were not available for 2014
or for Galicia, and thus older data had to be used and extrapolations from Spanish data were
required at some points. Regarding inventory data, it is incomplete for the services sector,
since it only includes its emissions linked to energy use, water consumption and wastewater
generation, thus probably underestimating the life cycle emissions of the activities belonging
to that sector.

Moreover, using territorial LCA implies large data requirements, which may not be available
for all regions, and thus the calculation of normalisation factors is very time consuming, which
can also hinder its implementation in other regions.

Last, some incompatibilities were detected between Ecoinvent and USEIO modelling, such as
the treatment of long term emissions. Moreover, a procedure had to be used to avoid double
counting, which may increase the uncertainty of the results.

A few prospective improvements can be recommended to the methodology, based on the
aforementioned disadvantages. First, the use of a Multi-Region Input Output (MRIO) database
could improve the reliability of the results, considering not only more accurate emissions for
Galician goods but also for those imported. Ideally, the new 10 database should also be
disaggregated enough to guarantee the accuracy of the results, since aggregated 10 models
are linked to great uncertainties (Yang et al., 2017). (Exiobase (2014)) seems to be a promising
alternative, being a MRIO database containing European data. However, its use has been
discarded so far due to the following limitations: i) the current format of the database, which is
only available in Excel format and, due to the large amounts of data included, requires using
specific software and implies long computation times, and ii) the lack of correspondences
among the inventories included there and the data descriptors used here, corresponding to
NACE categories. If the database were implemented in LCA software, its usability would be
very much increased and correspondences among the inventories available and the data
descriptors used in territorial LCA could be studied.

Having up-to-date, same year data for all the activities would improve the accuracy of the
results, and facilitate its replication in the same region. More complete inventory data for the
services sector should also be made available.

5. Conclusions

The feasibility of using territorial LCA to determine normalisation factors of the production and
consumption activities of a certain region has been evaluated. The methodology has been
proven useful to determine normalisation datasets following a life cycle perspective, and thus
considering system boundaries that are compatible with most product LCAs.

Some weaknesses in the methodology have been identified, and improvement proposals to
overcome them have been proposed. The most important one would be the use of a more
recent, MRIO database instead of the 2002 US one: a few modelling discrepancies have been
found between the USEIO database and the Ecoinvent database, that may affect the accuracy
of the results and that could be solved by using a different I0 model. Moreover, the use of
more detailed inventories for the services sector and of more recent activity descriptors, when
available, could also improve the representativeness of the normalisation datasets.
Normalisation factors for Galician production and consumption have been calculated, and
their interest and usability have been discussed by means of two case studies. The comparison
of the normalised results of those case studies when using different reference systems has
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highlighted the need to compare several datasets when applying normalisation, to ensure the
robustness of the conclusions when case studies are evaluated. Thus, the present study
represents a relevant contribution to the body of knowledge on normalisation, proposing a
new framework for NF determination and providing two new normalisation datasets.
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