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Resumen

Los citricos son el cultivo fruticola mas importante de Uruguay en
términos de produccion, superficie y aporte econémico. Considerando la gran
contribucidon de los sistemas agroalimentarios a los impactos ambientales,
evaluar aquellos asociados a la produccion citricola en el pais cobra gran
relevancia para transitar hacia sistemas alimentarios sostenibles. En esta linea,
el objetivo de la presente tesis es evaluar estos impactos ambientales mediante
la utilizacién del andlisis de ciclo de vida (ACV) y estudiar aspectos
metodoldgicos clave de su aplicacion a la produccion citricola. Se lleva a cabo
una revison critica de la literatura de ACV de citricos y se desarrollan cuatro
casos de estudio en establecimientos representativos de la regidn, en concreto,
la produccion de limones, mandarinas y naranjas, y la produccion de
plantones en vivero. Los impactos se evaltian de la cuna hasta la puerta del
establecimiento, usando unidades funcionales tanto de masa como de drea y
datos primarios correspondientes a varias temporadas de cultivo. Los
principales puntos criticos ambientales detectados son las emisiones de campo
producto de la aplicacion de fertilizantes, la irrigacion, y la produccion de
oxidos de cobre. Desde el punto de vista metodoldgico, se destaca la
importancia de wusar distintas unidades funcionales y de abordar la
variabilidad temporal y la especificidad segun el sitio de los datos de
inventario, asi como de usar métodos de caracterizacion de impactos
regionalizados. Se observa que la contribucion de las primeras etapas del

cultivo al impacto ambiental de la produccién citricola es baja.

Palabras clave: andlisis de ciclo de vida; impacto ambiental; frutas

citricas; sostenibilidad agricola; cultivo perenne; ciclo de cultivo
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Summary - Assessment of the environmental sustainability

of citrus production in Uruguay using life cycle analysis

Citrus is the most important fruit crop in Uruguay in terms of
production, area, and economy. Considering the great contribution of agri-
food systems to environmental impacts, evaluating those associated with
citrus production in the country becomes highly relevant to move towards
sustainable food systems. In this line, the goal of this dissertation is to evaluate
these environmental impacts using life cycle assessment (LCA) and to study
key methodological aspects of its application to citrus production. Literature
on citrus LCA is critically reviewed and four case studies are developed in
representative agricultural holdings of the region, specifically, the production
of lemons, mandarins and oranges, and the production of seedlings in
nurseries. Impacts are assessed from cradle to gate, using both mass and area
functional units and primary data for several growing seasons. The main
environmental hotspots detected are on-field emissions from fertiliser
application, irrigation, and copper oxides production. As to methodology, the
relevance of using different functional units and addressing temporal
variability and site-specificity of inventory data is highlighted, as well as using
regionalised impact characterisation methods. It is observed that the
contribution of the first stages of the crop to the environmental impacts of

citrus production is low.

Keywords: life cycle assessment; environmental impacts; citrus fruits;

agricultural sustainability; perennial crop; crop cycle
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Resum - Avaluacio de la sostenibilitat ambiental de la

produccio citricola a 1'Uruguai utilitzant I'analisi de cicle de vida

Els citrics son el cultiu de fruita més important de 1'Uruguai en termes de
produccio, superficie i aportacié economica. Considerant la gran contribucio
dels sistemes agroalimentaris als impactes ambientals, avaluar aquells
associats a la produccid citricola del pais cobra gran rellevancia per a transitar
cap a sistemes alimentaris sostenibles. En aquesta linia, 1'objectiu de la present
tesi és avaluar aquests impactes ambientals utilitzant 'analisi de cicle de vida
(ACV) i estudiar aspectes metodologics claus de la seua aplicacié a la
produccio citricola. Es fa una revisio critica de la literatura d’ACV de citrics i
es desenvolupen quatre casos d'estudi en explotacions representatives de la
regio, en concret, la produccio de llimes, mandarines i taronges, i la produccid
de plancons en viver. Els impactes s'avaluen del bressol fins a la porta de
I'establiment, usant unitats funcionals tant de massa com d'area i dades
primaries corresponents a diverses temporades de cultiu. Els principals punts
critics ambientals detectats son les emissions de camp, producte de 'aplicacié
de fertilitzants, la irrigacio, i la produccio d'oxids de coure. Des del punt de
vista metodologic, es destaca la importancia d'usar diferents unitats funcionals
i d'abordar la variabilitat temporal i els aspectes lloc-especifics de les dades
d'inventari, aixi com d'usar metodes de caracteritzaci6 d'impactes
regionalitzats. S'observa que la contribucio de les primeres etapes del cultiu a

I'impacte ambiental de la produccio citricola és baixa.

Paraules clau: analisi de cicle de vida; impacte ambiental; fruites citriques;

sostenibilitat agricola; cultiu perenne; cicle de cultiu
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Parte 1. Introduccion v marco tedrico

La parte I de la tesis estd compuesta por dos capitulos. El capitulo 1
(Introduccidon) se divide en dos grandes bloques, el referente a la
sostenibilidad ambiental agricola y el referente a la produccidn citricola. En el
primer bloque se presenta una vision general de la importancia de la
agricultura en el mundo, los problemas ambientales que genera y la relevancia
que adquiere la agricultura sostenible. En esta linea, se presentan las
principales politicas de sostenibilidad propuestas en los tltimos afios tanto en
el ambito global como especifico, dando especial relevancia a las politicas
europeas y estadounidenses, dado que son los principales importadores de
citricos uruguayos, y a las del propio pais de estudio, Uruguay. Por ultimo, se
destaca la utilidad de incorporar el pensamiento de ciclo de vida a la toma de
decisiones y se hace un breve repaso de los avances en la principal herramienta
de medida del impacto ambiental de un producto, el andlisis de ciclo de vida
(ACV). Ademas, se comentan los aspectos metodoldgicos en los que se deberia
profundizar para mejorar su aplicacion a la produccidn citricola, asi como su
utilidad en el desarrollo de ecoetiquetas. En el segundo bloque del capitulo se
desarrolla la importancia de los citricos como producto, su relevancia en el
comercio mundial, y se profundiza en el rol clave de los productores del
hemisferio sur en el mercado citricola internacional. Finalmente, se presenta la
motivacion de la tesis y se enumeran sus objetivos. El capitulo 2 (Materiales y
métodos) describe la metodologia aplicada, el analisis de ciclo de vida,
detallando las fases que lo componen, a la vez que se comentan las principales
decisiones metodoldgicas tomadas para la realizacion de la tesis. Por tltimo,
se describen los sistemas estudiados, haciendo una breve descripciéon de las

principales précticas agricolas llevadas a cabo en cada uno de ellos.



Parte II. Resultados

La parte II se compone de cinco capitulos: uno de revision de los tltimos
avances de la investigacion de ACV en frutas citricas y cuatro que ahondan en
los aspectos metodoldgicos a mejorar detectados en la revision mediante el
desarrollo de casos de estudio. Concretamente, se aborda la variabilidad
temporal de los datos de inventario y como afecta a los impactos ambientales,
la representatividad regional del inventario, en especial de las emisiones en el
campo, y de los impactos ambientales, la evaluacion de categorias de impacto
recientemente desarrolladas y de especial relevancia en los ACV agricolas, y
la importancia de la etapa de vivero citricola en los impactos totales del ciclo

productivo. Asi, la parte II queda estructurada de la siguiente forma:

Capitulo 3 (Towards harmonised and regionalised life cycle assessment of
fruits: a review on citrus). En él se hace una revisiéon descriptiva, critica y
actualizada de los ultimos avances de la investigacion de ACV en citricos. Se
identifican las principales decisiones metodoldgicas para la implementacion
de la metodologia en los estudios revisados y se proponen recomendaciones
para una aplicacién armonizada del ACV en citricos, ademas de identificar las

dreas que merecen mas investigacion, que dan lugar a los siguientes capitulos.

En el capitulo 4 (Multi-season environmental life cycle assessment of lemons:
A case study in south Uruguay) se presenta la evaluacion del impacto ambiental
de la produccion de limones en el sur de Uruguay, se estudia la variabilidad
temporal de los impactos contemplando cuatro temporadas de cultivo y se

sugieren alternativas de mejora para los puntos criticos detectados.

En el capitulo 5 (On the relevance of site specificity and temporal variability in

agricultural LCA: a case study on mandarin in North Uruguay) se evaltuan los



impactos ambientales de la produccién de mandarinas en el norte de Uruguay.
Se estudia la variabilidad temporal de los impactos tomando para ello datos
de seis temporadas de cultivo y se analiza el efecto de la utilizacion de modelos
especificos del sitio para la estimacion de las emisiones nitrogenadas
derivadas de la aplicacion de fertilizantes y de métodos especificos del sitio

para la cuantificacion de los impactos ambientales.

En el capitulo 6 (Addressing water footprint, ecosystem services and
biodiversity in citrus LCAs: a case study in Uruguay) se realiza una evaluacion
ambiental de la produccidon de naranjas en el norte de Uruguay poniendo el
foco en categorias de impacto no evaluadas previamente en cultivos citricolas,

considerando seis temporadas de cultivo.

El capitulo 7 (Life cycle assessment of citrus nursery: are its environmental
impacts relevant?) presenta la evaluacion del impacto ambiental de la
produccion citricola en vivero, estableciendo un valor de referencia para este
proceso. Asimismo, se evalta la relevancia de los impactos ambientales de esta
etapa respecto a los de la totalidad del ciclo citricola y propone alternativas

para su reduccion a partir de los puntos criticos detectados.

Parte IlIl. Discusion general v conclusiones finales

La parte III incluye el capitulo 8 (Discusion general) y el capitulo 9

(Conclusiones finales).

Parte VI. Discusion general y conclusiones finales

La parte IV incluye el capitulo 10 (Contribuciones cientificas) y el capitulo

11 (Bibliografia).






Parte 1. Introduccién y marco teérico







1. INTRODUCCION

En el capitulo 1 se destaca la importancia de la agricultura en el &mbito
mundial y se hace una introduccion a los problemas ambientales con los que
se enfrenta actualmente, lo cual repercute en una preocupacion manifiesta por
parte de consumidores y politicos. Esto se evidencia en las politicas
ambientales surgidas en los ultimos anos. Se da un papel preponderante al
analisis de los objetivos de desarrollo sostenible (ODS) propuestos por las
Naciones Unidas, ya que varios de ellos presentan vinculacion directa con los
impactos generados por la agricultura. Asimismo, se estudian las principales
politicas ambientales europeas y estadounidenses (principales paises
importadores de citricos uruguayos), asi como las uruguayas. También se
analiza brevemente la evolucion de la medicion de la sostenibilidad ambiental,
haciendo referencia al pensamiento de ciclo de vida y a la importancia de la
metodologia de analisis de ciclo de vida, destacando su contribucion al
desarrollo de ecoetiquetas ambientales. Por ultimo, se aborda la importancia
de la citricultura, tanto en el &mbito mundial como regional y del pais, de
manera de entender la relevancia que adquiere el estudio de los impactos
ambientales asociados.

De esta manera, el capitulo se estructura de la siguiente forma:

Importancia de la sostenibilidad ambiental en la agricultura

Importancia de la citricultura

Motivacién de la tesis

Objetivos de la tesis



1.1. IMPORTANCIA DE LA SOSTENIBILIDAD AMBIENTAL EN LA
AGRICULTURA

El sector agricola juega un papel estratégico en cuanto a la disponibilidad
de alimentos y el logro de la seguridad alimentaria y nutricional (Wegren y
Elvestad, 2018, Otsuka, 2013, Smutka et al., 2015, 2009). Asimismo, es el
principal sector econdmico en muchos paises y la principal fuente de
alimentos y de ingresos de aquellos que viven en la pobreza extrema (Banco
Mundial [BM], 2023a). También es esencial para el crecimiento econdémico; en
2021 representd el 4 % del producto interno bruto (PIB) del mundo vy,
puntualmente, el 7 % del PIB del Uruguay (BM, 2023b). Asimismo, tiene un
impacto mucho mayor en la reduccion de la pobreza y la mejora de la
seguridad alimentaria que otros sectores de la economia (Majid, 2004, Irz et
al., 2001), ya que su crecimiento es entre dos y cuatro veces mas eficaz para
incrementar los ingresos de las personas mas pobres (BM, 2023a).

En 2021 la poblacion mundial alcanzé los 7890 millones de personas
(Organizacion de las Naciones Unidas para la Alimentacion y la Agricultura
[ONUAA], 2023a), lleg6 a superar los 8000 millones en 2022 (E1 Mundo, 2022)
y se prevé que alcance los 9700 millones en 2050 (ONUAA, 2021a). Esto
conlleva un aumento de la demanda de alimentos, para lo cual serd necesario
aumentar la produccién agricola. En Asia meridional y Africa subsahariana,
la produccion deberd aumentar un 112 % y en el resto del mundo por lo menos
un 30 % (ONUAA, 202la). Paraddjicamente, la capacidad mundial de
produccion de alimentos no es la principal limitante, sino el agotamiento de
los recursos. Las practicas intensivas e industrializadas de produccion de
alimentos, que se han desarrollado para satisfacer la demanda mundial, danan

cada vez mas el medioambiente y podrian provocar una catastrofe ecoldgica a



escala local o incluso mundial (Nellemann et al., 2009, Hazell y Wood, 2008).
De esta manera, se vuelve imperiosa la necesidad de contar con una
agricultura mas productiva y eficiente en el uso de los recursos, que aumente
la disponibilidad de alimentos y contribuya a la seguridad alimentaria
mundial, al mismo tiempo que preserve los recursos naturales y la
biodiversidad.

En esta linea surgen los conceptos de agricultura y alimentacion
sostenibles, propuestos por la Organizacion de las Naciones Unidas para la
Alimentacion y la Agricultura, en inglés FAO, (ONUAA, 2023b). Se basan en
un manejo de los recursos naturales que permita mantener las funciones
ecosistémicas suficientes para sostener las necesidades humanas actuales y
futuras y, al mismo tiempo, garantizar la rentabilidad, la salud ambiental y la
equidad social y econdmica. De esta forma, la alimentacion y la agricultura
sostenibles contribuyen a los cuatro pilares de la seguridad alimentaria
(disponibilidad, acceso, utilizacion y estabilidad) y a las tres dimensiones de

la sostenibilidad (ambiental, social y econdmica).

1.1.1. Principales problemas ambientales que genera la agricultura

La agricultura genera la mayor parte de las presiones sobre los suelos y
los recursos hidricos del mundo, las cuales producen una serie de
externalidades que afectan también a otros sectores (ONUAA, 2021a).

El uso de agua asociado a la agricultura es elevado, presentando un
aumento historico desde aproximadamente 500 km?3-afio! consumidos en el
1900 hasta valores de casi 3000 km?3-ano™ en 2017 (ONUAA, 2020). Esto puede
causar presiones ambientales significativas en regiones con estrés hidrico,

como se refleja en el aumento del nivel de estrés hidrico mundial, el cual fue



de 12,97 % en 2015 y llego6 al 13,07 % en 2020 (ONUAA, 2023a). A escala
mundial, la agricultura representa el 72 % de todas las extracciones de aguas
superficiales y subterrdneas. Puntualmente, las extracciones de aguas
subterraneas para la agricultura de regadio representan mas del 30 % de las
extracciones agricolas de agua dulce y siguen creciendo en torno a un 2,2 %
anual (ONUAA, 2021a).

La agricultura no solo usa el agua como insumo, sino que también
contribuye a contaminar rios, lagos y océanos. El uso de fertilizantes por
superficie cultivada ha aumentado histéricamente. Entre ellos, el uso de
nitrégeno aumento de 8,5 kg-ha' en 1961 a 72,9 kg-ha! en 2020 y el uso de P20s
de 8,0 kg-ha' en 1961 a 30,9 kg-ha' en 2020 (ONUAA, 2023a). En este sentido,
las estimaciones indican que la agricultura es responsable del 38 % de las
entradas totales de fosforo a las masas de agua debidas al uso antropogénico
y del 78 % de la eutrofizacion mundial de los océanos y el agua dulce
(ONUAA, 2021a, Poore y Nemecek, 2018). En 2020 se utilizaron mas de 2,6
millones de toneladas de pesticidas con fines agricolas, lo que supone un
aumento de 1,2 kg-ha! en 1990 a 1,8 kg-ha' en 2020 (ONUAA, 2023a). Estos
pesticidas contaminan los recursos hidricos con carcindgenos y otras
sustancias toxicas que afectan tanto la salud humana como la de los
ecosistemas (Mateo-Sagasta et al., 2017). En este sentido, se puede destacar que
el 74,8 % del suelo agricola mundial (aproximadamente 28,8 millones de km?)
se encuentra en riesgo de contaminacidn por pesticidas (Tang et al., 2021).

La agricultura es también un impulsor crucial del cambio climatico.
Histdricamente, las emisiones de gases de efecto invernadero de la agricultura
aumentaron de 3,26-10° mil toneladas de CO: equivalentes en 1961 a 5,95-10¢
mil toneladas de CO: equivalentes en 2019 (ONUAA, 2023a). Ese mismo afio,
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el 31 % de las emisiones antropicas mundiales procedian de los sistemas
agroalimentarios, contribuyendo con el 78 % de las emisiones de N20, el 53 %
de las emisiones de CHa y el 21 % de las emisiones de CO2 (ONUAA, 2021a).
La etapa de produccion primaria es la que mas aporta, con aproximadamente
el 41 % de las emisiones, seguida de los procesos anteriores y posteriores con
el 35 % y el cambio en el uso del suelo con el 24 % (ONUAA, 2021a).
Asimismo, el uso intensivo del suelo para el cultivo genera un gran
impacto en el medioambiente. La mitad de la tierra habitable del mundo se
utiliza para la agricultura (Ritchie, 2019) y, en concreto, la agricultura de
regadio ocupa el 20 % de las tierras cultivadas (ONUAA, 2021a). Actualmente,
el 44 % de la superficie de cultivo de regadio se ve afectada por la degradacion
del suelo provocada por el ser humano y el 18 % se encuentra deteriorada
debido al empeoramiento de su estado biofisico (ONUAA, 2021a). Por ultimo,
cabe destacar también que la agricultura es el principal impulsor de la
reduccion de la biodiversidad mundial (Ritchie, 2019), debido principalmente

a la pérdida de bosques y tierras silvestres destinadas al cultivo.

1.1.2. Politicas de sostenibilidad ambiental agroalimentaria

Los impactos ambientales antes mencionados han captado la atencion de
politicos y otros tomadores de decisién. En consecuencia, durante los tltimos
anos han aumentado las iniciativas ambientales dirigidas hacia el sector
agroalimentario. Entre otras, destacan los objetivos de desarrollo sostenible
(ODS), propuestos por la Organizacion de las Naciones Unidas (ONU), que
comprenden 17 objetivos con metas especificas para alcanzarlos (Organizacion
de las Naciones Unidas [ONU], 2023a). Vale mencionar también el Pacto Verde

Europeo (PVE), el cual engloba programas clave para el sector agricola como
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la «Estrategia de la Granja a la Mesa» (Comisién Europea [CE], 2023a). En el
caso de Estados Unidos, destacan las leyes y regulaciones dirigidas a la
produccion de cultivos propuestas por la Agencia de Protecciéon Ambiental de
Estados Unidos (EPA) y el Departamento de Agricultura de los Estados
Unidos (USDA). Por ultimo, en Uruguay han surgido diversas iniciativas
ambientales dentro de las que destacan el Plan Nacional de Adaptacién a la
Variabilidad y el Cambio Climatico para el Sector Agropecuario de Uruguay
(PNA-Agro) (Ministerio de Ganaderia, Agricultura y Pesca y Sistema Nacional
de Respuesta al Cambio Climatico y Variabilidad [MGAP y SNRCC], 2019),
entre otros.
(i) Objetivos de desarrollo sostenible (ODS)

Los objetivos de desarrollo sostenible (ODS) se definen como un
llamamiento universal a la acciéon para luchar contra la pobreza, cuidar el
planeta y disminuir las desigualdades en el mundo (ONU, 2023b). De esta

forma, los 17 objetivos propuestos abarcan aspectos sociales, econdémicos y

ambientales, y 6 de ellos se encuentran intrinsecamente ligados con la

SALUD EDUCACION 5 1GUALDAD s AGUA LIMPIA
Y BIENESTAR DE GENERD ¥ SANEAMIENTO
. r E
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agricultura (fig. 1.1.).

¥ NO CONTAMINANTE Y CRECIMIENTD
ECONGMICO
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s e OBJETIVO'S
DE DESARROLLO
0 SOSTENIBLE

Fig. 1.1. Objetivos de desarrollo sostenible propuestos por las Naciones

Unidas, destacando con color aquellos relacionados con la agricultura. Fuente:

adaptado de ONU (2023b)
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Dentro del ODS niimero 2, <hambre cero», destaca la meta 2.4, que trata
sobre la implementacion sistemas de produccion de alimentos sostenibles y
practicas agricolas resilientes. Como indicador se propone cuantificar la
proporcion de superficie agricola dedicada a la agricultura sostenible y para
ello se proponen 11 subindicadores que brindan los requisitos minimos para
alcanzarla (Gennari y Navarro, 2019). E1 ODS 3, que trata sobre «buena salud
y bienestar», presenta un vinculo tanto positivo como negativo con la
produccion agricola. Su vinculo es positivo desde la perspectiva de que el
aumento de la productividad agricola puede mejorar la nutricion, el acceso a
los alimentos y a los recursos econémicos, lo que favorece la salud. Pero, a su
vez, los cambios ambientales y de habitat inducidos por la actividad agricola
pueden conducir a cambios en los ecosistemas que intensifiquen el contagio
de enfermedades transmisibles o incluso causar dafios directos a los
trabajadores agricolas (Howden-Chapman et al., 2017). La vinculacion del
ODS 6, «agua limpia y saneamiento», con la agricultura es evidente, dada la
estrecha interaccion entre ambos, como se menciond con anterioridad.
Puntualmente, las metas 6.3 y 6.4 hablan de mejorar la calidad del agua y
reducir su escasez. Para la primera destaca el indicador 6.3.2, que cuantifica la
proporcion de masas de agua con buena calidad ambiental, y, para la segunda,
el indicador 6.4.2, que trata sobre la cuantificacion del nivel de estrés hidrico,
medido como la extraccion de agua dulce en funcion del total de agua dulce
disponible (ONU, 2023c). Debido a su ubicacién al inicio de la cadena
alimentaria, la agricultura tiene un papel clave en el ODS 12, «consumo y
produccion responsables», en especial en las metas 12.2 y 12.4; en la primera,
ya que trata sobre la gestién sostenible y el uso eficiente de los recursos

naturales, y en la segunda, puesto que se refiere a la reduccion de la liberacion
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de productos quimicos y desechos al aire, agua y suelo (ONU, 2023d). E1 ODS
13, «accion climatica», trata sobre la necesidad de tomar medidas urgentes
para combatir el cambio climatico y sus impactos. La agricultura es un
impulsor crucial del cambio climatico, pero también es uno de los sectores mas
afectados por él. Los efectos del cambio climatico en los cultivos son evidentes
en varias regiones del mundo, siendo los impactos negativos mas comunes
que los positivos (Porter et al.,, 2015). Por este motivo adquiere especial
importancia el indicador 13.2.2, «emisiones totales de gases de efecto
invernadero por ano», el cual permite monitorear el progreso hacia una
agricultura climaticamente mas sostenible. Por ultimo, el ODS 15, «la vida en
la tierra», abarca varios aspectos vinculados con la produccién agricola. En
primer lugar, la meta 15.1, que aborda el uso sostenible de los ecosistemas
terrestres y de agua dulce continentales y sus servicios. También el indicador
15.3.1, ya que propone medir la proporcion de tierra degradada en funcion de
la superficie total de tierra, dando cuenta asi de los impactos sobre el suelo. Y,
finalmente, la meta 15.5, que aborda la pérdida de biodiversidad (ONU,
2023e).

(ii)  Pacto Verde Europeo (PVE)

El Pacto Verde Europeo (PVE) constituye una estrategia de crecimiento
sostenible e integrador de la Union Europea (UE). Sus principales objetivos se
centran en eliminar la produccion neta de gases de efecto invernadero para
2050, que el crecimiento econdmico se disocie del uso de recursos y que, en
esta transicion, no existan personas ni paises relegados (CE, 2023b). En
concreto, comprende diversas iniciativas y objetivos para los distintos sectores
de la economia. En lo que concierne a la agricultura, se recomiendan una serie

de medidas y politicas, dentro de las que se encuentra la llamada «Estrategia
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de la Granja a la Mesa», cuyo objetivo principal es aumentar la sostenibilidad
de la cadena alimentaria de la UE y lograr un sistema alimentario justo,
saludable y respetuoso con el medioambiente (CE, 2023a). Esta estrategia se
compone de varios pilares (fig. 1.2.), de los cuales el mas estrechamente
vinculado con la produccidon agricola es el de garantizar la produccion
sostenible de alimentos. Una herramienta fundamental para la concreciéon de
dicha estrategia es la Politica Agricola Comun (PAC), la cual cuenta con una
ultima reforma en vigor para los afios 2023-2027 (CE, 2023c) donde se plantean
diez objetivos principales (CE, 2023d) que se desglosan en objetivos especificos
por pais (CE, 2023e) y se apoyan en un conjunto de indicadores (CE, 2023f) que

se supervisan a través de informes de rendimiento anuales y semestrales.

De la granja
ala mesa

Procesamiento

Fig. 1.2. Los cuatro pilares de la «Estrategia de la Granja a la Mesa».

Fuente: adaptado de CE (2023a).

(iii)  Leyes y regulaciones en Estados Unidos (EPA-USDA)
La EPA cuenta con una serie de leyes y reglamentos vinculados con la
produccion de cultivos (Agencia de Proteccion Ambiental de Estados Unidos

[EPA], 2023). Estas tratan principalmente sobre el manejo de los pesticidas
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(uso, almacenamiento y disposicidn), pero abordan también aspectos como la
contaminacion del aire, agua y suelos.

Por su parte, en los ultimos afios, el USDA ha puesto el foco en el cambio
climatico. En esta linea, ofrece programas y servicios voluntarios para
promover el secuestro de carbono, la reduccion de las emisiones de gases de
efecto invernadero y la mitigacion de los impactos del cambio climatico
(Departamento de Agricultura de los Estados Unidos [USDA], 2023a). Dentro
de ellos se ofrecen herramientas y se abordan topicos clave como el manejo de
nutrientes (USDA, 2023b), la cantidad y calidad del agua (USDA, 2023c, 2023d)
y la salud del suelo (USDA, 2023e), entre otros.

(iv)  Politicas de sostenibilidad ambiental en el Uruguay

En Uruguay existen diversas iniciativas con el objetivo de lidiar con los
impactos ambientales asociados a la produccion agropecuaria (fig. 1.3.). Entre
ellas destaca el Plan Nacional de Adaptacion a la Variabilidad y el Cambio
Climatico para el Sector Agropecuario de Uruguay (PNA-Agro) (MGAP y
SNRCC, 2019), propuesto por el Ministerio de Ganaderia, Agricultura y Pesca
(MGAP) y el Sistema Nacional de Respuesta al Cambio Climatico y
Variabilidad (SNRCC). Este plantea diversos objetivos dentro de los que se
encuentran promover acciones para desarrollar y adoptar sistemas de
produccion menos vulnerables a los impactos de la variabilidad y el cambio
climatico y conservar los agroecosistemas y sus servicios. Para ello se propone
un plan de accion a 2025 que contiene 66 medidas de adaptacion priorizadas

por los actores vinculados al sector agropecuario.
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Fig. 1.3. Principales politicas de sostenibilidad ambiental del Uruguay

Asimismo, el pais cuenta con otros planes de relevancia en la materia,
como son el Plan Nacional Ambiental para el Desarrollo Sostenible (Ministerio
de Vivienda, Ordenamiento Territorial y Medio Ambiente y Sistema Nacional
Ambiental [MVOTMA y SNA], 2019), el Plan Nacional de Aguas (MVOTMA,
2017) y la Estrategia Nacional de Biodiversidad 2016 - 2020 (MVOTMA y
Ministerio de Relaciones Exteriores [MRE], 2016), entre otros. De igual modo,
desde el afno 2017, el pais presenta los informes nacionales voluntarios de los
ODS (Presidencia de la Republica Oriental del Uruguay, 2017, 2018, 2019, 2021,
2022) (fig. 1.4.).
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Fig. 1.4. Informes nacionales voluntarios de los ODS de Uruguay en el

periodo 2017-2022
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1.1.3. Medicion de la sostenibilidad ambiental

El pensamiento de ciclo de vida (PCV, LCT en inglés) constituye un
marco multidimensional que pretende alcanzar soluciones eficaces para la
mejora integral de la sostenibilidad de productos, procesos y sistemas, ya que
va mas alld del enfoque tradicional en el sitio de produccion e incluye los
impactos ambientales, sociales y econdmicos de un producto durante todo su
ciclo de vida (Iniciativa del Ciclo de Vida [LCI], 2023, Mazzi, 2019). En esta
linea, el andlisis de ciclo de vida es actualmente la herramienta operativa mas
importante del pensamiento de ciclo de vida (Mazzi, 2019) y representa «el
mejor marco para evaluar los impactos ambientales potenciales de los
productos» (CE, 2003). Permite evaluar cuantitativamente los impactos
ambientales de los bienes y procesos desde la cuna hasta la tumba, modelando
las relaciones de causa-efecto en el medioambiente y, por lo tanto, ayudando
a comprender las consecuencias ambientales de las acciones humanas. Posee
cuatro caracteristicas que lo convierten en una herramienta completa y sélida:
adopta una perspectiva de ciclo de vida, cubre una amplia gama de problemas
ambientales, es cuantitativo y tiene base cientifica (Bjorn et al., 2018b). A su
vez, es una importante herramienta de apoyo a la toma de decisiones que,
entre otras funciones, permite a las empresas comparar y optimizar el
desempefio ambiental de los productos, asi como disefar politicas para el
consumo y la produccion sostenibles por parte de las autoridades (Mazzi,

2019).

La medicion de la sostenibilidad ambiental con perspectiva de ciclo de
vida no es nueva. Podria considerarse que el primer estudio orientado al ciclo
de vida se presento en 1963, estudiando los requerimientos energéticos para la

produccion de quimicos (Boustead, 2003). Mas adelante, en los afos 70, se
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publicé el primer estudio de ACV publico y revisado por pares, que trataba
sobre empaques (Hunt et al., 1974). En los 80 se lanzaron los dos primeros
softwares comerciales para ACV (GaBi en 1989 y SimaPro en 1990). En los afios
90, el enfoque del ciclo de vida tuvo un auge; se acuf6 el término «analisis de
ciclo de vida» (Sociedad de Toxicologia y Quimica Ambiental [SETAC], 1993)
y se publicaron los primeros estdndares para armonizar las practicas del ciclo
de vida (Organizacion Internacional de Normalizacion [ISO], 1997, Fava et al.,
1991). Al mismo tiempo, diferentes instituciones desarrollaron bases de datos
de inventarios del ciclo de vida y nuevas metodologias de evaluacion de
impacto, incluidas las llamadas evaluaciones de causa-efecto-dano (Bjern et
al., 2018a). En los 2000 se reconoci6 el ACV como una herramienta basada en
la ciencia de utilidad para cambiar el modelo de desarrollo insostenible (ONU,
2002). También se lanz¢ la Iniciativa del Ciclo de Vida, enfocada en la difusion
de las practicas del ciclo de vida en todo el mundo (LCI, 2002). En el contexto
europeo, el PCV recibié un fuerte impulso por parte de la llamada Politica
Integrada de Producto (CE, 2003), que respalda instrumentos politicos como
el etiquetado ambiental, la compra publica ecoldgica y la integracion de
aspectos ambientales en el desarrollo de estandares. En el siglo XXI, los
enfoques metodoldgicos de PCV han mejorado: se han revisado los estandares
internacionales de ACV (ISO, 2006a, 2006b), se ha comenzado a aplicar el PCV
gradualmente en diversos sectores, y se ha integrado con otras herramientas
de apoyo a la decision.

Es de destacar también el uso de las ecoetiquetas para comunicar los
resultados de ACV ambientales a los consumidores, las cuales constituyen una
guia facil para identificar productos méas amigables con el medioambiente

(Programa de las Naciones Unidas para el Medio Ambiente [PNUMA], 2011).
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Fig. 1.5. Ejemplos de ecoetiquetas tipo I, tipo II y tipo IIIl. Fuente:

elaboracion propia

En el dmbito internacional, los esquemas de etiquetado se clasifican en
tres tipologias, I, Il y I1I (fig. 1.5.), para las cuales existen normas especificas. El
etiquetado ambiental tipo I, basado en la norma ISO 14024 (ISO, 2018), es un
esquema que otorga una marca o un logotipo basado en el cumplimiento de
un conjunto de criterios ambientales. La declaracién ambiental tipo II es una
afirmacion declarada por los fabricantes con base en la normativa ISO 14021
(ISO, 2021, 2016). Por ultimo, las declaraciones ambientales de tipo III, tienen
como base la ISO 14025 (ISO, 2006c) y presentan informacion ambiental sobre
el ciclo de vida de un producto con el objetivo de permitir comparaciones entre
bienes con la misma funcién. Estas estan destinadas a ser utilizadas en la
comunicacion de empresa a empresa, pero también han sido reconocidas por
varios sectores como una interfaz importante entre la empresa y el consumidor
(PNUMA, 2011). Estas declaraciones pueden tener varios nombres, dentro de
las que destacan las declaraciones ambientales de producto (DAP, en inglés
EPD), las cuales han mostrado un fuerte aumento en los ultimos afios
(PNUMA, 2011). Las EPD se crean con base en un conjunto de reglas
especificas, denominadas reglas de categoria de producto (RCP, en inglés

PCR), que identifican y describen el proceso de elaboracion de una EPD para
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que sea comparable y verificable (Butt et al., 2015). En relacion con la presente
tesis, destaca la publicacion de las PCR para frutas y nueces (Declaraciones

ambientales de productos [EPD], 2019).

El ACV se ha aplicado ampliamente y continta aplicindose a la
produccion agricola, con estudios que van desde cereales (Fallahpour et al.,
2012, Blengini y Busto, 2009), hasta hortalizas (Abeliotis et al., 2013, Romero-
Gamez et al., 2012, Torrellas et al., 2012) y frutas (Vazquez-Rowe et al., 2012,
Mila I Canals et al., 2006). En cuanto a la produccion citricola, destacan los
trabajos llevados a cabo en Espafia (Martin-Gorriz et al., 2020, Ribal et al., 2019,
2017, 2011), Italia (Nicolo et al., 2017, Lo Giudice et al., 2013, Pergola et al.,
2013) y Argentina (Machin Ferrero et al., 2022, 2021). Si bien estos estudios se
han concretado con éxito, destaca la necesidad de mejorar y contemplar
determinados aspectos metodologicos, como la representatividad temporal y
espacial tanto del inventario como de la evaluaciéon del impacto, la evaluacion
de nuevas categorias de impacto relevantes para los sistemas agricolas, asi
como también la cuantificaciéon de los impactos de las primeras etapas del
cultivo que, para el caso de los citricos comerciales, involucran una etapa en

vivero.

1.2. IMPORTANCIA DE LA CITRICULTURA

Los frutos citricos comerciales mas importantes comprenden
principalmente las especies de naranja dulce (Citrus sinensis Osbeck),
mandarina (Citrus reticulata Blanco) y diferentes hibridos, limon (Citrus limon
(L) Burm.), pomelo (Citrus paradisi Macf. y Citrus maxima Burm.) y lima (Citrus

aurantifolia Christm.), y conforman una parte significativa de la producciéon
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total de frutas en el mundo (Ladaniya, 2023). Los citricos destacan por sus
propiedades nutricionales, como su contenido de vitaminas B, C vy
provitamina A. Ademads, son fuente de minerales como el potasio, calcio,
fosforo, magnesio o cobre, fibra dietética y fitoquimicos como los carotenoides,
fenoles, flavonoides, cumarinas, limonoides, alcaloides y aceites esenciales
(Ladaniya, 2023). Si bien su principal destino en el ambito mundial es el
consumo en fresco y la elaboracion de jugos, los citricos también se cultivan
para la produccion de aceites esenciales y acido citrico, mientras que a sus
subproductos se les da varios usos, principalmente como alimento para
animales (ONUAA, 2023c). Debido a su sabor caracteristico y ampliamente
aceptado por los consumidores, su accesibilidad desde el punto de vista
economico y sus propiedades beneficiosas para la salud, los frutos citricos son
ampliamente consumidos mundialmente, lo que conlleva un elevado impacto

econdmico tanto en paises desarrollados como en desarrollo (Liu et al., 2012).

1.2.1. Produccion citricola en el mundo

Los citricos constituyen unas de las principales frutas producidas y
exportadas en el contexto mundial, con un intercambio anual de mas de 17
millones y una produccidn total de casi 144 millones de toneladas en 2019
(ONUAA, 2021b), considerandose el frutal mas importante en el mundo
(Sidana et al., 2013, Liu et al., 2012). La naranja dulce es el citrico mas
producido mundialmente (53 %), seguido por las mandarinas (26 %), los
limones y las limas (14 %) y los pomelos (7 %) (ONUAA, 2021b). De la
produccion total de citricos en el mundo, el 86 % se consume en fresco y el 14
% se procesa (Ladaniya, 2023). China y la UE son los principales productores

citricolas para consumo en fresco y en conjunto representan el 54 % de la
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produccién. China destaca por su produccion de mandarinas y la UE
principalmente por su produccion de naranjas y mandarinas (USDA, 2023f).
En cuanto a la exportacion de citricos, Sudafrica es el principal exportador
mundial, con una participacion del 24 % del total de citricos exportados en el
mundo, seguido de Turquia (18 %), principal exportador de mandarinas, y
Egipto (16 %), destacando principalmente en la exportacion de naranjas
(USDA, 2023f). En 2021, el 1,1 % de la superficie mundial de citricos se
encontraba bajo manejo organico, concentrandose principalmente en Europa
(48 %), debido a la alta produccion organica en Italia y Espafia, y en América
Latina (29 %), como consecuencia de la produccién organica en México y
Republica Dominicana (Instituto de Investigacién de Agricultura Ecologica

[FiBL], 2023).

1.2.2. El hemisferio sur v su rol en la citricultura mundial

En 2022, los citricos del hemisferio sur constituyeron un mercado de 3,8
millones de toneladas, representando el 27 % del comercio mundial de citricos
(World Citrus Organisation [WCO], 2023). Segun la misma fuente, los
principales productos exportados son la naranja, constituyendo un 72 % del
total de citricos exportados desde el hemisferio sur, la mandarina un 14 % y el
limén un 12 %. Los principales destinos son la UE y Reino Unido con un 35 %
del mercado, Asia con un 21 % y América del Norte con un 19 %. El principal
motor de crecimiento del mercado del hemisferio sur lo constituye Sudafrica,
con un 17 % de crecimiento medio en los tltimos cinco afios y 2,6 millones de
toneladas exportadas en 2022 (WCO, 2023). Los productores citricolas del
hemisferio sur cuentan con una ventaja clave: debido a los periodos de

cosecha, pueden proporcionar citricos a los mercados del norte fuera de
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temporada, que son los principales importadores del mundo (Ladaniya, 2023,
ONUAA, 2021b). En comparacion con la produccion del hemisferio norte, las
tendencias de crecimiento son mayores para el hemisferio sur tanto para
mandarinas, que crecieron un 10 % de media por ano en los ultimos 4 afos
(principalmente debido a su participacion en el mercado de América del
Norte), como para limones, con un crecimiento del 6 % en dicho periodo,
debido a su presencia en el mercado de UE y Reino Unido (ProCitrus, 2023).

En cuanto a Latinoamérica, Brasil, Argentina y Perti, destacan como los
principales productores citricolas, sobresaliendo la produccion de naranjas
brasileras y peruanas, limones argentinos y mandarinas peruanas. En 2022,
Brasil contd con una produccion de mas de 4,7 millones de toneladas de
citricos para consumo en fresco, Perti con mas de 1,5 millones y Argentina con
mas de 1,2 millones (WCO, 2023). En cuanto a la exportacidn, los principales
exportadores citricolas latinoamericanos son Argentina, con mas de 300 mil
citricos exportados en 2022, y Chile con mas de 260 mil, seguidos de cerca por
Perd, con mas de 240 mil citricos exportados en 2022, y un aumento
significativo de sus exportaciones durante los tltimos afios (WCO, 2023).

En el 2022, Uruguay representé un 2,2 % de la produccion citricola
latinoamericana para consumo en fresco y estuvo a cargo del 6,5 % de los
citricos exportados en la region (WCO, 2023). Los citricos constituyen la fruta
mas producida y exportada del pais (MGAP, 2022a), con una amplia oferta de
variedades en funciéon del momento del afio. Seguin MGAP (2022b), la
produccion citricola de la zafra 2021 fue estimada en 299 mil toneladas, de las
cuales 40 % fueron de naranja, 33 % de mandarina y 26 % de limon. El principal
destino de la produccidén citricola uruguaya es la exportaciéon como fruta

fresca, que alcanzo el 46 % de la produccion en 2021, y llego al 55 % en el caso
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de la mandarina y al 52 % para la naranja. La produccion comercial de citricos
en Uruguay se concentra en dos zonas: la zona norte (Salto, Paysandu y
Artigas), que comprende el 91 % de la superficie total de citricos y concentra
especialmente la produccion de naranjas, mandarinas y pomelos, y la zona sur
(San José, Colonia, Canelones y Montevideo), donde adquiere relevancia el
cultivo de limones, que alcanza el 32 % de la produccién total del pais. Los
citricos uruguayos se distinguen en el mundo por su gran calidad, la cual se
debe, entre otros factores, a producciones que cumplen desde hace mas de 20
anos con certificaciones de tercera parte de estandares prestigiosos en el
ambito mundial, como GLOBALG.A.P. (GLOBALG.A.P., 2023), BRCGS-Brand
Reputation through Compliance Global Standard (BRCGS, 2023) y HACCP-
Anadlisis de Peligros y Puntos Criticos de Control (Alimentarius, 1969). A
través de estas certificaciones nacionales e internacionales, las empresas se
someten permanentemente a estrictos controles, de manera de alinear el
desarrollo competitivo del sector con las metas del desarrollo sostenible
(Quifiones, 2017). El sector citricola ha sido declarado estratégico por el
Gabinete Productivo del Uruguay debido a su trayectoria, siendo un sector
consolidado, con un fuerte impacto desde el punto de vista social y que ha
demostrado una enorme capacidad de adaptacion a los cambios de la
economia global (Caputi y Montes, 2010). Asimismo, es un rubro de gran
importancia en cuanto a la generacion de empleo directo e indirecto con
alrededor de 15.000 trabajadores, contando con instancias de didlogo entre
empresas y sindicatos del sector, dentro de las que destaca la Mesa de Dialogo
Sectorial de la Citricultura, que ha conllevado un fortalecimiento de los actores

laborales, principalmente de los trabajadores (Quifiones, 2017).
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1.3. MOTIVACION DE LA TESIS

Ante un escenario mundial donde la agricultura es el principal generador
de presiones ambientales sobre los recursos del planeta, teniendo en cuenta el
papel preponderante de la produccion citricola en el mundo, su relevancia en
Uruguay, asi como el gran desarrollo de las regulaciones ambientales en los
ultimos anos, se vuelve imperativa la cuantificacion de los impactos
ambientales asociados la produccion citricola. Por tanto, es fundamental
conocer la situacion actual en Uruguay y detectar los posibles puntos y
propuestas de mejora con base en un analisis serio y minucioso. Teniendo en
cuenta también las oportunidades metodoldgicas de mejora que presenta la
aplicacién del ACV alos cultivos agricolas, y en especial a los perennes, es que
se propone la presente tesis, motivada por las siguientes realidades:

e La agricultura representa el 72 % de las extracciones de aguas
superficiales y subterrdneas, es la causante del 78 % de la eutrofizacion
mundial de los océanos y el agua dulce, del 31 % de las emisiones
antropogénicas mundiales y de la degradacion del 44 % de las tierras
de cultivo de regadio, ademds de ser el principal impulsor de la
reduccion de la biodiversidad mundial.

e La preocupacion politica y la demanda de los consumidores de
alimentos respetuosos con el medioambiente se encuentra en aumento.
Evidencia de esto son iniciativas politicas como los ODS en el dmbito
mundial, el PVE en Europa, el PNA-Agro en el pais y las ecoetiquetas
enfocadas hacia el consumidor.

e Los citricos constituyen unas de las principales frutas producidas y
exportadas en el mundo, siendo la fruta mas producida y exportada en

el Uruguay.
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Los productores citricolas del hemisferio sur son relevantes para la
citricultura mundial, ya que representan el 27 % del comercio mundial
de citricos en 2022 y proporcionan citricos fuera de temporada a los
mercados del norte, principales importadores en el contexto mundial.
A pesar de la importancia que tiene esta fruta para el pais, no se han
desarrollado estudios de ACV para la produccion citricola uruguaya.
No existen datos ambientales especificos y cuantitativos basados en
datos primarios sobre la produccion de plantones citricolas en viveros
a pesar de la relevancia que podria tener esta etapa debido al periodo
de tiempo que abarca y el uso intensivo de insumos que puede
conllevar.

Dado que son metodologias de reciente desarrollo, no existen estudios
publicados sobre la cuantificacion de la pérdida de biodiversidad, la
pérdida de servicios ecosistémicos debido al uso del suelo ni de la
huella hidrica integral de la produccion citricola bajo una perspectiva
de ciclo de vida.

Las evaluaciones de impacto ambiental de los sistemas agrarios son
sitio-dependientes, por lo cual el estudio de la influencia de la
regionalizaciéon de inventarios e impactos ambientales adquiere
relevancia.

La produccion agricola es fuertemente dependiente de los parametros
agroclimaticos, por lo tanto, es necesario incorporar el estudio de la

variabilidad interanual en el analisis de los impactos.
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En esta linea, las hipotesis de partida de la presente tesis son las siguientes:

1. La aplicacién de la metodologia de ACV constituye una herramienta clave
en la evaluacion de la sostenibilidad ambiental de la produccion citricola del
Uruguay, la cual puede mejorarse mediante la implementacion de cambios en
los procesos productivos.

2. Mediante una revision descriptiva y critica de la aplicacion del ACV en
citricos se pueden detectar areas de mejora metodologicas, que pueden ser
abordadas mediante casos de estudio. A su vez, el desarrollo de estos casos de

estudio permite seguir detectando nuevos aspectos a mejorar.

1.4. OBJETIVOS DE LA TESIS

El objetivo principal de la presente tesis es evaluar los impactos
ambientales asociados a la produccion citricola del Uruguay con el fin de
caracterizar dicha produccion ambientalmente y estudiar aspectos
metodoldgicos clave en la aplicacion del ACV a la produccion citricola.

De esta manera, para alcanzar estos objetivos principales, se plantean
diversos objetivos especificos:

1. Realizar una revision bibliografica descriptiva y critica sobre los
ultimos avances de la aplicacion de ACV ala produccion citricola con
el objetivo de identificar aspectos metodologicos, puntos criticos del
proceso productivo y necesidades de investigacion, asi como también
proponer recomendaciones para la aplicacion armonizada del ACV.

2. Cuantificar los impactos ambientales asociados a la produccion de
limones, mandarinas y naranjas en Uruguay, detectar los puntos
criticos de impacto ambiental y proponer alternativas para la reduccion

de los impactos.

28



3. Atender las principales areas de mejora metodoldgica detectadas.
Concretamente, estudiar la variabilidad temporal de los impactos, la
relevancia de la regionalizacion tanto de inventarios como de impactos
ambientales, cuantificar los impactos asociados a las primeras etapas
del cultivo y evaluar categorias de impacto poco analizadas en el

ambito agroalimentario.
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2. MATERIALES Y METODOS

El capitulo 2 presenta una visidon general de los aspectos metodoldgicos
de la tesis. En primer lugar, se presenta la herramienta de evaluaciéon de
sostenibilidad ambiental aplicada en la tesis, el andlisis de ciclo de vida (ACV),
detallando todas sus fases, junto a los principales aspectos metodoldgicos
abordados en la presente tesis. Posteriormente, se presentan de manera sucinta
los sistemas de estudio evaluados; es decir, los campos y viveros citricolas
uruguayos que constituyen la base sobre la cual se desarrolla la tesis.

De esta forma, el capitulo queda estructurado de la siguiente manera:

e Anadlisis de ciclo de vida

e Sistemas de estudio
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2.1. ANALISIS DE CICLO DE VIDA

La norma ISO 14040 (ISO, 2006a) define el ACV como la «recopilacion y
evaluacion de entradas, salidas e impactos ambientales potenciales de un
sistema de producto a través de su ciclo de vida», constituyendo una vision
que busca evitar el desplazamiento de una carga ambiental potencial entre las
etapas del ciclo de vida o los procesos individuales. El enfoque del ACV es
ambiental, los aspectos e impactos economicos y sociales estan fuera de su
alcance, aunque se puede combinar con otras herramientas para desarrollar
andlisis mas completos. A su vez, los impactos que evalta el ACV son
potenciales, es decir, no predice impactos ambientales absolutos y difiere de
otras técnicas, como por ejemplo la evaluacion del impacto ambiental, ya que
constituye un enfoque relativo, basado en una unidad funcional. Asimismo, el

ACV es una técnica iterativa y cada fase utiliza resultados de las otras.

2.1.1. Metodologia

Los estudios de ACV se componen de cuatro fases. Estas son la definicién
del objetivo y el alcance de estudio, el andlisis del inventario, la evaluacion del

impacto, y la interpretacion (fig. 2.1.).

F' N

Definicion del
objetivo y alcance |«

e 7

[ Andtisis del |

inventario de ciclo y
L de vida (ICV) ) N Interpretacién

&

v

Evaluacion del

impacto del ciclo
de vida (EICV) |* \ )
" v
Fig. 2.1. Etapas del analisis de ciclo de vida. Fuente: ISO (2006a)
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(i) Objetivo y alcance

La definicion del objetivo del ACV comprende varios aspectos. En primer
lugar, la definicion de la aplicacion prevista de los resultados. Implica también
la identificacion del publico objetivo, ya que segtin a quién se dirija el estudio
(p. €j.: si es para uso interno de la empresa, para divulgar externamente, si se
trata de pubico especializado en el tema o no) se suelen requerir diferentes
requisitos en el andlisis. También se deben detallar las razones para llevar a
cabo el estudio, identificando especialmente el contexto, el cual es clave para
determinar los métodos mas apropiados para el modelado (p. ej.: modelado
atribucional o consecuente, enfoque por asignacion o sustitucion). Asimismo,
se deben identificar las limitaciones en la aplicacion de los resultados
obtenidos, ya sea por la metodologia utilizada, las hipotesis realizadas, o
porque no se aborda la totalidad de los impactos involucrados en el proceso.
Por ultimo, en esta fase se debe establecer explicitamente si el estudio incluye
una asercion comparativa destinada a ser divulgada al publico, ya que en ese
caso se debe cumplir con una serie de requisitos adicionales (CE, 2010).

El alcance abarca varios aspectos, entre los cuales destacan la definicion
del sistema y sus limites (procesos unitarios a ser incluidos en el sistema), asi
como la unidad funcional del estudio (unidad de referencia con base en la cual
se relacionan las entradas y salidas), las categorias de impacto a evaluar y las
metodologias a utilizar para dicha evaluacion. Es importante que el alcance
esté lo suficientemente bien definido para asegurar que la amplitud,
profundidad y nivel de detalle del estudio sean compatibles y suficientes para
alcanzar el objetivo establecido (ISO, 2006a). En el caso de los citricos, el ciclo
productivo se compone de cuatro etapas principales e inicia con la etapa de

vivero, que suele durar algo mas de dos anos. Durante el tercer ano, el arbol
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se trasplanta en el campo, donde inicia la etapa de baja produccion, durante la
cual inicialmente no produce citricos por unos tres afios para, posteriormente,
comenzar a dar frutos de manera gradual por otros tres afios. En el séptimo
ano, el arbol alcanza la etapa de plena produccion, la cual tiene una duracion
aproximada de 20 afios y el rendimiento del arbol es maximo. A esta etapa le
sigue la fase de senescencia, en la que el rendimiento comienza a disminuir,
aunque el arbol se suele renovar antes de que empiece, debido a razones
econdmicas. Normalmente, las evaluaciones del impacto ambiental de Ila
produccion citricola se centran en un ano de plena produccion, sin tener en
cuenta el resto de las etapas productivas. Por ello, en el capitulo 7 de la
presente tesis se estudia la relevancia de los impactos ambientales de las etapas
de vivero y baja produccion en el ciclo productivo citricola, con el objetivo de
entender si estos debieran considerarse y asignarse a los afios de plena
produccion del arbol.
(i)  Anadlisis del inventario del ciclo de vida (ICV)

El andlisis del inventario implica la recopilacién de datos relevantes
desde el punto de vista ambiental y los procedimientos de cdlculo para
cuantificar las entradas y salidas del sistema. Los datos que se recopilan en el
ICV son principalmente las entradas de energia y materia prima, los
productos, coproductos y residuos, y las emisiones al aire y vertidos al agua y
suelo. Una vez recopilados los datos, se procede a la etapa de calculo, que
incluye la validacion de los datos recopilados (p. ej.: mediante balances de
materia) y su relacion con los procesos unitarios y con el flujo de referencia de
la unidad funcional. Por altimo, para los sistemas que den lugar a mas de un
producto o sistemas en los que se reciclen productos, se debe realizar una

asignacion de flujos (ISO, 2006a).
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Al realizar un ICV es importante distinguir entre los procesos primarios
y secundarios que componen el sistema de estudio, pues se modelizan de
manera diferente. Los primarios se definen como aquellos que estan bajo el
control del responsable del proceso para el cual se lleva a cabo el ACV,
mientras que los secundarios son aquellos en los que el responsable de la toma
de decisiones no puede ejercer ninguna influencia o, en el mejor de los casos,
puede ejercer influencia de forma indirecta (Frischknecht, 1998). En términos
simples, los primeros son diseniados por quien lleva a cabo el estudio, mientras
que los segundos se seleccionan de fuentes secundarias, comtiinmente de bases
de datos de referencia, los cuales, si procede, se adaptan a las condiciones del
estudio (Kuczenski et al.,, 2018). En cuanto a los datos de los procesos
primarios, su representatividad es un aspecto de vital importancia en los ACV
agricolas dada la alta variabilidad tanto de los parametros climaticos como de
las practicas agricolas, de ahi el interés de considerar varias temporadas de
cultivo al recopilar los datos de inventario. Este aspecto se aborda en el
capitulo 3, donde se hacen recomendaciones para la obtencion de ACV mas
representativos y se contempla en los ACV realizados en los capitulos 4, 5, 6 y
7. Respecto a los datos secundarios, para el desarrollo de la presente tesis se
han utilizado bases de datos con el objetivo de modelar el consumo de recursos
y las emisiones de procesos como la produccion fertilizantes y pesticidas, su
transporte, el uso del tractor y de la bomba de riego, y la produccion de
estructuras del invernadero. Las bases de datos utilizadas fueron GaBi v.10
(Sphera Solutions GmbH, 2022), Ecoinvent 3.8. (Moreno Ruiz et al., 2021,
Wernet et al., 2016) y Ecoinvent 3.9.1 (Fitzgerald y Sonderegger, 2022, Wernet
et al,, 2016).
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Un aspecto metodoldgico de relevancia en los ICV agricolas es el
modelado de las emisiones de fertilizantes y pesticidas, asi como la estimacion
del consumo de agua por el cultivo. Se trata de datos de especial relevancia
dada su dependencia del sitio, ademds de la complejidad que implica su
correcto modelado debido a la cantidad de parametros que influyen en ellos.
En este sentido, el Grupo Intergubernamental de Expertos sobre el Cambio
Climatico (IPCC) define distintos niveles de complejidad metodologica y
requisitos de datos, siendo el nivel 1 el método basico, el nivel 2 el intermedio
y el nivel 3 el mas exigente. Los niveles 2 y 3 generalmente se consideran mas
precisos (Grupo Intergubernamental de Expertos sobre el Cambio Climatico
[IPCC], 2019). En esta linea, diversas guias se han desarrollado para ayudar a
los practicantes en el modelado de las emisiones asociadas con la aplicacion
de fertilizantes (Programa Europeo de Seguimiento y Evaluacion y Agencia
Europea de Medio Ambiente [EMEP y EEA], 2019, Nemecek et al., 2019, IPCC
2019, 2006) asi como para las emisiones derivadas de la aplicaciéon de
pesticidas, como por ejemplo el PestLCI (Dijkman et al., 2012). A lo largo de la
presente tesis se hace uso de todos ellos, a la vez que se realiza una
comparacion entre los resultados obtenidos para el modelado de las emisiones
nitrogenadas, aplicando distintos niveles de complejidad metodologica. Otro
dato de inventario a destacar en los ICV agrarios es el modelado del consumo
de agua por parte del cultivo. Teniendo en cuenta que las normas ISO (ISO,
2014) definen el consumo de agua como «el agua extraida de una cuenca, pero
no devuelta a ella», es importante que este parametro no sea calculado
simplemente como el agua irrigada. En este sentido, durante la tesis se utilizan
diversos métodos de calculo, como el balance de suelo en la zona radicular

considerando la evapotranspiracion en condiciones de estrés hidrico
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propuesto por Allen et al. (1998) o la suma de los valores de evaporacion y
absorcion de agua del balance hidrico obtenido con el modelo LEACHM
(Hutson y Wagenet, 1992).

(iti)  Evaluacién del impacto del ciclo de vida (EICV)

Esta fase tiene como proposito conocer y evaluar la magnitud y
significancia de los impactos ambientales potenciales de un sistema. De esta
manera, se asocian los datos de inventario con las categorias de impacto
ambiental y sus respectivos indicadores. Ademas de la definicién de las
categorias de impacto, indicadores y modelos de caracterizacion, dentro de
esta fase destacan dos pasos de especial relevancia: la clasificaciéon y la
caracterizacion (ISO, 2006a). La primera constituye la asignacion de los
resultados del inventario y responde a la pregunta «;a qué categoria de
impacto contribuye esta emisién?», y la segunda trata sobre el clculo de los
resultados del indicador de categoria y responde a la pregunta «;en cuanto
contribuye?». A lo largo de la presente tesis se evaluaron distintas categorias
de impacto, tanto de punto medio (PM, midpoint, en inglés) como de punto
final (PF, endpoint, en inglés). La diferencia entre categorias de impacto de PM
y de PF viene dada por la via de impacto, es decir, por la cadena causa-efecto
del mecanismo ambiental evaluada. Segun el Manual ILCD (CE, 2011), una
categoria de impacto de PM proporciona indicadores para la comparacion de
intervenciones ambientales en la cadena causa-efecto entre las emisiones o
consumo de recursos y el nivel de PF. Por su lado, las categorias de PF tienen
en cuenta el efecto sobre un atributo o aspecto del entorno natural, las
llamadas dreas de proteccion, en concreto la salud humana, los ecosistemas y
los recursos, identificando un problema ambiental o motivo de preocupacién

(ISO, 2006a). En esta linea, los métodos de PF son modelos de caracterizacion
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que proporcionan indicadores para estas dreas de proteccion, o a un nivel
cercano. En la tabla 2.1. se muestran las categorias de impacto evaluadas,

especificando entre paréntesis si son de PM o de PF.
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Tabla 2.1.

la tesis

Categorias de impacto evaluadas y métodos de evaluacion de impacto utilizados en los distintos capitulos de

Categorfa de impacto Unidad Met'odo de evaluacion Capitulo Capitulo Capitulo Capitulo
del impacto 4 5 6 7
Cambio climatico (PM) kg COzeq. EN 15804 + A2 X X X
Agotamiento del ozono (PM) kg CFC-11 eq. EN 15804 + A2 X X X
Acidificacion (PM) Moles de H* eq. EN 15804 + A2 X X
e g [ Impact 2002 + v2.1 X
Acidificacion acuatica (PM) kg SOz eq. IMPACT World + X
Cqip g Impact 2002 + v2.1 X
Acidificacidn terrestre (PM) kg SOz eq. IMPACT World+ X
kgPeq. EN 15804 + A2 X X X X
Eutrofizaciéon de agua dulce (PM) kg POu P-lim eq. IMPACT World+ X
N . kg N Eq. EN 15804 + A2 X X X X
Eutrofizacién marina (PM) kg N N-lim eq. IMPACT World+ X
N EN 15804 + A2
Eutrofizacidn terrestre (PM) Moles de N eq. IMPACT World+ X X X
Formacién de ozono fotoquimico, salud humana (PM) kg NMVOC eq. EN 15804 + A2 X X X
Uso de recursos, minerales y metales (PM) kg Sb eq. EN 15804 + A2 X X X
Uso de recursos, fosiles (PM) MJ EN 15804 + A2 X X X
TUe (fraccid .
Ecotoxicidad (PM) CTUe (fraccion de especies USEtox 2.12 X X X X
potencialmente afectada)
Toxicidad humana, cancer (PM) CTUh (casos de enfermedad) USEtox 2.12 X X X
Toxicidad humana, no canc. (PM) CTUh (casos de enfermedad) USEtox 2.12 X X X
Escasez de agua azul (PM) mdeq. AWARE X X X X
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Tabla 2.1. (cont.). Categorias de impacto evaluadas y métodos de evaluacién de impacto utilizados en los distintos

capitulos de la tesis

Método de evaluacion

Categoria de impacto Unidad del impacto Capitulo4  Capitulo5  Capitulo6  Capitulo?
Darios a la salud humana debido al DAL\.( (afios .de vida ajustados LCIMPACT 1.3 X
consumo de agua (PF) por discapacidad)
Darios a los ecosistemas debido al consumo  PDF (fracc.lon potencialmente LCIMPACT 1.3 X
de agua (PF) desaparecida)
P ial o . la polucis

otencial de privacién debido a la poluciéon . Pierrat et al. (2023) X
del agua (PM)
Potencial de erosion (PM) kg LANCA® v 2022.1 X
Potencial de r?ducaon de regeneracién de -, LANCA® v 2022.1 X
aguas subterrdneas (PM)
Potencial de reduccién de infiltracién (PM)  m3 LANCA® v 2022.1 X
P ial de R s Filtracid

.ot.enaa, d.e educcion de Filtracion mol LANCA® v 2022.1 X
Fisicoquimica (PM)
Potencial de Reduccién de Carbono

k LANCA® v 2022.1 X
Organico del Suelo (PM) 8 CAZv20
Pérdida de especies debido al uso de suelo . ReCiPe 2016 v1.1
(PF) especies Chaudhary y Brooks X
(2018)
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Tabla2.1. (cont.). Categorias de impacto evaluadas y métodos de evaluacién de impacto utilizados en los distintos

capitulos de la tesis

Método de evaluacion

Categoria de impacto Unidad del impacto Capitulo4  Capitulo5  Capitulo6  Capitulo?
Pérdi ; - 1
¢érdida de especies debido ala especies ReCiPe 2016 v1.1 X
eutrofizacién marina (PF)
Pérdi . . 1
¢érdida de especies debido a la especies ReCiPe 2016 v1.1 X
eutrofizacion del agua dulce (PF)
Pérdida de especies en ecosistemas de agua . .
dulce debido al cambio climéatico (PF) especies ReCiPe 2016 v1.1 X
Pérdida de especies en ecosistemas
i ReCiPe 2016 v1.1 X
terrestres debido al cambio climatico (PF) especies eCiPe 2016 v
Pérdida de especies en ecosistemas de agua . .
ReCiPe 2016 v1.1 X
dulce debido al consumo de agua dulce (PF) especies eCiPe 2016 v
Pérdida de especies en ecosistemas
terrestres debido al consumo de agua dulce  especies ReCiPe 2016 v1.1 X
(PF)
Pe.rd.lfla de especies debidoala especies ReCiPe 2016 v1.1 X
acidificacion terrestre (PF)
Pérdida de espec/les. debido a la formacién especies ReCiPe 2016 v1.1 X
de ozono fotoquimico (PF)
Pérdi . ido al 1
érdida de especies debido al uso de la especies ReCiPe 2016 v1.1 X

tierra (PF)
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Dentro de la EICV hay dos aspectos metodologicos que destacan en la
evaluacion de sistemas agricolas, que son la regionalizacion de los impactos
ambientales y la evaluacion de categorias de impacto recientemente
desarrolladas para su aplicacion en ACV.

Como se ve en la tabla 2.1, en la EICV se pueden evaluar distintas
categorias de impacto. Algunas de ellas, como el cambio climatico, la
destruccion del ozono estratosférico o el agotamiento de recursos abidticos,
son categorias de impacto de efecto global y por ello son independientes del
lugar de emision o extraccion. Pero otras, por ejemplo, la eutrofizacion o la
acidificacion, describen impactos que tienen efectos a escala regional o local y,
por lo tanto, varian ampliamente seguin el lugar donde se llevan a cabo las
practicas agricolas y las condiciones ambientales regionales o locales asociadas
(Verones et al., 2020). Por este motivo, en los ultimos afios se han desarrollado
metodologias de evaluacién de impacto regionalizadas, como IMPACT
World+ (Bulle et al., 2019) que permite la cuantificacion de impactos de punto
medio y punto final, o LC-IMPACT (Verones et al., 2020) para la cuantificacion
de impactos de punto final. Ambas metodologias presentan factores de
caracterizacion de los impactos en diferentes ambitos: global, continental, pais
y nativo. En la presente tesis se aplican metodologias regionalizadas para el
calculo de algunas categorias de impacto, tanto en el capitulo 5 como en el
capitulo 6.

En cuanto a la evaluacion de los impactos ambientales relacionados con
la produccién agricola, hay categorias que tienen especial relevancia debido a
su estrecha vinculacion; entre ellas, las relacionadas con el uso del suelo y el
uso del agua. Dado que son categorias que implican un alto grado de

complejidad en su modelado debido a los procesos involucrados y su alta
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dependencia del sitio donde se lleva a cabo el proceso, su incorporacion en los
softwares comerciales de ACV es reciente. Estas se evaltian en el capitulo 6 de

la presente tesis.
(iv)  Interpretacion del ciclo de vida

La fase de interpretacion debe proporcionar resultados que sean
coherentes con el objetivo y el alcance definidos, que aporten conclusiones,
expliquen las limitaciones y proporcionen recomendaciones (ISO, 2006a). De
esta forma, una correcta interpretacion del ciclo de vida debe contemplar tres
pasos (CE, 2010): primero, se identifican los aspectos relevantes, es decir, las
etapas, procesos, flujos y categorias de impacto mas importantes o las
principales elecciones metodoldgicas que tienen el potencial de influir en la
precision de los resultados finales del ACV. Luego, se evaltian estos aspectos,
lo cual implica la verificacidon de su integridad y consistencia y la verificacién
de la sensibilidad en combinacion con andlisis de escenarios y de
incertidumbre. Finalmente, se identifican las limitaciones del estudio y los
resultados de la evaluacién se utilizan en la formulacion de conclusiones y

recomendaciones del estudio.

2.2. SISTEMAS DE ESTUDIO

Todos los casos de estudio abordados en la presente tesis se ubican en
Uruguay, pais de América del Sur, conformado por 19 entidades
subnacionales de primer orden denominadas departamentos. Se encuentra
situado en la parte oriental del Cono Sur y limita con Brasil por el noreste y
con Argentina al oeste y suroeste. Ocupa una superficie de 176.215 km?,
contando en el 2021 con 3.426.260 de habitantes (BM, 2023c). El clima es

subtropical himedo, también conocido como pampeano, a excepcion de una
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franja muy pequefia de clima oceanico en el sudeste. La temperatura media
anual es de 17,5 °C, variando desde unos 19 °C en la zona noroeste hasta unos
16 °C en la costa sureste. Las temperaturas mas altas se presentan en enero y
febrero, mientras que las mds bajas son en junio y julio. Las lluvias son muy
irregulares. Tienen su valor minimo en el sur, sobre la costa, con casi 1000 mm,
y su valor maximo en el norte, en la frontera con Brasil, con aproximadamente
1400 mm (Instituto Uruguayo de Meteorologia [INUMET], 2023), aunque
presentan alta variabilidad, especialmente en los tltimos afios (Barreiro et al.,

2019).

Para los sistemas estudiados en los capitulos 4, 5 y 6, las etapas
consideradas en el ACV son la produccion de fertilizantes y pesticidas, su
transporte al campo y su aplicacion, el uso de maquinaria para practicas
agricolas (incluida la produccién de combustible) y el riego (incluida la

produccion de electricidad para el bombeo), y se ilustran en la fig. 2.2.

———————————————\

2 \
' * Produccon
I ¢ Transporte al campo
I * Produccion 1
* Transporte al campo * Aplicacion de inputs 2
I * Poda I
I * Produccién de diesel * Trituracién de restos de poda I
* Combustion de diesel OCEz=din ] o Aj
I * Transporte de bins i : e
4 * Suelo
* Produccion de diesel I * Agua
l * Bombeo de agua
\ /
am m - . _— —_— _— _— LI} LI | —_— _— _— -—
Fig.2.2. Limites del sistema y etapas del ciclo de vida incluidas en los

ACYV presentados en los capitulos 4, 5y 6 (adaptado de Cabot et al. (2023)).

Los meses de cultivo para las distintas variedades evaluadas se

encuentran representados en la tabla 2.2.
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Tabla 2.2. Meses de cultivo de las variedades de citricos estudiados

E F M A M J J A S O N D
Limon Lisbon y Fino

fno Mandarina Afourer
Naranja Valencia
N Limoén Lisbon y Fino
Ano .
5 Mandarina Afourer

Naranja Valencia

2.2.1. Campo en el sur para el cultivo de limén

El campo estudiado se encuentra ubicado en Kiyt, departamento de San
José, al sur de Uruguay, region donde se concentra la produccion de limones
para consumo en fresco (fig. 2.3.). Tiene una superficie total de 244 ha, con
cultivos de limén y mandarina y suelos dominantes de textura limoarcillosa
(Brunosoles/Vertisoles), 10.8b segun la clasificacion CONEAT (Instituto
Nacional de Investigacion Agropecuaria [INIA], 2023a). Para el periodo de
estudio (2016-2020), la precipitacion media anual fue de 1010 mm, la
evapotranspiracion potencial de 558 mm y la temperatura media de 17,0 °C
(INIA, 2023b). La temporada de cultivo tiene lugar de agosto a julio (tabla
2.2.), mes en el que los limones se cosechan manualmente. Se fertiliza de
septiembre a diciembre mayormente mediante fertiirrigacion. La aplicacion de
pesticidas se realiza via foliar de septiembre a noviembre, excepto el dxido
cuproso, cuya aplicacion se extiende hasta mayo. El riego se realiza por goteo
de septiembre a marzo mediante una bomba eléctrica alimentada desde un

pozo subterraneo de aproximadamente 30 m de profundidad.
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Fig. 2.3. Ubicacion del campo de estudio productor de limones

2.2.2. Campo en el norte para el cultivo de mandarina y naranja

El campo estudiado se encuentra ubicado en Quebracho, departamento
de Paysandud, al noroeste de Uruguay, region donde se concentra la
produccion de mandarinas y naranjas (fig. 2.4.). Cuenta con una superficie
total de 272 ha, con plantaciones de estas especies. Los suelos dominantes son
Planosoles/Argisoles y tienen texturas desde francolimosas a francoarenosas,
9.3 segtin la clasificacion CONEAT (INIA, 2023a). Para el periodo de estudio
(2016-2022), la precipitacion media anual fue de 13489 mm, la
evapotranspiracion potencial de 1113 mm y la temperatura media de 19,6 °C
(INIA, 2023b). La temporada de cultivo tiene lugar de agosto a julio para las
mandarinas Afourer y de octubre a septiembre para las naranjas Valencia
(tabla 2.2.). La cosecha se realiza manualmente para ambas especies. La
fertilizacion se lleva a cabo de septiembre a marzo para mandarinas y de
octubre a marzo para naranjas via fertiirrigacion, aplicacion foliar y aplicacion
directa al suelo. La aplicacion de pesticidas se lleva a cabo durante todo el afio

via foliar para combatir diferentes plagas, principalmente antracnosis,
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melanosis, sarna, acaros, minador de los citricos y cochinilla. El riego se realiza
por goteo de septiembre a febrero para mandarinas y de octubre a abril para

naranjas mediante una bomba eléctrica alimentada desde un lago.

Urugday

Buenos Aires

¥la Plata Montevideo

Fig.2.4. Ubicacion del campo de estudio productor de mandarinas y

naranjas

2.2.3. Vivero para limones y mandarinas

El vivero estudiado se encuentra ubicado en Rodriguez, departamento
de San José, al sur de Uruguay, regiéon donde se concentran los viveros
citricolas del pais. Estd compuesto por 31 invernaderos multitinel formados
por 2 tuneles con aberturas de ventilacidn lateral y frontal superior y una
antecAmara de doble puerta. Cada invernadero tiene un 4rea de
aproximadamente 450 m? y cuenta con un marco de acero galvanizado,
paredes y techos de nylon de 150 um y piso de piedras trituradas. El proceso
productivo consta de diferentes pasos que duran hasta 28-32 meses (tabla 2.3.).
Las etapas consideradas en el ACV son la produccién y el transporte de
insumos y sustratos, las operaciones agricolas, el riego, la produccién de

infraestructura y las emisiones en el campo.
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Tabla 2.3. Etapas en la produccién de plantones en vivero

E F M A M ] J] A S O N D

Afo 2

Afo 3

(1) cultivo en semillero; (2) cultivo en maceta; (3) injerto de otofio; (4) injerto de primavera; (5) salida de las plantas

al campo
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Parte II. Resultados
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El capitulo 3 se basa en el siguiente articulo:

Cabot MI, Lado J, Clemente G, Sanjuan N. 2022. Towards harmonised
and regionalised life cycle assessment of fruits: A review on citrus fruit.
Sustainable Production and Consumption, 33.

https://doi.org/10.1016/j.spc.2022.07.024

3. HACIA UNA EVALUACION DEL CICLO DE VIDA DE FRUTAS

ARMONIZADA Y REGIONALIZADA: UNA REVISION EN CITRICOS

Resumen grafico:

b= o
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Resumen: El sector citricola es relevante en el ambito mundial. Teniendo
en cuenta la gran contribucion de los sistemas agroalimentarios a los impactos
ambientales, evaluarlos y reducirlos puede generar una contribucion positiva
al medioambiente. El andlisis del ciclo de vida (ACV) es una herramienta muy
extendida que se utiliza para cuantificar las complejas interacciones
ambientales de los sistemas agroalimentarios en general y de los cultivos de
frutas perennes en particular. Sin embargo, ciertos aspectos metodoldgicos
deben armonizarse para llevar a cabo ACV de frutas utiles y representativos.
El objetivo de este estudio es proporcionar una revision descriptiva y critica

actualizada de los ultimos avances de la investigacion de ACV en citricos.
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Nuestro objetivo es identificar las principales decisiones metodolodgicas,
prestando especial atencién a la modelizacién del ciclo de cultivo y la
representatividad regional. Teniendo esto en cuenta, se proponen
recomendaciones para una aplicacion armonizada del ACV en citricos,
identificando areas que merecen mas investigacion. También se identifican los
puntos criticos principales del proceso productivo para comprender hacia
donde deben dirigirse los esfuerzos de mejora. Para ello se realizé una
busqueda bibliografica en dos pasos y se obtuvo una muestra final de 23
estudios. La produccion de pesticidas y fertilizantes junto con sus emisiones
en el campo son los principales puntos criticos en los articulos revisados. En
cuanto a las areas donde se requiere mas investigacidn, se detecta una falta de
estudios sobre las primeras etapas de producciéon de citricos. La
representatividad del campo de estudio, tanto temporal como espacial,
destaca como un tema critico al evaluar la produccion regional de frutas. Esto
implica mejorar los inventarios del ciclo de vida mediante el uso de métodos
especificos del sitio para estimar las emisiones de fertilizantes y plaguicidas,
el desarrollo de conjuntos de datos regionalizados de insumos agricolas y el
fortalecimiento de los inventarios de agua. En cuanto a la evaluacion de
impactos, se debe fomentar la estimacion tanto de la escasez de agua como de
los impactos sobre la biodiversidad, junto con el uso de métodos de
caracterizacion de impactos regionalizados. El desarrollo de estudios de ACV
en paises productores de citricos fuera de la Union Europea junto con el uso
de otras herramientas de sostenibilidad puede servir de apoyo en el desarrollo
de politicas ambientales. Los resultados de esta revision pueden ser

beneficiosos tanto para los profesionales de ACV como para los responsables
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de la toma de decisiones y allanar el camino para una produccion de citricos

mas responsable y sostenible.

Palabras clave: andlisis de ciclo de vida; impacto medioambiental; frutas

citricas; ciclo de cultivo perenne; armonizacion; regionalizacion
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3. TOWARDS HARMONISED AND REGIONALISED LIFE CYCLE

ASSESSMENT OF FRUITS: A REVIEW ON CITRUS FRUIT

Graphical abstract:
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Abstract: The citrus fruit sector is globally relevant. Considering the
great contribution of agri-food systems to environmental impacts, assessing
and reducing them can make a positive contribution to the environment. Life
Cycle Assessment (LCA) is a widespread tool used to quantify the complex
environmental interactions of agri-food systems in general and perennial fruit
crops in particular. However, methodological aspects need to be harmonised
to perform useful and representative LCAs on fruits. The goal of this study is
to provide an updated descriptive and critical review of the state of the art of
LCA research into citrus fruits. We aim to identify the main methodological
decisions, paying special attention to crop cycle modelling and regional
representability. Bearing this in mind, we propose recommendations for a
harmonized application of LCA on citrus fruits, identifying areas worthy of
further research. The main hotspots of the production process are also
identified, to understand where improvement efforts should be directed to. To

this end, a two-step search was carried out and a final sample of 23 records
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was obtained. The production of both pesticides and fertilizers together with
their on-field emissions are the main hotspots in the reviewed articles.
Regarding areas for further research, a lack of studies into the early stages of
citrus fruit production is detected. Farm representativeness, both temporal
and spatial, is highlighted as a critical issue when assessing regional fruit
production. This implies improving life cycle inventories, namely by using
site-specific methods to estimate fertiliser and pesticide emissions, developing
regionalized datasets of agricultural inputs, and strengthening water
inventories. As to the impact assessment, the estimation of both water scarcity
and biodiversity impacts is encouraged, together with the use of regionalised
impact characterisation methods. Boosting LCA studies on citrus fruits
producing countries outside the European Union along with the use of other
sustainability tools can support the development of environmental policies.
The results of this review can be beneficial for both LCA practitioners and
decision-makers, paving the way for a more responsible and sustainable citrus

fruit production.

Keywords: Life Cycle Assessment; Environmental impact; Citrus fruits;

Perennial crop cycle; Harmonisation; Regionalisation.

56



3.1. INTRODUCTION

Food production will need to increase by around 70% by 2050 to feed
the projected population growth (Bell and Horvath, 2020). This increase in
production is of great concern for both the authorities and the consumers
themselves (UN, 2019). Ensuring food security requires fundamental changes
in the way we produce and consume. In fact, United Nations Sustainable
Development Goal number 12, “responsible production and consumption”,
seeks to create net gains from economic activities by reducing resource
consumption, degradation, and pollution. It thus raises the need to adopt a
systemic approach and achieve cooperation between participants in the
supply chain, from the producer to the final consumer (UN, 2019). ‘Business
as usual’” is no longer an option, hence, achieving a sustainable agriculture is
an agreed and essential objective, which requires the application of methods
to identify the environmental hotspots of agricultural processes and the
implementation of techniques to improve their environmental performance
(Nicold et al, 2015). The agri-food sector is a relevant contributor to
environmental impacts via resource depletion, land degradation, air
emissions, or waste generation (Beccali et al., 2009) and, ironically, is both a
significant contributor to climate change while simultaneously being affected
by it (Thornton and Lipper, 2014). Therefore, there is a need to understand the
interactions between food security and global environmental change (Ingram,

2012) to propose and adopt solutions toward a sustainable food system.

The global importance of the citrus fruit industry can be highlighted
statistically; a total of 143,756 thousand tonnes of citrus fruits were produced
in 2019, of which approximately 12% are exported. The main fresh citrus fruit

producing region is Asia, accounting for 50% of global production, with China
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(25%) and India (9.3%) in the lead. South America is relevant as well since is
responsible for 19.3% of world production, with Brazil (13.7%) leading. This
country additionally stands out for its high juice production, accounting for
1,317 thousand tonnes of frozen concentrated juice in 2020. Within Europe, the
Mediterranean region is the main producer, where Spain, Egypt, Turkey and
Italy produce 4.2, 3.2, 3.0 and 2.0% of global citrus fruits, respectively. South
Africa is another important actor, producing 2% of citrus fruits globally (FAO,
2021). Given the great importance of citrus fruit production in the agri-food
sector, reducing its impacts can contribute positively to the environment.
Farmers and managers of agri-food businesses need to understand where
these impacts come from and how to deal with them in order to optimise
production systems (Martin-Gorriz et al., 2020). Thus, reliable methods are
required to identify the impact of the agricultural and horticultural product

groups that have the greatest environmental damage potential.

Life Cycle Assessment (LCA) constitutes a recognised and accepted tool
that aims to analyse objectively, methodically, systematically, and
scientifically the environmental impacts caused by the products from their
origins, such as the extraction of the raw materials necessary for their
manufacture, until the products are consumed and become waste, through
their processing. LCA is increasingly used to evaluate and analyse food
environmental issues, but much remains to be done to attain sustainable food
security; LCA, in combination with other disciplines, arises as a powerful tool
with which to address these issues. It is thus important to expand the
assessment of food environmental impacts, also including those of citrus
fruits, to more regions and countries, considering the current systems and

practices. To this end, methodological aspects should be harmonized as
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variations in assumptions, methodological choices, inventory data and
emission factors used by LCA practitioners could lead to different results, even
for similar products, increasing the uncertainty of the impact results (Escobar
Lanzuela et al., 2015) and also affecting the comparability of studies (Brandao
et al., 2012). Agricultural and bio-based systems are naturally variable due to
the variability of climate and other agroecological factors, in addition to
uncertainties related to data and process modelling (Brandao et al., 2022).
Particularly, when considering the complexities of environmental interactions
of agri-food systems in general, and perennial fruit crops in particular, a
specific viewpoint on methodological choices and assumptions is required to
perform LCAs (Sala et al., 2017). Bessou et al. (2013) reviewed LCA studies on
perennial crops, paying particular attention to the farm stage, and made some
recommendations for applying LCA to those systems. One year later, Cerutti
et al. (2014) reviewed the state-of-the-art practice in LCA on fruit production
and described a reference framework for LCA applications in fruit production
systems. Among other issues, the authors propose an approach to model the
whole life cycle in the orchard, recommending a four-year time interval as a
minimum data requirement and advising the inclusion of at least three
orchards. Since then, many studies from diverse geographical locations have
been published regarding fruit production (e.g. Coppola et al., 2022; Vinyes et
al., 2017; Zhu et al., 2018). Generally, fruit LCAs aim to be representative of a
specific country or region, which poses methodological challenges related to a
huge variability of farming systems and to a lack of data to represent the farm
typologies (Pradeleix et al., 2022). In addition, regionalized case studies also

require the use of regionalized impact assessments (Morais et al., 2016).
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In view of the increasing application of LCA, the updating of
methodological issues, and taking into account the complexity and regional
particularities found in perennial fruit production systems, an updated review
in this area is needed. Specifically, citrus fruits are chosen due to their
importance worldwide and since, to the best of the authors' knowledge, there
is so far no review study focused on this crop. In sum, this study provides an
actualized descriptive and critical review on the state of the art of LCA
research applied to citrus fruit, where methodological decisions of the
practitioners are presented and discussed thoroughly. Throughout the review

process, the authors aim at answering the following key questions:

1. How LCA has been applied in evaluating the environmental impacts of
citrus fruit production and its derivatives?

2. In particular, how is the crop cycle modelled and the regional
representability addressed?

3. Based on the review, is it possible to obtain recommendations to carry
out LCAs into citrus fruits and on perennial fruit crops in general?

4. Which are the life cycle stages with the greatest contribution to each
impact category in LCAs into citrus fruit?

With the first two questions we aim to identify trends among the key
methodological choices, which will allow us to answer the third question, that
is, the proposal of recommendations towards a harmonised application of
LCA for regionalised citrus fruits production and, in addition, allow for the
identification of areas worthy of further research. The fourth question would
benefit the promotion of a more responsible and sustainable citrus fruit

production, since hotspots will be detected, and farmers and managers of agri-
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food businesses will understand where the main changes must be

implemented.

3.2. STATE-OF-THE-ART LCA APPLIED TO CITRUS FRUIT PRODUCTION

3.2.1. Literature review method

To perform the review, the methodology proposed by Denyer and
Tranfield (2009) was used as a guide. The search was carried out considering
two main steps (Fig. 3.1). First, the identification step, where a systematic
search in Scopus and Web of Science (WOS) databases was performed to
identify the articles to be considered and then a screening and eligibility step,
analysing the abstract, introduction and reference sections. In the
identification phase, articles, articles-in-press, books, book chapters and
proceedings were screened from WOS and Scopus databases to identify
scientific publications focusing on the environmental LCA of citrus fruits and
derived products. The search strategy was limited to records written in the
English language and combined a group of terms related to citrus fruits,
namely “citrus”, “orange” and “lemon”, with another group including terms
associated with environmental sustainability and LCA; “life cycle
assessment”, “LCA”, “sustainability assessment”, “environmental impact
assessment” and “environmental sustainability”, focusing their identification
either in the title, keywords or abstracts, and with no filter as regards the year
of publication. Then, in the screening and eligibility phase, the selected records
were revised to ensure their adjustment to the scope of the review.

Given the large number of studies found by applying the
aforementioned filters, an initial screening was made to select the articles that

explicitly mentioned citrus fruits or fruits in the title (n=210). A second

61



screening was performed on this group of articles, perusing the abstract and
introduction, and it was found that 30% of the articles (n=63) address the use
of by-products from citrus fruit processing and were, consequently, excluded.
19% of the initial sample (n=39) is related to technological aspects linked to
fruit sustainability, such as remote sensing or deficit irrigation, but do not
constitute environmental impact studies themselves, for which they were also
excluded from the review. Finally, 39% of the 210 studies (n=82) were
discarded as they deal with other sustainability issues without an LCA
perspective, studying social and economic impacts or consumer preferences.
A total of 26 articles (12%) were obtained. 6 records were excluded as they
reviewed or integrated the others. To enrich the search, a third screening was
carried out within the references cited in the selected articles and 3 new articles
that meet the search criteria, that is, LCA studies on citrus fruits and derived
products, were added. After applying the filters, a final sample of 23 research
articles remained, which can be divided into two groups: (i) 16 studies on fresh
citrus fruits (Table 3.1.), mainly focused on the agricultural stage, although 4
of them also include the postharvest stage; and (ii) 7 studies into citrus-derived
products (Table 3.2.), mainly concerning the processing stage, specifically juice

and essential oil manufacturing.
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Fig. 3.1. Review strategy followed to select the LCA studies of citrus

fruits based on Denyer and Tranfield (2009)

3.3. RESULTS OF SYSTEMATIC LITERATURE REVIEW ON LCA OF CITRUS
FRUITS

3.3.1. General aspects of the LCA studies selected

Data from the reviewed studies have been extracted and combined into
several tables. The group of LCA studies on fresh citrus fruits, which is the
largest, is also the most heterogeneous (Table 3.1.). It includes research articles
ranging from 2009 to the most recent in 2022, which reaffirms the validity of

the present research field. As shown in Table 3.1., most of them focus on
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western countries, specifically Italy and Spain, which are among the largest
citrus fruit producers in the Mediterranean region, as remarked in Section 1.
Studies have also been carried out in Brazil, the largest orange producer in
South America, and China. Studies in other countries, such as India, Mexico,
Iran and Argentina, are more recent. Fig. 3.2a illustrates the number of studies
according to the producing country and the product analysed. To highlight
the relevancy of citrus fruit production in those studies, Fig. 3.2b shows the
share of worldwide citrus fruit production of each producing country

identified in the review.

Among citrus fruit species, oranges are the most studied, followed by
lemons and mandarins, leaving grapefruit aside. This is coherent with the
world production ranking, where over 53% of the production of citrus fruit
corresponds to oranges and grapefruits account for under 7 % (FAO, 2021).
Only one study into Navel oranges (Nicolo et al., 2017) follows the Product
Category Rules (PCRs) for fruits and nuts. The reviewed studies only cover
the environmental dimension of sustainability except for four studies (De Luca
et al. 2014; Nicolo et al., 2017; Pergola et al., 2013; Ribal et al., 2009), which
consider the economic dimension through Life Cycle Costing (LCC). None of

the reviewed studies includes the social dimension.

Fewer studies analyse the environmental impacts of citrus by-products.
Beccali et al. (2009; 2010) study the environmental impacts of the production
of lemon and orange essential oils and natural and concentrated juice in Italy.
Machin Ferrero et al. (2021) and Machin Ferrero et al. (2022) assess the
production and processing of lemons in Argentina to obtain juice and other
coproducts (e.g. essential oil and dehydrated peel, among others). Knudsen et

al. (2011) assess the manufacturing of organic orange juice in Brazil that is then
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exported to Denmark. Roibas et al. (2018) calculate the carbon footprint of
orange juice marketed in Malta, while Dwivedi et al. (2012) assess the global

warming impact of concentrated orange juice produced in Florida (USA).
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Fig. 3.2. (a) Number of LCA studies according to the producing country
and the product analysed. (b) Percentage of worldwide citrus fruit production
corresponding to each producing country identified in the review. ‘Others’ are

countries with negligible contribution (USA, Australia, and Chile)
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Table 3.1.

Main methodological choices as refers to the goal and scope of the reviewed LCAs of fresh citrus fruits

Produci t
Reference . 6 Functional unit Main goals System :
country boundaries
Alishah et 1kgorangesand 1 Assess energy indicators and environmental impacts ~ Cradle to
ran . L
al. (2019) ha orange orchard  during the initial 7years of orange orchards farm gate
Florida, Mexico,
Bell T
ell and exas Estimate the impact of cradle-to-market life-cycle Cradle to
Horvath  California, 1 kg oranges seasonal GHG emissions of fresh produce commodities market
(2020)  Australia, Chile, P
South Africa
1 kg fresh fruits Analyse how the partial modelling of the perennial Cradle to
Bessou et Lo cycle may affect results farm gate
Morocco (Sidi Aissa ; ) . .
al. (2016) , Make recommendations on modelling strategy and (including
clementines)
data needs nursery)
Bonales-
Revuelta Mexico 1 tonne of fresh Assess the environmental performance of orange Cradle to
et al. orange production in Veracruz, Mexico farm gate
(2022)
Coltro et 1000 kg oranges for Develop a cradle-to-door inventory study of oranges ~ Cradle to
al. (2009) Brazil frozen concentrated for frozen concentrated juiceContribute to the fruit centre

orange juice

development and use of the LCA in Brazil

entry
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Table 3.1.  (cont.) Main methodological choices as refers to the goal and scope of the reviewed LCAs of fresh citrus fruits
Reference Producing Functional unit Main goals System .
country boundaries
Analyse the level of sustainability from an economic
De L i 1 int of diff
e Luca 1 ha of planted and env'lronmenta .standpomt of di ererilt Cradle to farm
et al. Italy cdementines clementine production systems (conventional, ate
(2014) integrated, and organic) in the Calabria Region &
(Italy)
"1 p" = production
of oranges in an : . : :
L £ 1 f
9 ' orchard of 10.8 ha Quanti y environmental impacts of integrated Cradle to
Giudice et Italy , e i production of Tarocco oranges .
al. (2013) in a lifetime of 50 Assess possible improvements in the production distributor
' years (13,500 P P P
tonnes)
tif i tal i ts and identify k
Martin- 1 kg citrus fruits Quan 1y enviromental impacts anc IGEntY XY Cradle to farm
. , impact factors of irrigated agriculture . ,
Gorriz et  Spain (oranges, lemons, . X . gate (including
. Assess farming practices that promote sustainable
al. (2020) and mandarins) ) nursery)
production
o, Assess environmental impacts of clementine
Nicold et Italy and Spain 1 hectare farming systems (conventional and organic) in Ital Cradle to farm
al. 2015) oY and-p &Y & Y gate

and Spain
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Table 3.1.

(cont.) Main methodological choices as refers to the goal and scope of the reviewed LCAs of fresh citrus fruits

Produci t
Reference & Functional unit ~ Main goals System :
country boundaries
Nicolo et 1kg packaged  Implement an LCA for the production and packaging of Cradle to fruit
Italy .
al. (2017) oranges Navel oranges, following the PCRs centre
1 hect d1
Pergola ectare an Compare the sustainability of organic and conventional
kg oranges and . Cradle to farm
et al. Italy farming methods for lemon and orange through an
lemons for fresh . , _ gate
(2013) _ energy, environmental and production cost analysis
consumption
Ribal et . Assess the eco-efficiency of 24 representative scenarios  Cradle to farm
Spain 1 kg oranges , . : .
al. (2009) of citrus production in the Valencian Community gate
Compare the environmental impact of organic and
Ribal et Spain 1 kg citrus fruits conventional citrus fruits systems in the Valencia region Cradle to farm
al. (2017) p and 1 hectare (Spain) gate
Assess the variability within both farming systems
Analyse the variability in the carbon footprint of
organically and conventionally produced Valencian
Ribal et Spain 1 ke oranees oranges (Spain) Cradle to
al. (2019) P & & Determine confidence intervals from small samples and  distributor

how to calculate the variability of the carbon footprint
when the inventory is derived from different sources
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Table 3.1.

(cont.) Main methodological choices as refers to the goal and scope of the reviewed LCAs of fresh citrus fruits

Produci t
Reference & Functional unit Main goals System :
country boundaries
1 hectare, 1 kg Quantify the carbon footprint of China’s orange
i her frui h
Yan et al. ' oranges ('among pI‘Odl'lC’ﬂC?l’l (amon.g other rults? to assess the Cradle to farm
China other fruits), contributions of different farm inputs
(2016) o _ _ . gate
1 g vitamin C, 1 Generate information for policymakers so they can
dollar identify key options to reduce GHG emissions
Quantify and locate the environmental cost of
1 hectare and 1- citrus fruits production using the LCA method
Yang et , . . , , Cradle to farm
al. (2020) China tonne fresh citrus  Test the potential of reducing environmental costs

fruits production

by addressing the problems detected through field gate

demonstrations
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Table 3.2.

Main methodological choices as refers to the goal and scope of the reviewed LCAs of citrus-derived products

Produci Syst
Reference rodueng Functional unit Main objectives ystem
country boundaries
1 kg of each citrus fruit
Beccali et al. Ital ro%lo cte?fcr .ctlsrgs' C:sn Estimate environmental impacts of ~ Cradle to
u uits, juices, . . . -
(2009) y P . ] the citrus fruits chain distributor
essential oils)
Assess environmental impacts of
1 kg of each orange and . . ,
. , citrus fruits production and
Beccali et al. lemon-based final product _ . : Cradle to
Italy transformation processes to identify o
(2010) (natural and concentrated o ) distributor
.. D1 the most significant issues and
juice and essential oils) i _
suggest options for improvement
A NotF trat A the global ing i t of
Dwivedi et al. Not From Concen r.a ? ssess the global warming m?p.ac of ~dle to
USA (NFC) orange 1.893 L juice not-from-concentrate orange juice
(2012) . ; consumer
carton produced in the state of Florida
1L of . .
. OF OTEANIC OTange JUICE -Identify the environmental hotspots
imported to Denmark (for the . . . X
, _ in the production chain of organic
analysis of organic orange orance iice
Knudsenet  Brazil - juice) Corri; ; re environmental impacts of Cradle to
- A%
al. (2011) Denmark 1 tonne of oranges leaving the P p distributor

farm gate (for the comparison

of orange production
processes)

organic and conventional orange

production
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Table 3.2.  (cont.) Main methodological choices as refers to the goal and scope of the reviewed LCAs of citrus-derived

products

Reference

Producing country  Functional unit

Main objectives System boundaries

Machin Ferrero
et al. (2021)

Machin Ferrero
et al. (2022)

Argentina

Argentina

1 tonne of lemons
transported to the factory
1 tonne of each final
product at the factory gate
(fresh fruit, essential oil,
clarified concentrated
juice, cloudy concentrated
juice, and dehydrated
peel)

1 tonne of lemons
transported to the factory
1 tonne of each product
(Scenario A: essential oil,
concentrated juice and
dehydrated peel

Scenario B: essential oil,
concentrated juice,
limonene and ethanol)

-Estimate the WF profile of
lemons and lemon-derived
products in Tucuman
-Identify the parts of the
production system that
contribute the most to its
environmental impact and
infer process options that
reduce this impact

Cradle to factory gate

-Present the environmental

profile of lemons and

derivatives in Argentina

-Analyse the environmental Cradle to the entrance

implications of shifting of the factory
Cradle to factory gate

Cradle to market

from the conventional
production scheme to a
biorefinery that includes
circular economy strategies
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Table 3.2.  (cont.) Main methodological choices as refers to the goal and scope of the reviewed LCAs of citrus-derived

products

Main objectives

Reference Producing country Functional unit System boundaries

Pre-processing;: Calculate the carbon

Roibas et al. Austria, Holland. A 250 ml bottle of footprint of ten multi-fruit

juices marketed in Malta Cradle to market

(2018) Final processing;: packaged orange juice
Malta (including orange juice)




3.3.2. Review of the main methodological choices

In this section, by considering the two first research questions defined,
the main methodological choices implemented in the reviewed papers are

presented (Fig. 3.3.). As commented in section 1, special emphasis is made on

both crop cycle modelling and data representativeness.

SEARCH and REVIEW OF LCA CASE STUDIES ON GITRUS FRUITS
Research questions to be answered:

1. How LCA has been applied in evaluating the environmental impacts
of citrus fruit?

Rw'?lm_ of LCA phases: 2. How are the crop cycle and the regional 3. Is it possible fo derive
LU R U L L Rl Vbl renrecentability addressed in those studies? some recommendafions
- How is the inventory built? - - fo carry out LCAS on
- VWhich impact categories are | 0P CY/Cleé and data representativeness: citrus fruits and perennial
assessed? - How is the farm sampling 1_:3ITIBd out? fruitsin general?
- How is the resufts interpretation | - HOW many years are considered?
made? - Which stages of the crop cycle are -
assessed? 0
4_Which - How are on-field emissions modelled? Recommendations
are the life - How are water inventories carried out? concemning:
5 - Are background processes - Farm sampling
representative? - Crop cycle
- Are regionalized methods applied for - Regionalization of
the impact assessment? inventories
to each - Impactassessment
impact

category?

Qualitative analysis of the results:
Which are the stages of the process where efforts should be direded to minimize the environmental impacts?

Fig. 3.3. Main methodological aspects of the LCA revised to answer the

research questions

3.3.2.1. Goal and scope

Each of the LCAs reviewed aims to quantify the environmental impact
of citrus fruits, with some nuances depending on the case study (Table 3.1 and
Table 3.2). As for the studies on fresh citrus fruits (Table 3.1), the main goal is
to assess the environmental impacts of the crop, although some authors also
seek to propose practices to improve sustainability or compare production

systems. Some studies, in addition, make a methodological contribution to
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enrich LCA practice and result analysis. Among them, Bessou et al. (2016)
analyse how the partial modelling of the perennial crop cycle through non-
holistic data collection may affect LCA results. Ribal et al. (2017) assess the
variability of the environmental impacts due to the variability of agricultural
management practices by applying a bootstrap technique. Whereas Ribal et al.
(2019) go a step further and analyse the variability in the subsequent life cycle

stages and how they influence the carbon footprint of oranges.

Taking into account that the main function of agricultural systems is
providing food, a mass-based functional unit (e.g., 1 kg or 1 tonne) is mostly
used (Table 3.1), which reflects the effects of yield on the environmental
impacts. Only De Luca et al. (2014) and Nicol6 et al. (2015) consider an area-
based functional unit (1 ha), which refers to the ability of agricultural systems
to provide ecosystem services. Several studies combine mass with area-based
analysis. Yan et al. (2016) explore other functional units and use vitamin C
content, as a characteristic of food that influences its commercial value, and
the dollars earned from the sale of the product. This kind of functional unit,

however, is heavily influenced by the economic context (Cerutti et al., 2014).

Temporal boundaries are a relevant aspect for these types of studies
since citrus fruits are perennial crops, and thus they present different growth
phases. As Ribal et al. (2017) specify, the total life period of an orchard is
around 50 years; the first 6-7 years correspond to the low productivity phase
and the following 30-35 years to the full production phase. Later, when the
yield decreases (senescence phase) the trees are usually uprooted due to
economic reasons. Both the dose of applied inputs and the resulting yield vary

according to the growth stage.
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Most of the studies set ‘cradle to farm gate’ system boundaries (Table
3.1), where allocation does not make sense because only one product,
harvested oranges, is obtained. As regards the studies which include the
postharvest stage where oranges are classified, only Ribal et al. (2019) and
Machin Ferrero et al. (2021) allocate the environmental loads. The former
between the main product (commercial oranges) and the by-products (oranges
with unstable or stable defects, used for fodder or sold for juice
manufacturing, respectively) performing an economic allocation following
PAS 2050-1 guidelines (PAS 2050, 2012) and considering the price of each
product when leaving the post-harvest centre. Machin Ferrero et al. (2021)
consider a mass allocation between lemons destined for fresh consumption

and those that will be further processed, neglecting lemon losses.

As to capital goods, most of the studies do not refer to their inclusion or
exclusion and only five studies give a rationale for their exclusion. Namely,
Ribal et al. (2009), Roibas et al. (2018), and Knudsen et al. (2011), because their
long life means that they have minor impacts on the results. Whereas in Nicold
et al. (2015) and Ribal et al. (2017), the machinery is mostly rented, therefore
its impact is also negligible as the use is more intensive than if it was used only

on the studied farm.

The main goal of the LCAs of citrus-derived products is to assess the
environmental impacts by identifying the main critical points (Table 3.2), and
only Beccali et al. (2010) and Machin Ferrero et al. (2021) suggest improvement
options. As far as the functional unit is concerned (Table 3.2), both volume (for
juice) and mass of the final products are used. As to temporal boundaries,
almost all the studies that provide this information use data from 1 year. Only

Machin Ferrero et al. (2021) use data corresponding to the period 2012 to 2018.
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Concerning the life cycle stages included in the system boundaries, a
‘cradle to market/distributor” approach is considered in most of the studies,
and only Dwivedi et al. (2012) assess the consumption stage (Table 3.2). A
variety of allocation procedures can be found for these products. Roibas et al.
(2018) allocate all the annual inputs and outputs to the final product based on
their annual mass production. Knudsen et al. (2011) handle the environmental
burdens between the frozen concentrated orange juice and the by-products by
subtracting the avoided environmental burden of producing barley, a
marginal representative for carbohydrate fodder. Beccali et al. (2009) apply
mass or economic allocation depending on the process stage and the product,
whereas in Dwivedi et al. (2012), only mass allocation is applied. Machin
Ferrero et al. (2022; 2021) both perform mass and economic allocations based
on the rationale that this decision significantly influences results for the lemon
derivatives. The most affected is essential oil production, which is obtained in
a much smaller mass proportion than other co-products, but its market value
(per tonne) is significantly higher, while the opposite happens for dehydrated
peel.

3.3.2.2. Inventory analysis

In this section, the data sources used, and their representativeness are
discussed. In addition, the methods used for estimating on-field emissions
from fertilisers and pesticides and water use, central to the inventories of agri-
food products and highly dependent on site-specific characteristics, are

reviewed.
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3.3.2.2.1. Data representativeness

One of the main challenges of LCAs is to collect representative data; it
is a time-consuming procedure and difficult due to the lack of sources
containing detailed or quality-checked datasets, which, in turn, can affect data
uncertainty (Beccali et al.,, 2010). The reviewed studies mostly follow the
common LCA practice as to the data sources used. In particular, primary
sources are used for the foreground system, that is, central processes under
study (mainly farming, post-harvest operations, or juice manufacturing).
These are then connected with the background process, corresponding to
upstream and downstream life cycle stages (e.g., electricity, fertiliser and
pesticide production, transport), which are taken from secondary data
sources. Only Bell and Horvath (2020) and Martin-Gorriz et al. (2020) use
secondary data for both the foreground and background systems. This can be
explained by the fact that these studies aim to assess the average
environmental impact of citrus fruit production in a region, namely California
(USA) and Murcia (Spain), instead of studying specific farms or factories. In
addition, Martin-Gorriz et al. (2020) state that the quality of all input data was
evaluated following the ILCD Handbook (Joint research center, 2011)

requirements and was classified as "high-quality".

Primary data are mainly gathered through direct questionnaires and
interviews with farmers or other workers, offline surveys, or direct
measurements. When assessing the agricultural production in a region, farm
representativeness is a key issue and, as Avadi et al. (2016) state, the quality of
the data gathered will influence the final accuracy of the impact results. The
principal characteristics of the orchards sampled in the reviewed studies are

presented in Table 3.3 as concerns both the number of farms and the number
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of years sampled. To take into account the interannual variability, Bessou et al.
(2016) emphasize that choosing one single year of production can lead to
highly uncertain results, especially in the case of alternating yield. However,
most studies focus on one farming season corresponding to the full production
years. Among them, Ribal et al. (2019) justify their decision on the grounds
that not all the citrus fruit varieties present alternating yield and that it can be
reduced through practices, such as chemical and manual thinning, a

widespread technique among farmers.

Most of the reviewed authors consider sample representativeness by
retrieving data from a typical farm in the region under study although they do
not justify how the representativeness of the assessed farm is guaranteed. In
addition, they do not explicitly state which growth stages are evaluated and,
among those who do so, it is mostly the full production stage that is assessed.
Three studies (Bessou et al., 2016; De Luca et al. 2014; Pergola et al., 2013)
evaluate the complete cycle by extrapolating data from specific years. Alishah
et al. (2019) focus specifically on the initial 7 years of cultivation due to the
variable application of agricultural inputs during this period, and Machin
Ferrero et al. (2021) gather data from 6 harvest seasons. In addition, Bessou et
al. (2016) analyse three alternative modelling choices for the perennial crop
cycle. The first is chronological modelling throughout the complete crop cycle,
collecting data over the first 9 years of the crop, which includes the non-
productive phase (1-3 years), and the increasing-yield phase (4-9 years), and
using averaged data corresponding to years 7, 8 and 9 as a proxy for the full
production years (10-25 years). For the second model, they use 3-year average
data from the full production phase. The third modelling approach covers a

selection of different single years from the last three years recorded (7, 8 and
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9). They conclude that the share of non-productive years in the environmental
impacts of perennial crops is considerable and should thus be included. De
Luca et al. (2014) gather data from 5 years, which are extrapolated to the whole
clementine orchard cycle (40 years), whereas Pergola et al. (2013) extrapolate
data from 4 years to the whole orchard period of 50 years. In no case the
authors specify to which crop maturity stage the years used for the

extrapolation correspond.

The productive cycle of citrus fruits includes a nursery stage and,
according to Bessou et al. (2013) and Cerutti et al. (2014), this stage must be
accounted for, as well as the transport of the seedlings to the orchards. Despite
this, only Martin-Gorriz et al. (2020) and Bessou et al. (2016) analyse this stage,
the latter as secondary data, using the Ecoinvent process “seedling production
for fruit tree”. Whereas Martin-Gorriz et al. (2020) adapt the same process to
the input consumption in the area of study, although they do not provide information
on which data of the process is modified. The results obtained when assessing
this stage are key to decide whether its inclusion is relevant when assessing
citrus fruit production. In this respect, Bessou et al. (2016) state that the share
of this non-productive stage to terrestrial ecotoxicity is non-negligible and
Martin-Gorriz et al. (2020) highlight nursery as an important stage, although

no explicit comment on its contribution to the impact results is made.
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Table 3.3. Main characteristics of the orchards assessed in the reviewed LCAs of fresh citrus fruits

Number of years Growth stages

Data source Sample representativeness

sampled assessed
Alishah
isha _ _ Cochran’s formula is used to Initial 7 years of
et al. 51 questionnaires . . 7 years .
obtain the sample size cultivation
(2019)
Belland  Secondary data sources
Horvath  (enterprise budget reports Not specified Not specified Not specified
(2020) and literature averages)
Whole cycle.
9 years (3 non- 3-year average
productive years of the full
Bessou et , . The orchard represents recent ,
1 small citrus fruit orchard . _ and 6 years of production
al. (2016) production technologies . , .
increasing yield) phase. The last
(2000-2008) 3 years
recorded.
Bonales- T
_ _ . . Data from three municipalities of
Revuelta  Questionnaires to six regional ., e o
Veracruz, Mexico’s largest orange Not specified Not specified
et al. orange farmers roducer state
(2022) p
30 orange farms. Data was A sampling of 19.5% of the total 1 season (2002-2003)
Coltro et . , .
al. (2009) gathered through in-depth orange production area of the Full production

questionnaires. State of Sao Paulo
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Table 3.3.

(cont.) Main characteristics of the orchards assessed in the reviewed LCAs of fresh citrus fruits

Data source

Sample representativeness

Number of years
sampled

Growth stages
assessed

De Luca
et al.
(2014)

Knudsen
et al.
(2011)

Lo
Giudice
et al.
(2013)
Machin
Ferrero et
al. (2021)

27 farms. Questionnaires and
direct interviews with
farmers.

5 organic small-scale farms, 2
organic large-scale farms, and
6 conventional small-scale
farms. Questionnaires and
direct interviews.

1 citrus fruit orchard

Interviews and surveys with
local experts, lemon growers,
and governmental
institutions to provide a
regional representative
sample

Non-probability sampling with
reasoned choice and allocation in
stratified sampling, where the
three main techniques of
cultivation are represented

Organic large-scale farms: 40% of
the volume produced (2 out of 5

farms producing organic oranges
for juice in the state of Sao Paulo)

A reference farm, part of an
association of citrus fruits
producers

Not specified

5 growing seasons

(2008-2013)

1 growing season
(2006-2007)

Not specified

6 harvest campaigns

(2012-2018)

Full production
and the whole
cycle

4- to 20-year-old
productive
orange
plantations

Full production

Not specified
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Table 3.3.  (cont.) Main characteristics of the orchards assessed in the reviewed LCAs of fresh citrus fruits

Data source

Sample representativeness

Number of years
sampled

Growth stages
assessed

Machin Ferrero
et al. 2022)

Martin-Gorriz et
al. (2020)

Nicolé et al.
(2015)

Nicolo et al.
(2017)

Interviews and surveys with
local experts, lemon growers
and manufacturers and
technical reports

Secondary data sources
(reliable public sources,
scientific studies and
Ecoinvent database)

Spain: 12 organic farms and
11 conventional farms

Italy: 9 organic farms and 11
conventional farms.
Questionnaires

and interviews with farmers.
1 farm (8 plots of 1ha). Direct
interviews, measurements,
and secondary data sources

Not specified

Not specified

Not specified

Not specified

Not specified

Not specified

1 growing season
(2009-2010)

1 growing season
(2013-2014)

Not specified

Not specified

Not specified

Not specified
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Table 3.3.  (cont.) Main characteristics of the orchards assessed in the reviewed LCAs of fresh citrus fruits
. Number of years ~ Growth stages
Data source Sample representativeness
sampled assessed
Representative farm size
4 orch ith the h
Pergola et al. orchard syste'rns ' with the 'or.nogeneous 4 years (2008- .
(2013) 80 face-to-face interviews characteristics of the 2011) Whole production
and secondary data cultivation and environment cycle (¥)
of the region
A smallholding
Ribal et al. representative of current
24 i i ifi Full i
(2009) representative scenarios farms in the Valencian Not specified ull production
Community
The average area reflects the
Ribal et al. 142 organic and 123 typ.lcal smauholdmg c.)f the 1 growing season .
(2017) conventional. Surveys to region. Outlier detection (2012-2013) Full production
farmers. technique applied to remove
non-representative farms
. 21 organic and 21 Treeic, in full p.I'OdUC’[IOI"I. .
Ribal et al. conventional. Data from Outlier detection technique 1 growing season Full vroduction
(2019) ] applied to remove non- (2012-2013) P

surveys.

representative farms
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Table 3.3.  (cont.) Main characteristics of the orchards assessed in the reviewed LCAs of fresh citrus fruits

. Number of years = Growth stages
Data source Sample representativeness
sampled assessed
. Fi Auth laim they chose 1 2012-

Yan et al. (2016) 7 orange orchards. Field uthors ¢ a.1m .eylc ose ‘5 season (20 Not specified

survey. representative sites 2013)

Typical citrus fruits orchards

1 hards. t 1 2017-

Yang et al. (2020) 55 orchards. Surveys to of Danling County, season (20 Not specified

farmers. 2018)

southwest China

(*) The authors do not specify how the whole production cycle was modelled from the sampled years
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The analysed studies on citrus-derived products cover two stages, the
farming and the industrial. Except for Knudsen et al. (2011) and Machin
Ferrero et al. (2022, 2021), data for the farming stage is gathered from
literature, as it is regarded as a background process. For the industrial phase,
all the authors use data from one processing plant, except for Dwivedi et al.
(2012) and Machin Ferrero et al. (2022, 2021), who work with data from three
companies. Beccali et al. (2009) and Beccali et al. (2010) chose a representative
company of the region with an annual production close to the regional average
for one year. In this regard, Ribal et al., (2019) highlight the “many to few”
relationship, with many farmers and few processing companies, representing

the current structure of global food supply chains.

3.3.2.2.2. On-field emissions from fertilisers and soil
management

The estimation of on-field emissions from fertilisers is crucial in
agricultural LCAs since these have a considerable weight in the impact results
and a variety of methods is available, where the most applied do not take into
account the specificities of the studied site. In the following paragraphs, the
methodologies used are reviewed in order to observe trends, although not all
the literature reviewed explicitly states the methods used to calculate these
emissions. Almost all the studies estimate nitrous oxide (N20) emissions by
using the coefficients proposed by the Intergovernmental Panel on Climate
Change (IPCC). Ribal et al. (2009) and Alishah et al. (2019) follow Brentrup et
al. (2000), which in turn is based on the 1996 IPCC (Houghton et al., 1997),
whereas the remaining studies use the Tier 1 emission factors of IPCC (2006).

Machin Ferrero et al. (2022; 2021) use the emission factor proposed by Renouf
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(2006) (6.7% of applied N) who study sugarcane production in Queensland,

although their study is located in Argentina.

To estimate the ammonia (NHs) emissions, various methods of different
complexity are applied. Alishah et al. (2019) and Bonales-Revuelta et al. (2022)
apply the Tier 1 emission factor from the IPCC (2006), whereas Martin-Gorriz
et al. (2020) and Ribal et al. (2017) follow the Tier 2 method from EMEP/EEA
guidebook (EEA, 2013). Nicol6 et al. (2015) and Ribal et al. (2009) follow
Brentrup et al. (2000), who estimate these emissions based on parameters such
as temperature, infiltration rate and pH. Knudsen et al. (2011) estimate these
emissions as 4% of N-fertiliser input, based on a study into N losses in
Brazilian citrus fruits by Cantarella et al. (2003) whereas Yang et al. (2020)
assume that 11.1% of N- fertiliser input is lost as NHs, based on Ti et al. (2015),
who made a nitrogen balance using data corresponding to China. Other
authors use emission factors for countries different to those assessed, without
giving a clear rationale for this selection. Among them, the Argentinian case
studies (Machin Ferrero et al. 2022; Machin Ferrero et al., 2021) refer to Renouf
(2006), who assesses emissions from sugarcane production in Queensland
(Australia) and estimates them as 14.9% of N-urea applied. Beccali et al. (2009)
use data from Goebes et al. (2003), an inventory of ammonia emissions from

fertiliser application in the USA, although the study is located in Italy.

Nitrate (NOs) leaching is mostly estimated from nitrogen balances and
only Alishah et al. (2019) apply the Tier 1 emission factors from the IPCC
(2006). Some authors make their own balances, and others use balance results
from official publications or literature. In the first group are Bessou et al. (2016)
and Beccali et al. (2009), who make their own nitrogen balances based on

Brentrup et al. (2000) and Oenema et al. (1998), respectively. Nicold et al. (2015)
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and Ribal et al. (2017) use the results of the Nitrogen Balance in the Valencian
Region (MARM, 2010; MAAM, 2014). Ribal et al. (2009) assume that 33% of
applied N is leached, based on the study of Ramos et al. (2002) in the Valencian
region, whereas Martin-Gorriz et al. (2020) assume 5% following the study of
Martinez-Alcantara et al. (2012) on the Mediterranean coast of Spain and
Machin Ferrero et al. (2022, 2021) assume 6.5% of the N applied, following
Renouf (2006). Knudsen et al. (2011) consider a leaching rate of 15% of applied
N based on studies in central Florida, Israel, and Brazil. Yang et al. (2020) use

9.97% of applied N, based on the study of Zhao et al. (2010) in Central China.

Few studies estimated nitrogen oxides (NOx) emissions to air. Bessou et
al. (2016), Alishah et al. (2019) and Bonales-Revuelta et al. (2022) follow
Nemecek and Kagi (2007), who estimate NOx as 21% of N20 emissions.
Martin-Gorriz et al. (2020) refer to Sanz-Cobena et al. (2014), who aim to
represent the current Spanish N application rates and practices for croplands.
Yang et al. (2020) estimate these emissions as 10% of the N20 emissions, based
on Perrin et al. (2014) and Machin Ferrero et al. (2022, 2021) estimate them as

5.3% of applied N based on the study for Australia from Renouf (2006).

As regards phosphate (PO+*) emissions, most of the studies apply the
SALCA-P model (Nemecek and Kégi, 2007). Yang et al. (2020) use a specific
model for China whereas Knudsen et al. (2011) and Beccali et al. (2009) apply
models from countries different to the assessed ones, the USA and the
Netherlands, respectively. Ribal et al. (2017), on the other hand, do not
consider phosphate leaching following Brady and Weil (2008), who argue that
the leaching of this compound is very low as mineral surfaces tightly adsorb

inorganic forms of soluble phosphorus.
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Any change in land use or land management practices (e.g., from tillage
to no-tillage) affecting soil organic carbon content must be quantified, both as
a measure of soil fertility and to mitigate possible Greenhouse Gas (GHG)
emissions. Only Knudsen et al. (2011) estimate changes in soil organic carbon
by using the Tier 1 methodology of the IPCC (2006). In the remaining studies,
the rationale behind the non-estimation of these emissions could be explained
by the fact that changes in soil organic carbon mostly occur within the first 20

years of cultivation (IPCC, 2006), although any reference to this is made.

Pruning residues can also influence on-field emissions depending on
their management. These are usually ground and incorporated into the soil,
burnt, or used as mulching material. Very few of the reviewed studies specify
the management of the pruning residues. Particularly, Lo Giudice et al. (2013)
and Pergola et al. (2013) propose scenarios where the residues are left on the
ground as mulch and scenarios where they are burned, but the emissions
related to those practices are not modelled. Mulching contributes to increase
soil organic carbon pool, and as stated above, the effects of this practice are
accounted for only when it is recently introduced, that is, less than 20 years; in
addition, this practice also reduces water and nitrogen losses, and it should be
thus considered when estimating N emissions. On the other hand, pruning
waste burning releases emissions to air (biogenic CO2, NOx, SOx, particulate
matter) that should also be modelled, although biogenic CO: is generally not
considered in LCAs. Bessou et al. (2016) report that pruning residues were
included in the nitrogen balance, although they do not specify how. Ribal et
al. (2009) model the emissions from burning following Van Holderbeke et al.
(2004) and conclude that, both in integrated and organic production,

shredding pruning residues is preferable to burning them.
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3.3.2.2.3. Primary distribution of pesticides

Pesticides are another relevant issue when assessing the environmental
impact of agricultural activities. There are controversies regarding permitted
products and maximum limits, as well as the health and environmental
consequences of their application. The methods used to apply the pesticides
and the climate and soil characteristics influence the primary distribution of
pesticides. In particular, concerning their primary distribution immediately
after application, assumptions are made, underpinned by different literature

sources.

An aspect that comes to light is that most of the studies apply fixed
distribution percentages, even after the publication of distribution models
such as PestLCI (Birkved and Hauschild, 2006), that accounts for site-specific
characteristics. Alishah et al. (2019) follow Van der Berg (1999), who stipulates
that 30% of the chemicals are released into the air, and the rest is transferred
to the soil. Ribal et al. (2017) refer to Berthoud et al. (2011), who assume that
0.5% of the applied doses go to surface water; they then estimate the fraction
going to air from the vapour pressure of the pesticide, and finally consider that
the remaining fraction goes to soil (with a maximum of 85%). Machin Ferrero
et al. (2022, 2021) assume that the pesticide runoff is 1.5% of the active
ingredient applied, following Renouf (2006). By following Nemecek and Kagi
(2007), Bessou et al. (2016) and Bonales-Revuelta et al. (2022) assume that the
soil is the final reception compartment of all pesticides. Nicolo et al. (2017)
chose to model pesticide distribution following the assumptions of Margni et
al. (2002), whereas Nicolo et al. (2015) apply the methodology developed by
Hauschild (2000), who contemplates various dispersion routes for the applied

pesticides with redistribution factors for the different routes.
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3.3.2.2.4. Water inventory

Accounting for water flows is a prerequisite for the assessment of the
impacts associated with water use and again there is a variety of available tools
with which to carry out the inventory of water flows in agricultural LCAs
(Payen et al., 2018). In this section, the methods used to estimate water
withdrawal for citrus fruit irrigation at the farm level and at the processing
plant are reviewed. Most of the studies elicit data from direct sources, such as
questionnaires or interviews, with some exceptions which are detailed next.
Bessou et al. (2016), Martin-Gorriz et al. (2020) and Beccali et al. (2009; 2010)
estimate the amount of irrigation water using models based on crop water
requirements considering agro-meteorological information. Ribal et al. (2009)
take the recommended water dose, for both furrow and drip irrigation
systems, for integrated citrus fruit production in the Valencian region
according to the official regulations (DOGYV, 2001). For organic production,
these authors assume an 8% reduction in the water dose since, in that case, the
content of organic matter in soil is greater, which increases its water retention
capacity. Nicold et al. (2015) and Ribal et al. (2017) exclude water from their
inventories due to a lack of reliable data and Bonales-Revuelta et al. (2022)
assume that irrigation water is negligible as, according to farmers,
precipitation provides all their water requirements. As to citrus fruit
processing, Knudsen et al. (2011) and Machin Ferrero et al. (2022, 2021) obtain
the information from questionnaires and interviews. Nicolo et al. (2017)
measure the amount of water used in the postharvest central with a water flow
meter. Beccali et al. (2009) and Beccali et al. (2010) estimate the water used at
the processing plant considering the operation time and power of the

equipment. Roibas et al. (2018) use data from the corporation responsible for
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the complete drinking and wastewater cycle in the Maltese Islands, where the

juices are processed.

3.3.2.2.5. Background data

As commented in 3.2.1.,, secondary data is used for background
processes. Within the secondary sources used in the reviewed studies,
estimations and approximations, reliable public sources, LCA databases,
scientific studies and other databases can be highlighted. Ecoinvent
(Ecoinvent, 2022) and GaBi professional (Sphera, 2021) are generic databases
widely used, although other specific databases for food systems have been also
identified, such as Agrifootprint (Blonk Consultants, 2019) and LCA Food
(Nielsen et al., 2003).

An aspect that cannot be overlooked is the observation made by some
authors on the completeness of the databases used to model background
processes. Knudsen et al. (2011) highlight the absence of country-specific
datasets for the production of mineral fertilisers and truck transport. Nicol6 et
al. (2015) and Ribal et al. (2017) highlight the lack of information
corresponding to the production of some active principles of pesticides and
inorganic fertilisers in the inventory databases. As to the emissions from the
production of organic fertilisers, those from manure, when used, are
disregarded in most of the reviewed LCAs, probably because it is considered
as waste from livestock activity. However, manure cannot be always
considered as waste if it has economic value (Montemayor et al., 2022).
Bonales-Revuelta et al. (2022) stand out the lack of inventory datasets for some
organic fertilisers and Lo Giudice et al. (2013) state that the machinery used

specifically for citrus fruit processing is not present in the chosen database.
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3.3.2.3. Impact assessment methods and impact categories

The impact assessment methods and impact categories evaluated in the
reviewed studies are summarised in Table 3.4 and Table 3.5. All the studies use
midpoint approaches, except De Luca et al. (2014), who also use Eco-Indicator
99 as an endpoint approach. The most widely used impact assessment
methods are CML2001 (Guinée & Lindeijer, 2002) and ReCiPe (Goedkoop et
al., 2013; Huijbregts et al., 2016). Climate change is the most commonly studied
impact category, followed by eutrophication and acidification, categories
which are closely related to agricultural practices according to the literature.

Notwithstanding, any of the reviewed studies applies regionalized methods.
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Table 3.4.  Impact categories employed in the reviewed LCAs of fresh citrus fruits. The life cycle stages contributing the

most to each impact category are highlighted

Impact Midpoint Impact Categories
Reference Assessment
method GWP AP EuP MDP FDP ODP POP TEP FWAEP MAEP HTPc HTPnc WU
FP-
FP- PP-
Alishah et al. FE- FP- FP- PP-
ML2001 FE- FE FP- FE FE FE-FP FP-PE
(2019) S 00 FP PP PP DC DC FE-
DC
Bell and
Li T-PS - - - - - - - - - - - -
Horvath (2020) -~ rerature 5
Bessou et al. FE-
ReCiP FE-I FE-I - - - - PE I-PE - I I I
(2016) eCiPe 2008 I
O:
FE FP-
Bonales- Co: FE- FE- PP- DC- FP- FE Co: PE P FP
Revuelta et al. CML2001 DP FP- FP- P PP DC Co: O: FP- FP Co: PP Co:
(2022) FO FO PE-  FE-LPS o PP
DC FO
DC
De Luca et al. Igjc()ije FE- I
(2014) Indicator 99 FP
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Table 3.4.  (cont.). Impact categories employed in the reviewed LCAs of fresh citrus fruits. The life cycle stages

contributing the most to each impact category are highlighted

Impact Midpoint Impact Categories
Ref A
eerence mziss;nem GWP AP EuP MDP FDP ODP POP TEP FWAEP MAEP HTPc HTPnc
LO Gludlce et al' IMPACT *3% *3% *% *% X% *% X% *% *3% *% *% *3F
(2013) 2002+
Martin-Gorriz EP F FoL PP
et al. (2020) CML2001 F0 g g TFOC i i i i i i
FO
Co Co: Co
Co: Co:
FP Co FP FP
FP- FP :F : FP
Nicolé et al. CML2001 o FP o F- O O O S?FPO P S?FP
(2015) USEtox FP- O: PP FP- FP FP- . (') MP
FO-  FO o (') FO- b FO-
MP MP MP
Nicolo et al. FO- FO- FE- FO- FE- FE-
(2017) EPD 2015 FE FE FO FE FO FO i i i i
N
FP' Co: num FE- FE-
Pergola et al. : F F
ergolaeta CML2001 O FE bers ° - © - - - -
(2013) O: O:
FE-I- FP due
EO . FE- FE-
© FO-I FO-I

MA




Table 3.4.  (cont.). Impact categories employed in the reviewed LCAs of fresh citrus fruits. The life cycle stages

contributing the most to each impact category are highlighted

Impact Midpoint Impact Categories
Reference Assessment
method GWP AP EuP MDP FDP ODP POP TEP FWAEP MAEP HTPc HTIPnc WU
PB*
Eco:
. PB*- FP- In:
Egg;)et al. CML2001 FP- EE ff P - PP- FP - - - ; _ I
FE FP MU  Eco:
FO
Co: Co: : :
FI(’) F}(E) Co: 1?13 I?Ic’) Co: Co: Co: PE Co: FP Co: FP
Ribal et al. CML2001 O: O: FE O: O: FP FP O: MU O: O:
(2017) USEtox ’ O ’ ' O: O: ’ MU- MU-
MA-- Moy MU MU PP PE PE
MU A PP PP
Ribal et al.
CML2001 ** - - - - - - - - - - _ _
(2019)
Literature FE
Yan et al. (2016) and IPCC PE - - - - - - - - - - - -
2007
Yang et al. . FP-
Literat FE FE - - - - - - - - _ _
(2020) iterature FE

Impact categories: GWP= Global Warming Potential; AP= Acidification Potential; EuP= Eutrophication Potential; MDP= Mineral Depletion
Potential; FDP= Fossil Depletion Potential; ODP= Ozone layer Depletion Potential; POP= Photochemical Oxidation Potential; TEP= Terrestrial
Ecotoxicity Potential; FWAEP= Freshwater Aquatic Ecotoxicity Potential; MAEP=Marine Aquatic Ecotoxicity Potential; HTPc= Human Toxicity
Potential, cancer; HTPnc= Human Toxicity Potential, no cancer; WU=Water Use. Process stages: T=Transport; FE=Fertiliser Emissions;




FP=Fertiliser Production; MU= Machinery Use; PP=Pesticide Production; PE= Pesticide Emissions; EP=Energy Production; I= Irrigation; FO=
Field Operations; MA= Manure Application; PB= Pruning Burning; DP=Diesel Production; DC=Diesel consumption; LPS=Land Preparation
Stage; MP=Machinery production; PS=Production Stage; EU=Energy Use. Production system: Co=Conventional: O= Organic; In= Integrated;
Eco= Ecological

* The authors do not consider CO: fixation by the trees, but they do consider the CO2 released into the atmosphere from the burning of pruning
waste since the latter occurs over a shorter time than the former
** The study does not explicitly state which stages contribute the most to the impact category.
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Table 3.5.

Impact categories assessed in the reviewed LCAs of citrus-derived products. The life cycle stages contributing

the most to each impact category are highlighted

Impact Midpoint Impact Categories
Reference  Assessmen
t method GWP AP EuP MDP FDP POP TEP FWAEP MAEP HTPc HTPnc WU
T o o
FP"l; FP-PE-FE All EP i’P
. FU2, FU3, FUs:
Beccali et FU3 and FUSand PP FP-PE-
al. (2009) CML2001 FU4: PP- - - FE-T - - - - - -
FU6: T FP-
* FP-EP FU4: PP PE FU2,
FU5: T-PP- P PE FE FU3,
FP-PE-FE FE-EP FU5 and
FU6: EP-T FU6: T
Beccali et % 4% % *3% 4%
al. (2010) CML2001 - - - - - - -
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Table 3.5.  (cont.) Impact categories assessed in the reviewed LCAs of citrus-derived products. The life cycle stages

contributing the most to each impact category are highlighted

Impact Midpoint Impact Categories
Ref A t
clerence  ASSESSIET  Gwp AP FEuP MDP FDP POP TEr FwAEP AP grpe HIPne wu
method P
GHG
emissions

from literature
Dwivedi Global

etal. warming EP-FE - - - - - - - - - - -
(2012) potentials

from the

TRACI

database
Knudsen T-
et al. EDIP97 T-PS T PS - PP- - - - - - - -
(2011) FP

AWARE FU4 and FU4, FU6:

ReCiPe 2016
Machin ~ IMPACT FU7: PP- ?H _ and FUS: All All All
Ferreroet World + 1.25 - FE PII')]_S - - - - PP-PE FUs: FUs: FUs:
al. (2021)  (Royetal,, PE PE I

2014, 2012) FU6and FE FU7: PM-

USEtox 2.0 FUS8: EP PP-PE




Table 3.5.  (cont.) Impact categories assessed in the reviewed LCAs of citrus-derived products. The life cycle stages

contributing the most to each impact category are highlighted

Impact Midpoint Impact Categories
Reference Assessmen
ethoq | GWP AP EuP MDP FDP POP TEP FWAEP MAEP HTPc HTPnc WU
FU7: FU7:

. FU7:  FU7: FU7:  FU7: PP FU7:
x::get LCD FU7: FE FU7: FE EE PP PP FD[gFE Eé: " EEZ PP pp FU4: PS-EU I
AL, 2022) FU4PS-EU FU4PS  ° = FU& FU& _o'oo o o0 FUL  FUZI FU4:

pg  PS PS P PS FU4: PS PS

Roibadset  CF from

E - - - - - - - - - - _
al. (2018) literature v

Impact categories: GWP= Global Warming Potential; AP= Acidification Potential; EuP= Eutrophication Potential; MDP= Mineral Depletion
Potential; FDP= Fossil Depletion Potential; POP= Photochemical Oxidation Potential; TEP= Terrestrial Ecotoxicity Potential; FWAEP=
Freshwater Aquatic Ecotoxicity Potential; MAEP= Marine Aquatic Ecotoxicity Potential; HTPc= Human Toxicity Potential, cancer; HTPnc=
Human Toxicity Potential, no cancer; WU=Water Use. Process stages: T=Transport; FE=Fertiliser Emissions; FP=Fertiliser Production;
PP=Pesticide Production; PE= Pesticide Emissions; EP=Energy Production; I= Irrigation; DC=Diesel consumption; PS=Production Stage;
PM=Packaging Manufacturing; EU=Energy Use. Products: FU1=Orange essential oil; FU2=Orange natural juice; FU3=Orange concentrated
juice; FU4=Lemon essential oil; FU5=Lemon natural juice; FU6=Lemon concentrated juice; FU7=Fresh lemons; FU8=Lemon dehydrated peel.
* The stages with the highest impact depend strictly on the functional unit considered

**The study does not explicitly state which stages contribute the most to the impact category.
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3.3.2.4. Interpretation of results

3.3.2.4.1. Methods for comparative analysis

Some of the studies reviewed compare agricultural practices, mainly
organic versus conventional, although, in many cases, impact scores are
directly compared without applying any consistent method to support the
comparison. In particular, Pergola et al. (2013) and De Luca et al. (2014) make
a direct numerical comparison of the impact values obtained for conventional
and organic citrus fruits using mass and area as functional units, together with
Machin Ferrero et al. (2022) who make numerical comparisons between the
assessed scenarios (base scenario vs. biorefinery-based schemes, which
implement circular economy strategies). Instead, statistical methods are
applied in other studies, such as Bonales-Revuelta et al. (2022), who perform a
Principal Component Analysis (PCA) to compare the variation between the
environmental impacts of every stage of organic and conventional systems.
Analysis of variance (ANOVA) is the statistical method applied by Knudsen et
al. (2011) and Yang et al. (2020) to compare farm types, where significant
differences between groups are considered at p<0.05. Ribal et al. (2017) and
Ribal et al. (2019) compare the organic and conventional production of oranges
focusing on the farming stage and the whole supply chain, respectively. In
both studies, confidence intervals are obtained for the impact results, as they
aim to assess the variability in each system, and statistical methods are then
applied to compare organic and conventional production. Details on the
approaches followed by Ribal et al. (2017) and Ribal et al. (2019) to assess the
variability and obtain the confidence intervals are commented on in section

3.4.2.
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3.3.2.4.2. Uncertainty and variability assessment

Uncertainty is defined as incomplete or imprecise knowledge, which
can be due to troubles in data collection, a lack of detailed information sources,
or low data quality, mostly due to the lack of knowledge concerning the actual
value of the quantity (Huijbregts, 1998). In the reviewed studies, when
quantified, two main methods are used to treat the uncertainty, namely
sensitivity analysis and the propagation of uncertainty through Monte Carlo
simulation. Sensitivity analysis provides a quantitative means of determining
to what extent the results vary when an input changes (Wei et al., 2015). This
is done partially, that is, a parameter, assumption or model is changed,
whereas the rest is kept constant. Knudsen et al. (2011) perform a sensitivity
analysis to elucidate how different assumptions related to the farming stage
and processing stages (e.g. manure N content, location of the juice
reconstitution plant), and also to modelling choices (e.g., allocation
procedures, time perspectives for the modelling of soil organic carbon) affect
the results. Bessou et al. (2016) study the sensitivity of the results to modelling
choices related to the growth stage of the crop (see Table 3.3 and section 3.2.1).
Specifically, those authors perform a sensitivity analysis considering different
allocation methods, uncertainty related to secondary data sources, and initial

assumptions on cultivation, transport, and waste management.

Monte Carlo simulation quantifies the influence of the uncertainty of
different input data on the results of the LCA using probability distributions
to generate probabilistic results and shows whether both the quality of the
collected data and the uncertainty of the results are appropriate (Kroese et al.,
2014). It is one of the most applied methods to analyse the uncertainty caused

by parameters, although only two of the reviewed studies quantify the

101



uncertainty of the results obtained. In particular, Bell and Horvath (2020) use
Monte Carlo simulation to evaluate the uncertainties arising from the
variability due to crop yields and life cycle GHG emissions per hectare of the
scenarios contemplated. Martin-Gorriz et al. (2020) also use this method to
explore the robustness of LCA results for the baseline scenario, as well as to
evaluate the change in the results for the impact mitigation strategies
proposed. On the other hand, variability can be defined as intrinsic differences
over space and time or within a group. Though it cannot be reduced, it can be
represented more precisely by gathering more information about the assessed
group (Ribal et al., 2017). In general, agricultural systems show a high
variability due not only to local factors, such as climate, water availability and
quality, or soil type but also to farmers’ decisions as regards the agricultural
practices to be performed (Bosco et al., 2013). Among the reviewed studies,
Ribal et al. (2017) use a bootstrap technique to assess the farming variability.
The bootstrap is a resampling technique, in which several Monte Carlo
samples of size “n” with replacement are taken from the primary observations.
In this way, the authors estimate the distribution of the different impact
categories obtained from a group of conventional and organic farms and build
confidence intervals to compare the impact values of each type of farm. Ribal
et al. (2019) also use a bootstrap technique together with Monte Carlo analysis
to assess the variability of the carbon footprint along the supply chain of Navel
oranges for both conventional and organic production. They assess the
variability of the farming, postharvest and transport to the distribution centre
separately and then they calculate the empirical distribution of the total
Carbon Footprint (CF) by adding up piecewise each iteration of the three

bootstrap procedures of these subsystems.
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3.3.3. Most impacting stages per category

As regards research question number 4, the life cycle stages with the

highest score in each impact category are shown in Table 3.4 and Table 3.5.

In the case of the studies into fresh citrus fruits, fertilizers production
and their subsequent emissions are the stages that dominate most of the
reviewed categories (GWP, AP, EuP, POP, FWAEP, MAEP). It is therefore
recommended to pay special attention to the type and dose of fertilizers
applied, especially nitrogenous compounds. The production of pesticides and
fertilizers are important stages in the MDP category, given that these activities
involve the extraction of mineral resources. The importance of the activities
linked to field operations stands out in the FDP and HT categories, as they
involve the consumption of fossil resources and the exposure to the emissions
from the combustion of these resources. As concerns water use (WU),
irrigation stands out as the dominant stage. It has to be borne in mind that
most of the authors do consider water as an input but do not assess the impact
in terms of water scarcity. Only De Luca et al. (2014), Bessou et al. (2016) and
Machin Ferrero et al. (2021) assess this impact; the former two by using ReCiPe
2008 (Goedkoop et al. 2013), which are based on the Water Scarcity Index of
Pfister et al. (2009), and the latter by applying AWARE (Boulay et al., 2018). As
to citrus-derived products, the impact of the farming stage is greater than that
of the processing stage, due to the above-mentioned causes. The
transportation, either of the agricultural inputs or the final product, and

energy production stages are relevant too.
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3.4. METHODOLOGICAL RECOMMENDATIONS TO HARMONIZE
CITRUS FRUIT LCAS AND INCREASE REPRESENTATIVENESS

In this section, and to answer research question number 3, proposals
regarding methodological issues are made to harmonize the application of
LCA to citrus fruits, seeking also to enhance the regionalization of inventories
and assessment methods. This is a requirement to guarantee that the LCA
framework copes with farm characteristics in the assessed country, which
have consequences on the final results (Morais et al., 2016). These proposals,
which can also be applied to fruit production from perennials in general, have
been made taking into account the PCRs for fresh fruits and juices (EPD, 2019a;
2019b) and other literature sources. Recommendations regarding the
improvement of regional representativeness of inventories and impact
assessment are summarized in Table 3.6. It must be noted that, due to its

complexities, proposals mostly focus on the farming stage.

3.4.1. Goal and scope: framing the assessment

Goal definition is pivotal in LCAs because it determines and guides the
choices to be made in the subsequent phases of the study (e.g., functional units,
system boundaries, data sources, sample representativeness, and impact
categories, among others). The choice of the functional unit will obviously
depend on the goal of the study. As pointed out in Section 3.3.1, a mass-based
unit reflects the main function of agricultural systems and is the functional
unit recommended in Environmental Product Declarations (EPDs) according
to the PCRs for fresh fruits and juices (EPD, 2019a; 2019b). An area-based unit
can hide the influence of agricultural practices on yield (e.g., organic
production, intensification, etc.) or the changes in yield in line with the growth

stage of the tree. An economic value-based functional unit can be suggested
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when comparing different commercial fruit categories (e.g., conventional and
organic) as it considers the net income gained by fruit growers or product
quality (Van Der Werf and Salou, 2015; Yan et al., 2016). The use of a
combination of functional units, for example, mass-based and area-based, to
compare agronomic systems, avoids the overvaluation of resource use

efficiency and the delocalisation of environmental impacts.

System boundaries (also temporal ones) are critical. This review has
detected that most of the studies neglect the nursery stage and unproductive
years (see section 3.2.1). According to the PCRs, the emissions and resource
consumption of the nursery and the unproductive years must be spread out
over the productive years considering the yearly yields and the entire lifetime
of the plantation. PCRs claim that if this process is under the direct control of
the organisation assessed, primary data should be used. In addition, Perrin et
al. (2014) state that the nursery stage should be included unless it can be clearly
demonstrated that its contribution to the impacts is negligible. In this regard,
the two studies that assess this stage cannot be considered conclusive (see
section 3.2.1), as the inventories used are not transparent enough. Hence, LCA
studies on the nursery stage from primary data that thoroughly describe the
inventory are urged. Following Bessou et al. (2013), a modular assessment,
where each stage is modelled independently, is recommended because, given
the duration of perennial cropping systems, it is not easy and sometimes even
impossible to gather data for the whole cropping cycle. As to capital goods,
the EPDs for fresh fruits (EPD, 2019a) state that the technical system shall not
include the manufacturing of production equipment, buildings and other

capital goods, which is in line with the reviewed studies.
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Analyses of the life cycle stages after farming (from farm gate to grave)
are often omitted. Although the life cycle stages to be included in the system
boundaries depend on the goal defined, the emergence of policies such as the
“farm to fork strategy” (CEC, 2020), which seeks to reduce the global footprint
of the food system, must be kept in mind. Hence, to support the transition to
sustainable food systems more research is required to accurately determine
the impact contribution of the post-farm stages, mainly as concerns the case of
packaging and transport (Pernollet et al.,, 2017), as well as the end-of-life,
which is hardly included in the literature reviewed. In this regard, PCRs define
the attributional processes that are classified as ‘downstream’ and the data

requirements related to them.

LCA practitioners have several options when carrying out allocation
and must choose the method that best suits the goal of the study, while also
considering data availability. The PCRs for fresh fruits (EPD, 2019a) state that
fruits and nuts for human consumption, even though they may be of
potentially different grades, are considered equivalent in terms of the service
they deliver, and allocation between them is thus not needed. In addition,
where substandard or waste fruits or nuts are used as animal feed
displacement of other feedstock must not be considered. When needed, the
optimal choice would be to divide the main process into subprocesses,
otherwise, as the PCRs suggest, allocation methods should reflect the physical
relationships between products by using mass allocation. When these
relationships cannot be determined, economic allocation can be used, as
recommended for the farming stage in the LCAs of juices (EPD, 2019b) and
when the co-products do not have similar characteristics and/or functionality

(PAS 2050, 2012).
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3.4.2. Inventory analysis and data representativeness

Representativeness involves both temporal and geographical (regional)
variability. The first can be captured by gathering data corresponding to
different years. Cerutti et al. (2014) recommend collecting field data in an even
number of years (at least 4), whereas the PCRs for fruits and nuts do not
specify the number of years to be used. Whenever possible, gathering data for
more than one year is advised, because even if yield variations are not
detected, agricultural practices can change due to external factors (e.g., climate
conditions or input prices). As to the fruit processing phase, one year could be
enough because, unlike in the farming stage, no variations in the juice
manufacturing process are usually observed from one year to another, since
the conditions are more closely controlled, making the process more

repeatable.

When geographical representativeness comes into play, the selection of
a representative sample is required, taking into account all types of farms in
the region under study, which can entail complexity (Avadi et al., 2016). To
this end, different approaches can be applied, as summarised in Fig. 3.4.,
mainly the sampling of real farms (preferably a stratified sample to better
represent the types of farms), the selection of a representative real farm, giving
a rationale for the selection such as by taking into account the experts” opinion,
or the building of a simulated farm incorporating the typical features of a
specific typology. In turn, farm typologies can be defined by using statistical
methodologies (e.g. clustering or principal component analysis). In practice,
the farmers” willingness to share data about their practices can be a limitation
(Avadi et al., 2016); thus, selecting or modelling representative farms can be a

useful approach when a proper sampling cannot be carried out.
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Can the
practitioner take
a sample?
Does the practitioner Build a simulated farm incorporating
have access to more the typical features of a specific
than one farm? typology from statistical data
(e.g. FADN)
‘ ‘ In all cases
Sample at least 3 Use a representative real gathering data for
production sites farm by taking into account more than one.
using preferably a the experts’ opinion year (at least 4) is
stratified sample advised
Fig. 3.4. Recommendations to improve the temporal and geographical

representativeness of LCAs of fruits.

The modelling of on-field emissions is also crucial to obtaining
representative inventory data and entails difficulties as these emissions are
closely related to site-specific soil and climate conditions. Along these lines,
the PCRs for fresh fruits (EPD, 2019a) recommend the use of site or region-
specific data, such as Tier 2 and Tier 3 models; otherwise, specific Tier 1
coefficients are proposed. As concerns Tier 1 emission factors, revised
coefficients with respect to soil and climate conditions are starting to be
developed; IPCC (2019), a refinement of IPCC (2006), disaggregates some of
the emission factors by climate region (wet and dry climates) for direct and
indirect N2O emissions. Andrade et al. (2021) compared different Tier 2 and
Tier 3 models and recommend Tier 3 models for estimating N20 and NOs
emissions and Tier 2 models for NHs volatilisation. In general, Tier 2 models,
such as SALCA (Nemecek et al., 2019), are an excellent alternative for reducing
complexity and improving precision, although Tier 3 mechanistic models,

such as Daisy (Hansen, 2002), Animo (Rijtema & Kroes, 1991) and LEACHN
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(Wagenet & Hutson, 1989) allow greater certainty in the estimations. These
models are also useful to improve the modelling of the emissions from organic
fertilisers (Montemayor et al., 2022). It must be noted that mechanistic models
require a high amount of input data (e.g., soil composition, application
practices, precipitation, etc.) and, due to their complexity, understanding and

adapting these models to the region of study requires more effort.

Farmers are encouraged to measure nutrient contents on their soils to
obtain more adjusted parameters when using the models. Nevertheless, to
help practitioners, there are databases that collect relevant information on soil
composition, such as LUCAS (Orgiazzi et al., 2018), which presents
information for 23 member states of the European Union, or SIGRAS (INIA-
GRAS, 2012), which gives information of Uruguayan soils. Concerning
phosphate emissions, Tier 3 models, such as DNDC (University of New
Hampshire, 2007), LEACHN (Wagenet & Hutson, 1989) and Indigo v3.0
(Avadi et al. 2020) can be used. To account for changes in soil organic carbon
stocks, recent publications (Bessou et al., 2020; Joensuu et al., 2021) test the
effect of models of differing complexity on other crops and also make
interesting recommendations. As to emissions from pruning leftovers,
modelling depends on the management practice. EMEP/EEA (EEA, 2019)
gives Tier 1 emission factors for those emissions from the burning of
agricultural residues not associated with biogenic carbon. When this residue
is incorporated into the agricultural soil, the above-mentioned mechanistic

models allow the N mineralization to be accounted for.

The PestLCI Consensus model v1.0 (Fantke et al, 2017), is
recommended to estimate the primary distribution of pesticides immediately

after their application, as it considers different crop types, plant growth stages,
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drift deposition curves, and pesticide application methods. Another important
aspect related to pesticides to be considered, especially in agri-food LCAs
although it has been omitted in the reviewed studies, is the intake fraction, that
is, the portion of emitted pesticide that effectively enters the human
population, commonly through inhalation and ingestion. In the case of citrus
fruit processing (including postharvest treatment), a processing factor must
also be considered (Juraske and Sanjuan, 2011), which accounts for the
reduction in pesticide residues caused by the processing steps. To this end, the
DynamiCROP model is recommended; this is a dynamic plant uptake model
that quantifies human exposure and the related health impacts caused by the
application of pesticides to food crops and the subsequent ingestion intake of
residues (DynamiCROP, 2021). As to toxicity impacts, it has to be noted that
in USEtox databases there is a lack of information about the impact of some
inorganic and organic compounds used frequently in agriculture, hence more

research is needed in this aspect.

As Notarnicola et al. (2022) claim, available datasets for agri-food
processes may not be fully representative of the site-specificity of the food
product under examination. There is thus a compelling need to develop
country-specific datasets for fertilisers, pesticides and growth regulators.
Those authors found that, specifically for citrus, no datasets concerning the
production of Italian agricultural inputs are included within inventory
databases. The lack of inventory datasets for the production of plant
protection products, biological control agents, and organic fertilisers, key for
organic agriculture, is highlighted in Montemayor et al. (2022), who make
recommendations and give examples on how to create LClIs for these products.

As to manure allocation, these authors recommend following the guidelines
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from the Livestock Environmental Assessment and Performance (LEAP)
Partnership by the Food and Agriculture Organization of the United Nations
(FAO 20164, 2018).

As regards water inventory, the optimum is to gather primary data of
the water used for irrigation (e.g., water bills, water flow meters) although
water balances, accounting for the soil and climate specificities, are also
recommended when primary data is not available. In addition, irrigation
infrastructure and the origin of the water used (surface, underground) should
be detailed in LCAs. Payen et al. (2018) make a thorough review of models for
field water flows for agricultural LCAs and recommend the CropWat model
(Smith, 1992) as it allows actual crop irrigation requirements to be accounted
for. The AquaCrop model (FAO, 2016b), the updated version of CropWat, is
also highlighted by Payen et al. (2018) as an interesting alternative since it
accounts for possible water, salinity, and nutrient stresses, which can affect
crop growth and, thus, water flows. Its main weakness as regards the purpose

of this research is that it still does not incorporate the modelling of perennials.

It must be borne in mind that two types of water can be defined, water
extracted, that is the total amount of water withdrawn from water bodies (e.g.
irrigation water, or water used for cleaning), and water consumed, which is
the amount of water that the watershed of origin loses (Huijbregts et al., 2016).
For the farming stage, water consumed corresponds to water
evapotranspiration, which depends on parameters such as climatic conditions,
type of crop and its phenological stage. This is crucial data in the inventory
and can be obtained by performing measurements on the field, using national

databases or applying the method proposed by Allen et al. (1998).
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3.4.3. Impact Assessment

Most of the literature reviewed corresponds to multi-indicator studies.
In fact, these are preferable as a means of reproducing the effect on the
environment in a more representative way and identifying and preventing the
burden-shifting between life cycle stages and between environmental
indicators (Espadas-Aldana et al., 2019). This review shows that impact
categories, such as climate change, eutrophication, acidification, or those that
are toxicity related, are relevant in the LCAs of agri-food products.
Notwithstanding, to regionalise the impact calculation, the recommendations
are to apply global spatialized models that are regionally applicable and
aligned with the geographic scope of the study and to apply continent- and
country-level aggregated characterisation factors whenever possible
(Patouillard et al., 2018). IMPACTWorld+ (Bulle et al., 2019) and LC-IMPACT
(Verones et al., 2020) are recently developed regionalised methods. IMPACT
World+ (Bulle et al.,, 2019) is a midpoint-damage framework that allows
calculating midpoint indicators and endpoint indicators based on damage to
three areas of protection (human health, ecosystem quality, and natural
resources), together with two areas of concern related to water and carbon. In
addition, the LC IMPACT method (Verones et al, 2020) provides
characterization factors at the damage level for 11 impact categories related to

the three areas of protection.

In addition, there are two impact categories that are relevant in
agricultural LCAs and are barely assessed, namely water scarcity and
biodiversity loss. Water scarcity, due to the intensive use of irrigation in citrus
fruit crops and the fact that they are often located in contexts of water stress,

should be systematically assessed. Recently, the working group of the UNEP-
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SETAC Life Cycle Initiative proposed the AWARE -Available WAter
Remaining- method (Boulay et al., 2018), based on the quantification of the
relative available water remaining per area once the demand of humans and
aquatic ecosystems has been met. This method considers different spatial and
temporal resolutions, proposing monthly characterization factors, with a
spatial specificity that reaches the country and even the basin level. In
addition, different uses of water are considered as characterization factors for

both agricultural and non-agricultural activities are presented.

Although the impact on biodiversity is currently a relevant issue (e.g.
the biodiversity strategy of the European Union for 2030) historically it was
not considered, since agricultural lands were managed as industrial
production sites (Notarnicola et al., 2017). In this regard, UNEP’s consensus
method uses the characterisation factors developed by Chaudhary & Brooks
(2018), which enables to discern the damage caused by three levels of intensity
within a particular broad land-use type, including three management regimes,
as well as to contemplate taxon affinity to different types of land-use intensity.
With regard to the toxicity of pesticides, the chosen characterisation method is
important, as toxicity-related impacts vary significantly among them (Parajuli
et al., 2019). The USEtox 2.0 model (Fantke, 2017) is the scientific consensus
model endorsed by the UNEP/SETAC Life Cycle Initiative and the most up-
to-date. Nevertheless, it must be pointed out that the terrestrial and marine
ecotoxicity characterisation factors are still missing, and food ingestion is not

accounted for in the human toxicity model.
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Table 3.6.

inventories and impact assessment in LCAs of fruits

Updated methods to improve the regional representativeness of

LCI Input Modelling i\nd;f}?;znt fmpact Impact indicator
Climate change (kg CO:
eq)

Freshwater acidification
Tier 3 methods: (kg SOz eq)
Daisy (Hansen, Marine eutrophication
. 200,2) . ImpactWorld+ (kg N N—hm ?q‘) L.
N-emissions  Animo (Rijtema & (Bulle et al,, 2019) Terrestrial acidification
Kroes, 1991) ’ (kg SOz eq)
LEACHN (Wagenet Photochemical oxidant
& Hutson, 1989) formation (kg
NMVOCeq)
Ozone layer depletion
(kg CFC-11eq)
Tier 3 methods:
DNDC (University
of New Hampshire, Freshwater
P- emissions 2007) ImpactWorld+ Eutrophication (kg PO4
LEACHN (Wagenet (Bulle et al., 2019) P-lim eq)

& Hutson, 1989)
Indigo v3.0 (Avadi
et al. 2020)
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Table 3.6.  (cont.) Updated methods to improve the regional

representativeness of inventories and impact assessment in LCAs of fruits

. Midpoint impact -
LCI Input Modelling method Impact indicator
USEtox (Fantke, Freshwater ecotoxicity
Primary PestLCI Consensus  2017) + (CTUe)
distr-ib.ution of model v1.0 (Fantke Dynami?rop Fiuman health toxicity
pesticides et al., 2017) (DynamiCROP, (CTUh)
2021)

Allen et al. (1998)

CropWat model
Water (Smith, 1992) AWARE ,

. AquaCrop (FAOD, Water scarcity (m?

consumed in 2016 ¢ (Boulay et al,, world-eq)
irrigation 016) (not for 2018) e

citrus fruits)

Meteorological

databases
Land Potential species loss
occupation Global: percent
Land Chaudhary & Chaudhary & disappeared fraction of

. Brooks (2018) Brooks (2018) species
transformatio } .
Regional: regional

n

species loss

3.4.4. Results interpretation and policy implications

LCAs have been used to support evidence-based policymaking, for
instance, to inform consumers by comparing the environmental impacts of
food supply, to communicate about the impact of mitigating interventions, as
scientific basis for policies on products design, and to monitor sectoral
progress toward sustainable development goals (Gava et al., 2020; Sala et al.,
2021). In addition, Gava et al (2020) point out how LCA studies could be
beneficial for policymaking related to agricultural sustainability and food
security. According to those authors, LCA can act as information providers,
that is, by bringing new knowledge about the impacts concerning existing or

novel products, they can highlight specific parameters in which policy
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measures (e.g., taxes or subsidies) or environmental performance standards
could be sustained, or they can act as passive regulators, that is, helping to

decide among various mitigating alternatives.

In this context, several barriers are still hindering the use of LCA in
policy-making. Among them, Sala et al (2021) highlight the lack of widespread
technical knowledge on LCA, the lack of trust in the LCA process and results,
and the need for verification of LCA results by surveillance authorities.
Especially, weaknesses in the interpretation phase may contribute to reducing
the trust of policymakers in LCA (Agostini et al., 2020). All this reinforces the
need to develop harmonised methodologies, as well as an appropriate
quantification of the uncertainty of the results to get grounded and

representative results.

The goal of most of the reviewed articles is to provide information (see
Table 3.1 and Table 3.2). In addition, many of the articles reviewed propose
measures to mitigate the identified hotspots, from more basic approaches, i.e.,
listing them, establishing theoretical scenarios that contemplate various
alternatives or even making practical approximations. As well, comparisons
between production systems are carried out, mainly between organic and
conventional production. Along these lines, when performing a comparative
analysis, it is crucial to assess whether the differences identified are significant
or not, as noted in section 3.4. This can provide a consistent base to support
decisions at the governmental level on which productive system to support.
Hence, harmonization is also required in this regard, by boosting the
application of statistical inferential analysis (Grant et al., 2016; Sinisterra-Solis

et al., 2020).
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The Ecolabel Regulation (EC, 1992, 2010) constitutes a relevant
application of LCA in policies establishing a voluntary eco-label award scheme
to promote products with reduced life cycle environmental impacts (Sala et
al., 2021). Through the use of these environmental certifications and labelling
schemes, a reduction in the asymmetry of information from business to
consumer can be achieved. In fact, governments and non-governmental
organizations are nowadays fostering the use of ecolabels. This can be seen in
the emergence of methods to measure the environmental performance of
products and organisations, e.g., Environmental Product Declarations (EPD,

2022), and Product Environmental Footprint (EC, 2021), among others.

To give a holistic vision of the impacts of agricultural products,
integrating the three dimensions of sustainability (environmental, economic,
social) in a single index is recommended, as well as combining LCAs with
other indicators, such as thermodynamic-based measures like exergy
(Aghbashlo et al., 2021). This can be achieved by adopting a system thinking
approach when performing interventions, helping to address multiple
dimensions of sustainability at the same time. In this aspect, governments are
key players in the adoption of macro-scale interventions and supporting

research activities concerning progress monitoring.

3.5. CONCLUSIONS AND FUTURE DIRECTIONS

Based on an extensive descriptive and critical literature review, this
study analyses the state of the art of LCAs in citrus fruits. It identifies and
discusses trends among the key methodological choices and makes

recommendations for the development of a framework for a harmonised
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application of LCA on citrus fruits, which will help LCA practitioners to assess
the impacts of fruit production in general. In addition, those system stages
contributing the most to the environmental impact categories were identified,
aiming to help farmers and managers of agri-food businesses to understand

where the main changes should be monitored or implemented.

The production of agricultural inputs and their on-field emissions are
the main critical points detected in the reviewed articles, hence, efforts should
be directed towards the selection of more environmentally friendly products
and to optimise their application rate. From this review, several
recommendations and research gaps arise. Firstly, studies into the early stages
of citrus fruit production (e.g., nursery stage) from primary data and with an
exhaustive description of the inventory used are encouraged to determine
whether they should be included or not. Farm representativeness, both
temporal and spatial, stands out as a critical issue when assessing the regional
production of citrus fruits. This implies improving farm sampling procedures
or giving a rationale when only one farm is chosen instead and also increasing
the number of years to be assessed to at least four. Regarding the life cycle
inventories, the necessity to develop regionalized datasets of agricultural
inputs is highlighted, also including specific inputs for organic production. As
well, site-specific modelling tools for on-field emissions are crucial to obtain
robust results that reflect local conditions; thus, the use and development of
Tier 2 and Tier 3 methods should be fostered instead of Tier 1, although more
research is needed to fit the models to local conditions. The need to improve
water inventories, including not only the water requirements for irrigation but
also the water consumption, always accounting for regional

representativeness, is highlighted. Farmers are encouraged to monitor the
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nutrient levels in their soils, which will allow for optimizing emission models

while helping to adjust the dose of fertilisers applied.

As to the impact categories, the need to include water scarcity, and
impacts on biodiversity in citrus fruits studies is highlighted together with the
use of regionalised impact characterisation methods. The representation of
uncertainty in the results of citrus fruits LCA studies is recommended, given
the characteristics of agri-food processes, which are highly dependent on
climate, soil type, farming practices, and other interrelated factors. As well, the
use of statistical methods when comparing the impact results of different
systems stands out as a key aspect to ensure the consistency of the obtained

results.

This study contributes to the harmonisation of citrus fruits LCA studies
as a first step that paves the way for the promotion of a more responsible and
sustainable citrus fruit production. LCA studies can help product
differentiation and its incorporation in new and more exigent international
markets. Studies in other citrus-producing regions worldwide should be
fostered to acquire a broader picture of the global environmental impacts and
its site-specific dependency thus helping policymakers to develop evidence-

based environmental policies.
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4. ANALISIS DE CICLO DE VIDA MULTITEMPORAL DE LIMONES: UN

CASO DE ESTUDIO EN EL SUR DE URUGUAY

Resumen grafico:

Sistema de fondo

<

Aplicacién

da inputs L Triturado de Transporte de bins
A ol > ™ A escombros de poda .
m e e > % Unidades @
Produccin de oot @ C] g anei E
tertilizantes S Funcionales ) @) =T
q - Cosechia 1 tonelada 1 hactirea
H [ ] ‘i‘ Bombeo de agua de limuories de campn
m ﬁ > W
Produccidn de pesticidas  Transporte - .. _o S e
q @ F e Emisiones = ===
- Bﬁ are BB Aga
m Aptieacidn de fertlizantes
Produsccidn de Produccion de == Sistema
diesel cloctricidad R umede principal

agua

Cambio climitica:
L. 4975273 kig C04 eq-hal - 9313 kg €O eq. tonelada?
Principales resultados Escasez de agua dulee:
6:410° 12,3107 mPeq ha - 117 240 nifeq. lonelada
® Primer ACV de la producddn diricola uruguaya
# Principales puntos criticos: emisiones de fertilic s, producddn de
insumos }’ consumo de EBUR

® La variabilidad interestacional influye en los resultados del impacto

Resumen: Los limones son un producto agroalimentario relevante en
Uruguay que se exporta principalmente para su consumo en fresco. Las
ecoetiquetas para alimentos estdn en aumento en el mundo, en linea con que
los consumidores y las autoridades las exigen cada vez mas. Sin embargo,
faltan estudios cientificos que estimen los impactos ambientales de Ia
citricultura uruguaya. Este estudio tiene como objetivo evaluar el desempefio
ambiental de la producciéon de limén en Uruguay teniendo en cuenta la

variabilidad interanual, aplicando la metodologia de analisis de ciclo de vida
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(ACV) y siguiendo los lineamientos de las declaraciones ambientales de
producto (EPD). Se llevd a cabo una evaluacion de la cuna a la puerta del
campo basada en unidades funcionales espaciales y de masa. Los datos
primarios se recopilaron de un campo representativo de la region durante
cuatro temporadas de cosecha (2016-2020). Se evaluaron las categorias de
impacto ambiental recomendadas por la norma EN 15804+A2. En concreto, la
escasez de agua azul se evalué mediante el método AWARE. Ademas, se
evalu6 la ecotoxicidad humana y de agua dulce utilizando USEtox. Los
resultados muestran que las emisiones en campo y la producciéon de insumos
son criticas para la mayoria de las categorias evaluadas (en promedio, 84 %
CC, 88 % Ac, 98 % EM y 85 % ET), mientras que el agua azul consumida para
riego es el principal punto critico en escasez de agua azul (86 %, en promedio).
Como era de esperar, los impactos presentan una mayor variabilidad al
expresar los resultados por tonelada que por hectdrea porque, aunque los
insumos agricolas aplicados son los mismos, la variabilidad climatica influye
en los requerimientos de agua y también afecta el rendimiento del cultivo. La
escasez de agua azul muestra mayor variabilidad porque el consumo de agua
depende en gran medida de las condiciones agroclimaticas, principalmente de
la lluvia y el agua de riego, asi como de la dindmica del agua en el suelo. La
lixiviacion de nitratos es una emision clave en la eutrofizacion de agua dulce
y, en menor medida, en el cambio climatico, y depende de la dosis de agua y
el momento de la aplicacion, ya sea de lluvia o de riego. La optimizacion de la
aplicacion de N es crucial para minimizar las emisiones en el campo, un punto
critico en el presente estudio. Se sugieren practicas agricolas para mejorar el
perfil ambiental de los limones uruguayos, entre ellas el reemplazo o

minimizacidn de la dosis de ciertos insumos (por ejemplo, 6xido de cobre) a
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través de la implementacion de practicas agricolas complementarias.
Finalmente, se proponen técnicas actualizadas para disminuir la escasez de
agua azul. Las recomendaciones metodoldgicas para futuros estudios incluyen
la estimacién de las emisiones de N mediante modelos mecanisticos, la
incorporacion de reducciones potenciales en las emisiones de N debido a
determinadas practicas agricolas y la armonizacion de la metodologia de
cuantificacion del consumo de agua. Este estudio constituye un ACV de
referencia para la produccion de citricos uruguayos. Destaca la variabilidad
interanual como un tema a considerar, incluso cuando las practicas agricolas
no cambian, siendo especialmente relevante en paises con alta variabilidad
climatica como Uruguay. El estudio también proporciona evidencia cientifica
y cuantitativa para respaldar las decisiones ambientales tanto de los

productores como de los consumidores de citricos.

Palabras clave: analisis de ciclo de vida; frutos citricos; variabilidad

interanual; impactos ambientales; sostenibilidad agricola
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4. MULTI-SEASON ENVIRONMENTAL LIFE CYCLE ASSESSMENT OF

LEMONS: A CASE STUDY IN SOUTH URUGUAY

Graphical abstract:
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Abstract: Lemons are a relevant agricultural commodity in Uruguay, mainly
exported for fresh consumption. Food eco-labels are on the rise worldwide as
consumers and authorities are increasingly demanding them. However, there
is a lack of scientific studies estimating the environmental impacts of
Uruguayan citrus production. This study aims to assess the environmental
performance of lemon production in Uruguay taking into account inter-
seasonal variability by applying the Life Cycle Assessment (LCA)
methodology and following the Environmental Product Declarations (EPDs)
guidelines. A cradle-to-farm gate assessment was carried out based on both
mass and spatial functional units. Primary data was gathered from a
representative orchard of the region for four harvest seasons (2016 to 2020).
Environmental impact categories recommended by EN 15804+A2 standard
were assessed. Specifically, blue water scarcity was assessed using the AWARE

method. In addition, human and freshwater ecotoxicity were assessed using
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USEtox. Results show that on-field emissions and input production are critical
for most of the categories assessed (on average, 84% CC, 88% Ac, 98% MEu,
and 85% TEu), whereas blue water consumed for irrigation is the main hotspot
in blue water scarcity (86%, on average). As expected, inter-seasonal impacts
present higher variability when expressing results per tonne vs. per hectare
because, although agricultural inputs applied are the same, climatic variability
influences water requirements and also affects yield. Blue water scarcity
exhibits the highest variability because water consumption depends strongly
on agroclimatic conditions, mainly on rain and irrigated water and on water
dynamics in soil. Nitrate leaching is a key emission for freshwater
eutrophication and, to a minor degree, for climate change, which also depends
on the water dose and timing, either from rain or irrigation. Optimising the N
application is crucial to minimise on-field emissions, a hotspot in the present
study. Along these lines, improved agricultural practices are suggested to
enhance the environmental profile of Uruguayan lemons. Replacement or
minimisation of the dose of certain inputs (e.g., copper oxide) through the
implementation of complementary agricultural practices is suggested. Finally,
up-to-date techniques to decrease blue water scarcity are proposed.
Methodological recommendations for future studies include modelling N
emissions using mechanistic models, incorporating potential reductions in N
emissions due to certain agricultural practices, and harmonizing the
methodology to quantify water consumption. This study sets a baseline LCA
for Uruguayan citrus fruit production. It highlights inter-seasonal variability
as an issue to be considered, even when agricultural practices do not change,

and especially relevant in countries with high climatic variability like
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Uruguay. The study also provides scientific and quantitative evidence to

support the environmental decisions of both citrus producers and consumers.

Keywords: Life cycle assessment; Citrus fruit; Inter-seasonal variability;

Environmental impacts; Agricultural sustainability.

4.1. INTRODUCTION

Citrus is the most important fruit crop in Uruguay in terms of
production, area, and economic contribution, with 218,671 t, 14,587 ha and
71,489 thousand dollars from exports in 2020, respectively, as well as concerns
labour demand (19.000 workers) (Cardeillac Gulla et al., 2020; MGAP, 2021).
Uruguayan citrus production is characterised by a few big orchards and many
smallholdings. Eight companies concentrate 63% of citrus production and 62%
of the productive area. Lemons mean almost a quarter of the national citrus
production, with 51,619 tonnes produced in 2020, and 19% of the total citrus
area, with 2,763 ha in total (MGAP, 2021). In addition, Uruguayan production
is mainly devoted to fresh consumption, where 44% of the citrus production
is exported, namely 82,000 tonnes in 2020. At the same time, Uruguay is
responsible for 7.21% of total citrus fruit exports from South America (FAQO,
2021), with the European Union and the United States of America as the main
destinations (MGAP, 2021).

Governments and non-governmental organisations are nowadays
fostering the use of food eco-labels. Consequently, there is a proliferation of
methods for measuring the environmental performance of products and
organisations. In particular, the so-called type III Environmental Product

Declarations (EPDs), in compliance with the ISO 14025 standard, aimed to

149



quantify the environmental information on the life cycle of a product to enable
comparisons between products fulfilling the same function. EPDs are created
and registered in the framework of a programme, such as the International
EPD® System, the world’s first operational EPD programme, originally
founded in 1998 as the Swedish EPD System by the Swedish Environmental
Protection Agency and industry. More recently, European Commission (EC)
released the Product Environmental Footprint - PEF (EC, 2021) as a standard
methodology to assess the environmental impact of products. The former is
now in a transition phase, exploring the possibility of integrating the PEF
method into the EU Ecolabel criteria, hand in hand with other political actions
to accelerate the shift to sustainable food systems, such as the Farm to Fork
strategy (European Commission, 2020). Initiatives are also emerging in the
USA, a great Uruguayan citrus importing country, such as the Sustainable
Citrus Standard (Protected Harvest, 2019) promoted by the non-profit
organisation Protected Harvest. This growing complexity of environmental
labelling schemes has raised concerns, as these requirements could create
difficulties for small and medium-sized enterprises in export markets. In
addition, schemes could be misused to protect domestic producers, although
according to the Technical Barriers to Trade Agreement of the World Trade
Organization (WTO, 2015), they should not create barriers or disguised
restrictions on international trade. However, new non-tariff barriers for
products from other countries can arise, since importers will not be willing to
“finance pollution” when they are making significant investments in this
respect (Romero, 2003). In a few words, sustainable consumption is
undoubtedly gaining momentum and ecolabels can nudge consumers towards

more sustainable food choices (Potter et al., 2021). Meanwhile, the Uruguayan
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citrus sector is mainly focused on improving productive growth, varietal
diversification and fruit quality while shyly becoming aware of the
environmental impacts associated with intensive fruit production. Therefore,
a detailed analysis of the environmental impacts of citrus fruit farming can
constitute a milestone, helping to prioritise actions to improve the
environmental profile of the product and promote its commercialisation in

increasingly demanding markets.

Life Cycle Assessment (LCA) is a widely accepted methodology to
quantitatively evaluate the environmental impact of products across the agri-
food chain, in general, and the agricultural production systems, in particular
(Martin-Gorriz et al., 2020). Its main challenge lies in the reproducibility and
comparability of the results. To handle this issue, in recent years, guidelines
have been developed to assist practitioners. Among them, the Product
Category Rules (PCRs) provide the rules, requirements, and guidelines for
developing the abovementioned EPDs for a specific product category,
allowing for comparisons within the same product group (EPD, 2022a).
Similarly, the PEF initiative of the EU proposes a multi-criteria measure for the
calculation of the environmental footprint of goods or services. These are
complemented by the Product Environmental Footprint Category Rules
(PEFCRs) that provide further specifications at the level of a specific product
category (EC, 2021).

LCA has been used to determine the environmental profile of citrus
grown in different countries, mainly in the Mediterranean region, mostly
oranges in Italy (Lo Giudice et al., 2013; Nicolo et al., 2017; Pergola et al., 2013)
and Spain (Martin-Gorriz et al., 2020; Ribal et al., 2009, 2019). Other studies

have been developed more recently, specifically oranges in Mexico (Bonales-
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Revuelta et al., 2022) and lemons in Argentina (Machin Ferrero et al., 2021,
2022). Overall, although these studies do not always use the same impact
assessment methods or assess the same impact categories, they all highlight
the environmental burdens related to fertilisers as concerns. Both their
manufacturing and on-field emissions stemming from their application are
particularly relevant, as well as irrigation and machinery operations, as
highlighted in Cabot et al. (2022). In Uruguay, the LCA tool has been shyly
used over the years in the agri-food sector. The published studies focus mainly
on the evaluation of a single indicator (e.g. carbon footprint or water footprint),
and the productive chains analysed are mostly livestock (Becona et al., 2014;
Picasso et al., 2014), dairy (Lizarralde et al., 2014), and annual crops such as
maise, soybean, or sorghum (Darré et al., 2019; Bustamante Silveira, 2020). The
citrus fruit sector in Uruguay is committed to a mature and conscious analysis
of the impact it generates on the environment; therefore, it will require
scientific evidence to sustain key decisions. To the best of the authors’
knowledge, there is a lack of scientific analysis of the associated environmental
impacts. The goal of this study is to carry out an environmental assessment of
Uruguayan lemons production, to identify the environmental hotspots in the
farming stage and propose improvements. In particular, this study aims at
setting up a baseline LCA for Uruguayan citrus fruits, involving the
quantification of the environmentally relevant flows of lemon production in
Uruguay using several environmental indicators.

Data representativeness is a critical issue when performing LCAs of fruit
production, and specially LCAs of perennial crops. Farming is especially
sensitive to spatio-temporal differentiation not only due to the practices

implemented according to the crop growth stages, but also to the inherent

152



variability in farm management practices (Raschio et al., 2018). Thus, both
temporal and geographical representativeness are particularly considered in
the present study. The first by gathering data corresponding to four crop
seasons, following the recommendations of Bessou et al. (2016) and Cerutti et
al. (2014). The second by selecting a representative real orchard as
recommended by Cabot et al. (2022) when a great number of orchards cannot
be sampled. The studied orchard is located in the south of the country, where
lemons production for fresh fruit exportation is concentrated, with 52% of the
total production in 2018 (MGAP, 2019). Specifically, the selected cultivars
“Lisbon” and “Fino” are two of the most cultivated varieties in Uruguay for
fresh consumption (MGAP, 2019). In addition, the orchard belongs to one of
the eight aforementioned largest producing and exporting companies, and the
agricultural practices follow the Global GAP certification system for
exportation (GLOBALG.A.P., 2022). This is the dominant certification for
fruits, and citrus in particular, commercialised in both the United States and
Europe (Mook and Overdevest, 2021), the leading destination of Uruguayan
citrus, and therefore the most widely used by exporting companies in
Uruguay (Caputi and Montes, 2010). The GLOBALG.A.P. Integrated Farm
Assurance (IFA) standard for fruits covers all stages of production, from
preharvest activities such as soil management and plant protection product

application.

4.2. MATERIALS AND METHODS

This study follows the LCA methodology based on ISO standards (ISO,
2006a, 2006b; ISO 2017; ISO, 2020a; ISO, 2020b) using GaBi software (Sphera
Solutions GmbH, Leinfelden-Echterdingen, Germany). In addition, the PCR
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2019:01 V1.01 for fruits and nuts (EPD, 2019) and the International EPD
framework guided most of the methodological choices adopted, specifically as
concerns the functional unit, system boundaries and impact assessment. A
mass functional unit was considered, and most of the attributional processes
of the upstream and core processes were included. In addition, the impact
categories reported in the results also correspond to those suggested in the
PCR (EPD, 2019). While this study does not constitute an EPD of Uruguayan
lemons, following these guidelines facilitates comparability with studies

undertaken under the auspices of the PCRs.

4.2.1. System description

The selected orchard is representative of Uruguayan fresh lemon
production for export (mostly located in the south), with middle-aged trees
and follows standard integrated production practices. It has a total surface of
243.51 ha with lemon and mandarin; of these, 6.26 ha correspond to lemon
trees of the ‘Lisbon” and ‘Fino’ cultivars planted in the same year (2008), with
a density of 516 trees-ha™ (3230 trees in total). The orchard is located in Kiyu,
in San José Department, south of Uruguay. According to IPCC (2006), this
region has a warm temperate moist climate, which corresponds to a
subtropical humid zone. For the studied harvest seasons (from 2016 to 2020),
and based on data from the nearest weather station, the average annual rainfall
was 1010 mm, and the average temperature was 17.0 °C. A minimum
temperature of -2.4° C was recorded in August 2018, and a maximum of 37.9
°C in January 2016 (INIA-GRAS, 2022). As to soil characteristics, according to
CONEAT classification, it is a 10.8b soil, whose geological material
corresponds to silt clay sediments of brown colour and normally with calcium

carbonate concretions (INIA-GESIR, 2022). The dominant soils are
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Brunosols/Vertisols corresponding to Hapludert (Vertisols) in the USDA
classification and Vertisol Ruptico Lavico in the DSA-MGAP classification

(INTA- SIGRAS, 2022).

Different operations are carried out during each cropping season,
beginning immediately after the previous harvest (usually August) and ending
with the next harvest (July). Fertilisation is generally carried out from
September to December. All pesticides are applied via foliar, as some of the
fertilisers, the rest are applied by fertigation. The pesticides are applied from
September to November, except for cuprous oxide, which application extends
until May. Their main objective is combating pests such as insects or mites and
fungi such as Colletotrichum, scabies, botrytis, canker, and melanosis, among
others. A tractor, with 44.1 kW of power at rated speed and 1800 rpm rated
speed, is employed for input application, pruning, shredding pruning debris,
and transporting orange bins. Drip irrigation is performed from September to
March, coinciding with the most significant water demand in spring-summer,
by using an electric pump fed from an underground well of approximately 30
meters depth. As mentioned, lemons for export are harvested in July; they are
picked by hand and then quickly transported to packinghouses, where the

fruit is packaged according to the quality requirements at the destination.

4.2.2. Life cycle assessment

42.2.1. Functional unit and system boundaries

Two functional units (FUs) are adopted in this study. From a product
perspective and related to eco-labelling purposes (e.g. EPD, PEF), a mass-
based FU (1-tonne lemon - season?) is chosen according to the above-

mentioned PCR (EPD, 2019). In addition, a land-based FU (1 ha - season?) is
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selected to consider land use intensity and to take into account the provision
of ecosystem services. By using these FUs, both overvaluation of resource use
efficiency and displacement of environmental impacts are avoided (Cerutti et
al., 2011). It must also be noted that these two FUs are also used in LCAs of
citrus fruits (Alishah et al., 2019; Pergola et al., 2013; Ribal et al., 2017; Yan et
al., 2016; Yang et al., 2020). The system boundaries are set from cradle to farm
gate (Fig. 4.1). The stages taken into consideration are the production of
fertilisers and pesticides, their transport to the orchard and their application,
the use of machinery for agricultural practices (including fuel production), and
irrigation (including electricity production for the irrigation pump). The
manufacturing of capital goods such as tractors is not included because they

have a long life and are used on successive seasons within the same farm,

————————————
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I = Transportation to the orchard /
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= Water pumping ' *5oil
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which implies an intensive use, thus the environmental load allocated to the
FU is negligible. Furthermore, Frischknecht et al. (2007) showed that the
production of capital goods for agriculture has a non-significant contribution

to most of the impact categories, except for cumulative energy demand.

Fig. 4.1. System boundaries showing the life cycle stages included in the

LCA of Uruguayan lemons.
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As regards the temporal system boundaries, a farming season is
assessed, beginning in August, immediately after the previous harvest, and
ending with the lemon harvest in July. In addition, to analyse the variability of
the impact results over time and following the recommendations of Bessou et
al. (2016) and Cerutti et al. (2014), four farming seasons corresponding to the

years 2016-2020 have been taken into account.

42.2.2. Life cycle inventory (LCI)

Information on the agricultural practices, yields, the type and dose of
inputs applied, together with their origin, the amount of water for irrigation,
and fuel for machinery, was obtained from direct interviews with the
agronomist responsible for the orchard. Agroclimatic parameters used to
calculate water consumption were retrieved from INIA agroclimatic data bank
(INIA-GRAS, 2022), namely maximum, minimum, and average temperatures,

wind speed, average relative humidity, effective precipitation and heliophany.
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Table 4.1.  Main inventory data for the lemon cultivation stage

LCI data Unit 20162017 2017-2018 20182019 20192020 Average - -aard
deviation
Yield tonne - ha! 47.0 55.0 49.0 66.0 56.0 9.5
Electricity consumption for kWh - ha? 21.0 37.5 26.4 87.8 43.1 30.5
irrigation
Water withdrawal for m*- ha' 520.1 9286 6542 21762 10698  757.0
irrigation
Rainfall water mm - season’  955.6 1062.6 1119.8 901.2 1009.8 99.4
Rainfall + irrigation water mm - season”’  1007.6 1155.5 1185.2 1118.8 1116.8 77.7
Machinery use h -ha’! 27.0 27.0 27.0 27.0 27.0 0.0
Diesel for machinery operations
Application of inputs L -ha' 87.6 87.6 87.6 87.6 87.6 0.0
Pruning L - ha' 15.0 15.0 15.0 15.0 15.0 0.0
Crushing of pruning waste L - ha' 9.0 9.0 9.0 9.0 9.0 0.0
Harvest and transport of bins L - tonne?! 1.8 1.8 1.8 1.8 1.8 0.0
Fertilisers
Total N kg - ha' 203.1 203.1 203.1 203.1 203.1 0.0
Total P2Os kg - ha' 8.5 8.5 8.5 8.5 8.5 0.0
Total K-O kg - ha' 142.8 142.8 142.8 142.8 142.8 0.0
NPK 30-0-0 kg - ha-1 677.0 677.0 677.0 677.0 677.0 0.0
Potassium chloride kg - ha-1 235.0 235.0 235.0 235.0 235.0 0.0
Phosphoric acid kg - ha-1 8.0 8.0 8.0 8.0 8.0 0.0
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Table 4.1.  (cont.) Main inventory data for the lemon cultivation stage

Zinc kg - ha-1 2.0 2.0 2.0 2.0 2.0 0.0
NPK 0-40-20 kg - ha-1 8.9 8.9 8.9 8.9 8.9 0.0
Fungicides

Difenoconazole kg - ha' 0.4 0.4 0.4 0.4 0.4 0.0
Pyrachlostrobin kg - ha' 0.3 0.3 0.3 0.3 0.3 0.0
Cuprous oxide kg - ha' 252 25.2 25.2 25.2 252 0.0
Mancozeb kg - ha' 3.2 3.2 3.2 3.2 3.2 0.0
Insecticides

Pyriproxyfen kg - ha' 3.0-102 3.0-102 3.0-102 3.0-102 3.0-102 0.0
Acetamiprid kg - ha' 0.3 0.3 0.3 0.3 0.3 0.0
Paraffinic oil L - ha' 50.7 50.7 50.7 50.7 50.7 0.0
Abamectin kg - ha' 4.1-102 4.1-10° 4.1-10° 4.1-10* 41102 0.0
Growth regulator

Gibberellic acid kg - ha' 0.2 0.2 0.2 0.2 0.2 0.0
On-field emissions

Direct N2O kg - ha' 51 5.1 5.1 5.1 5.1 0.0
Indirect N2O (from NOs) kg - ha' 3.5 3.9 4.0 3.8 3.8 0.2
Indirect N2O (from NHs) kg - ha' 0.3 0.3 0.3 0.3 0.3 0.0
NHs volatilised kg-ha 13.6 13.6 13.6 13.6 13.6 0.0
NO: volatilised kg-ha' 8.1 8.1 8.1 8.1 8.1 0.0
NO:s leached kg - ha' 895.7 1013.2 1036.9 984.1 982.5 61.7
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Relevant background processes were mostly taken from Ecoinvent 3.8.
database (Moreno Ruiz et al., 2021; Wernet et al., 2016). However, some specific
processes were taken from GaBi v.10 (Sphera Solutions GmbH, 2022) database,
namely the electricity mix in Uruguay and the transoceanic transport, which
are not available in Ecoinvent 3.8. The irrigation pump and the tractor were
retrieved from GaBi v.10 database too because processes are parametrised,
which allows specific data of the orchard to be used (e.g., well depth, tractor
nominal power, etc.). These processes were then used to develop reference LCI
datasets for the LCA models, as explained below. Metadata for these reference

LClIs is described in Table 4.3.

4222.1. Input production and transportation
Default processes from Ecoinvent 3.8. database (Moreno Ruiz et al., 2021;
Wernet et al., 2016) were chosen for fertiliser production. Those fertilisers not
found in the database were modelled as standard NPK fertilisers, considering
their respective fertiliser units, as N, P-Os and K20. The production of a
corrective foliar fertiliser with a high concentration of zinc and the production
of gibberellic acid (a growth regulator) could not be modelled due to a lack of

data. However, it must be noted that the doses applied are low.
Data on pesticide manufacturing was taken from Ecoinvent 3.8. (Moreno
Ruiz et al., 2021; Wernet et al., 2016) considering their active substance, as
follows. First, the production process corresponding to the active principle
was searched for, if it was not available in the commercial databases
mentioned above, the chemical group of the pesticide was considered. In case
the compound was not found, then the pesticide production was modelled as
the generic “pesticide production” process from Ecoinvent 3.8. As can be seen

in Table 4.3, only mancozeb, paraffinic oil and cuprous oxide could be
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modelled directly, whereas pyraclostrobin and pyriproxyfen were modelled
considering their corresponding chemical group and the rest as generic
pesticides. The transportation of all the agricultural inputs entailed the
transfer by ship and lorry, except for those products that could be transported
exclusively by land, for which a lorry with 16-32 metric tonne payload was
considered. For all of them, one-way transport was modelled by using the
corresponding Ecoinvent 3.8 (Wernet et al., 2016) and GaBi (Sphera Solutions
GmbH, 2022) processes (Table 4.3). The distances travelled were obtained from

Searates (2022) (Table 4.4).

42222 Emissions from fertiliser and pesticide application

To model direct and indirect N2O emissions, the Tier 1 IPCC Guidelines
(IPCC, 2006) and the subsequent refinement (IPCC, 2019) were used, inasmuch
as they are more recent than those suggested by the PCRs for fruits and nuts
(EPD, 2019). IPCC (2019) considers the climate in the region of study and the
type of fertiliser, which in this case study correspond to wet climate and
synthetic fertiliser, respectively. NHs and NOx were modelled following the
EMEP/EEA guidebook (EEA, 2019), an updated version of the EEA (2013)
proposed in the PCRs for fruits. In particular, NHs emissions were estimated
following a Tier 2 approach, considering normal soil pH (7.0 or below) and
temperate climate. A Tier 1 emission factor was used for NOx emissions since
the EMEP/EEA guidebook (EEA, 2019) does not propose a Tier 2 emission
factor. Nitrate (NOs) leaching was estimated with the Tier 2 model SQCB-NO:s
(Emmenegger et al., 2009), which represents an improvement of the IPCC
emission factor proposed in the PCRs (EPD, 2019). Specifically, the model
considers climatic parameters, namely precipitation, soil and crop

characteristics and data related to agricultural practices, as described below.
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Precipitation values were obtained from the nearest meteorological station,
INIA Las Brujas, located in the Canelones department, 36 km away from the
studied orchard (INIA-GRAS, 2022). The clay content of the soil was obtained
by taking into account the soil type according to USDA classification
(Vertisols) and using the table proposed by Emmenegger et al. (2009). The
nitrogen content in soil organic matter was estimated using the equation and
standard values proposed in the SQCB-NOsmodel. The depth of the roots was
retrieved from Goni and Otero (2009). As to the absorption of nitrogen by the
crop, values from Gambetta et al. (2021) for Uruguayan citrus fruits were used.
Data on the agricultural practices (irrigation, N supply from fertilisers) were
obtained from interviews with the agronomist responsible for the orchard. In
line with the recommendations of the PCRs (EPD, 2019), phosphate (PO+*)
leaching was estimated with the SALCA-P model (Nemecek et al., 2019),
considering the P2Os content of each fertiliser used.

Primary emissions from pesticide application were calculated following
PestLCI Consensus V.1.0 (Fantke et al., 2017), which estimates the fraction of
pesticide emitted to the environmental compartments, namely air, field soil
surface, crop leaf surface and off-field surface (freshwater and natural soil). It
is a consensus model that takes into account several parameters to make a
better approximation of the primary distribution of the pesticides. In
particular, the model considers the crop type, dose applied, fraction of
pesticide intercepted by the leaves -which depends on the stage of the crop-
and the application method considering drift reductions. It also accounts for
the surface area of the orchard and whether there is a buffer zone (location and

width).
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42223 Water use, energy, and blue water consumption
for irrigation
The amount of irrigated water per season was primary data provided by
the farmer (see Table 4.1). The electricity consumption for irrigation (Table 4.1)
was estimated by using the GaBi process “Irrigation pump generic”,
employing as inputs the amount of water irrigated for each season (1069.77
mm on average) and the depth of the well (30 m). Default values for the
nominal operating pressure (3 bar) and the efficiencies of the power unit (0.9),
pumping (0.8) and irrigation (1.0) were used, as those are typical values for

irrigated agriculture.

The blue water consumption for irrigation was estimated according to
Allen et al. (1998). The method is based on a soil balance in the root zone

considering the evapotranspiration under water stress conditions:
Dri = Dris1 = Peii — Ii = CRi + ETei + DPi (equation 1)

In the following paragraphs, the parameters involved in equation 1 are
explained together with the methods or data sources used for their estimation.

“rr
1

The subscript “i” refers to daily values.

Dr, i and Dr.iirefer to moisture depletion in the root zone (mm). Initial Dr,i-
1was considered zero since it is assumed that the analysis starts after heavy
rain or irrigation which means that, according to Allen et al. (1998), the

moisture content in the root zone is close to field capacity and D:i1=0.

Pesii is the effective precipitation (mm), retrieved from INIA Las Brujas

meteorological station (INIA-GRAS, 2022).
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Some previous concepts must be defined to estimate Ii (net layer of
irrigation on the day i that infiltrates the soil, mm). The first corresponds to the
readily available (extractable) water from the soil root zone (RAW, mm), which
is the maximum fraction of the total available water the crop can extract from
the root zone without experiencing water stress. The second is moisture
depletion in the root zone (Dr), defined as the amount of water missing with
respect to the field capacity. Taking as a premise that irrigation is not necessary
as long as the crop has readily available water in the soil to consume, the
following assumption is made; in the event that the value of the initial
moisture depletion in the root zone minus the effective precipitation of that
day (which is considered to occur at the beginning of the period) is greater
than the RAW value, the dose of irrigation water (i) needed to reach the field

capacity is (Dri1 - Pei) is applied. Otherwise, the crop is not irrigated.

To calculate the RAW, the total water available in the root zone of the soil
(TAW, mm) and the average fraction of the total water available in the soil that

can be depleted from the root zone before moisture stress (pi) were calculated,

as follows:
RAW: = pi - TAW (equation 2)
TAW = 1000 - (Orc - Owp) * Zr (equation 3)

Where Otc is the moisture content at field capacity (m?® - m?) and Owe is
the moisture content at permanent wilting point (m?® - m?®), both values
retrieved from INIA-GESIR (2022) for CONEAT 10.8b soils; Zr is the root depth
(m), retrieved from Goni and Otero (2009). The pi-value for citrus fruits was

calculated according to Allen et al. (1998) as:

pi=0.4+0.04 - (6-ET.)) (equation 4)
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ET..is the crop evapotranspiration on the day i (mm) and its calculation

is detailed below.

CRiis the capillary rise from the groundwater table on the day i (mm). It
is assumed to be zero since the water table in Uruguay is more than 1 m below

the root zone (Allen et al., 1998; Fan et al., 2013)
ET.i was estimated by following FAO guidelines (Allen et al., 1998):
ETci=Kc - ETo; (equation 5)

Where ET.,i corresponds to the crop evapotranspiration (mm - day™), Kc
is the crop coefficient (dimensionless), and EToi is the reference crop
evapotranspiration (mm : day?).
To obtain daily ETo,, climate data for the studied seasons from INIA Las Brujas
meteorological station (INIA-GRAS, 2022) was used as an input for the
Penman-Monteith equation (Allen et al., 1998). Then, by adding up those daily
values, the monthly ETom (mm/month) values were calculated, which were
subsequently multiplied by the monthly Kc for Uruguayan citrus fruits
obtained from Garcia Petillo and Castel (2007) to obtain ETcm (mm - month™).
These authors performed a water balance considering the irrigation, effective
precipitation, and parameters related to soil characteristics (drainage and
variation in the soil water storage during the studied period) for a citrus
orchard located at Kiyd, Uruguay. Finally, the monthly ETem (mm - month)
values were added to obtain the ETsof the studied seasons (mm - season), as

reported in Table 4.5.

DP:i is the water loss from the root zone by deep percolation on the day i
(mm) after heavy rain or irrigation. It was calculated using equation 1,

considering that the values of D:i and CRi are zero; this means that there is no
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moisture depletion in the soil root zone or capillary rise from the groundwater

table after heavy rain or irrigation, thus equation (1) becomes:
DPi = Pefti + Ii - ETci- Dria (equation 6)

If the system is below its field capacity, this value is null.

42.23. Impact categories and impact assessment methods

As recommended by the PCRs for fruits (EPD, 2019), a default list of
environmental performance indicators was accounted for, and the latest
update of that list, made on 2022-03-29, was considered (EPD, 2022b). In this
regard, the impact categories and the corresponding category indicators
recommended by the EN 15804+A2 standard were assessed, namely, climate
change - CC (CO: eq.), acidification - Ac (mol H*' eq.), freshwater
eutrophication - FEu (kg P eq.), marine eutrophication - MEu (kg N eq.),
terrestrial eutrophication - TEu (Mole of N eq.), photochemical ozone
formation (impacts on human health) - POF hh (kg NMVOC eq.), ozone
depletion - OD (kg CFC 11 eq.), resource use of minerals and metals - RU m
(kg Sb eq.) and resource use of fossil resources - ADP f (M]). The AWARE
method (Boulay et al., 2018) was applied to assess blue water scarcity - BWS
(m? eq.) as is the most up-to-date method also recommended for EPDs (EPD,
2022b). Specific monthly characterisation factors (CF) for the corresponding
Uruguayan basin (Rio de la Plata) were used to calculate the direct water
consumption at the field. For indirect water consumption (i.e., inputs
manufacturing, irrigation, electricity production and diesel production and
combustion), the world average CF for non-agricultural activities (CF = 20.30
m? eq.- m?) was selected, inasmuch as those processes are carried out in

locations worldwide.
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Besides the listed categories, toxicity impacts were assessed to address
consumers’ concerns about the widespread use of pesticides. USEtox 2.12
(Rosenbaum et al.,, 2008) was the method applied to assess freshwater
ecotoxicity (CTUe) and human toxicity carcinogenic and non-carcinogenic
(CTUh) because it is the most widely used method for agri-food LCAs as well
as the recommended method by the ILCD Handbook (Finkbeiner, 2011). Since
there are no CFs available in USEtox 2.12 database for paraffinic oil,
acetamiprid and pyraclostrobin, a literature search was carried out.
Specifically, the CF for paraffinic oil was obtained from Juraske and Sanjudn
(2011) and that for acetamiprid from Steingrimsdottir et al. (2018). Human
toxicity CF for Pyrachlostrobin was taken from Fantke and Jolliet (2016), and
the one for ecotoxicity from Bennet (2012). As regards cuprous oxide and
abamectin, the CFs for substances with similar characteristics, namely copper
(IT) and avermectin B1A, were used, respectively. According to the PCRs for
fruits and nuts (EPD, 2019) and taking into account the EPD (2022) guidelines,
indicators for primary energy resources were also assessed following EN

15804+A2.

4.3. RESULTS AND DISCUSSION

4.3.1. Environmental impacts and contribution analysis

Table 4.2 shows the impact results for each impact category and FU for
all the periods assessed, together with the average value and the coefficient of
variation (CV). The average contribution of the life cycle stages for the assessed
seasons is represented in Fig. 4.2, whereas the average values and their

standard deviation for both FUs are shown in Tables 4.6 & 4.7.
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Table 4.2.  Impact results per cropping season, average impacts, and coefficient of variation (CV) of cradle to farm gate

lemon cultivation in Uruguay

FU =1ha FU =1 tonne
Impact 2016 2017 2018 2019 o 2016 2017 2018 2019 Ccv
catle::gory 2017 2018 2019 2020 Average  CV(%)  n; 2018 2019 200  AVeTaEe (o)
Climate
change (kg 4870.1 5009.7 5035.2 4985.4 4975.1 1 103.6 91.1 102.8 75.5 93.2 14
COzeq.-FU?)
Ozone
depletion (kg _ _ _ _ ! ! ! 31 !
CFC-11 20-10¢ 20-10¢ 20-10¢ 20-10% 2.0-10+* 0 43-10° 3.7-10¢ 4.2-10° 10+ 3.8-10° 14
eq..FU")
Acidification
(Mole of H* 77.0 77.0 77.0 77.0 77.0 0 1.6 1.4 1.6 1.2 1.4 15
eq..FU")
Freshwa.ter. 2 7.10- 20
eutrophication 1.3 1.3 1.3 1.3 1.3 0 28-102 24-10% 102 24-102 15
(kg P eq.-FU)
Marine
eutrophication 212.8 239.3 244.6 232.6 232.3 6 4.5 44 5.0 3.5 43 14
(kg N eq.-FU")
Terrestrial
eutrophication g 5 2003 2903 2904  290.3 0 6.2 53 5.9 44 54 15
(Mole of N
eq.FU)
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Table 4.2.  (cont.) Impact results per cropping season, average impacts, and coefficient of variation (CV) of cradle to farm

gate lemon cultivation in Uruguay

FU = 1ha FU =1 tonne
Impact 2016 2017 2018 2019 Average CV 2016 2017 2018 2019 Average Ccv
category 2017 2018 2019 2020 (%) 2017 2018 2019 2020 (%)
Photochemical
ozone

formation,
human health
(kg NMVOC
eq..FU")
Resource use,

24.6 24.6 24.6 24.6 24.6 0 0.5 0.4 0.5 0.4 0.5 15

mineral and

metals (kg Sb

eq..FU")

Resource use,

fossils (MJ-FU- 3.6 - 104 3.6-10¢ 3.6-10¢ 3.6-10¢ 3.6-10¢ 0 772.3 660.1 740.8 550.5 680.9 15
D)
Ecotoxicity
(CTUe-FUY)
Human

0.3 0.3 0.3 0.3 0.3 0 6.5-10°% 56-10° 63-10° 47-10° 58-10° 15

8.2-107 82-107 82-107 82-107 8.2-107 0 1.7-106 15-106 1.7-10¢ 1.2-106 1.5-10¢ 15

Z‘;’sf;iy 22-104 22-10% 22-10¢ 22-104 22-104 0 47-106 4.0-106 45-10© 34-106 42-106 14

(CTUh-FU")
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Table 4.2.  (cont.) Impact results per cropping season, average impacts, and coefficient of variation (CV) of cradle to farm

gate lemon cultivation in Uruguay

FU =1ha FU =1 tonne

2016 2017 2018 2019 2016 2017 2018 2019 cv
Impact category 1, 2018 2019 2020 Average  CV.(%) 517 2018 2019 020 Averase g
Human toxicity, 31. 47
non-canc. 31-100 [0 31-10° 31-10° 31-10° 0 66-10° 57-10° 64-105 ' 58105 15
(CTUR-FU")
Blue water 7.
scarcity 69-100 29-10° 7.9-10° 64-10° 37 1473 1408 594 1198 1168 34
(meq.-FU)
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Regarding the relative contribution of different cradle to farm gate stages,
on-field emissions from fertilisers is the dominant contributor to climate change
(55-56% of the total impact, depending on the season), followed by fertilisers
production (13-14%). Specifically, the production of NPK 30-0-0 and its
subsequent N20O emissions represent the main hotspots. Marine eutrophication is
also led by on-field emissions from fertilisers (97-98%), while freshwater
eutrophication is dominated by the production of both pesticides (71%) and
fertilisers (20%). On-field emissions from fertilisers, in particular NHs and NO,
together with machinery operations, are the stages with the greatest weight on
terrestrial eutrophication (75% and 11%, respectively). Blue water consumption
for irrigation is the main contributor to blue water scarcity, with an average of
86% and ranging from 75 to 91%, depending on the season. As to the categories
related to resource depletion, the main contributor to fossil use is fertiliser
production (57%), followed by machinery operations (23%). Pesticide production
(91%) -mostly copper oxide- is the main hotspot detected regarding mineral and
metals use. In the acidification category, field emissions -mainly NHs and NO:-
and pesticide production are the main contributors, with 61% and 16% of total
impacts, respectively. POF is dominated in equal parts by machinery operations
and NO: field emissions (33% each). In OD, the stage that impacts the most is

input production (82% fertilisers and 12% pesticides).

When analysing the results of toxicity-related categories, pesticide
production means 90% of total ET, 50% of HTc and 63% of HTnc, being copper
pesticides the ones with the highest impact scores. Other two relevant stages in

this impact category are fertiliser production (10% of total ET and 45-46% of HTc)
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and the emissions stemming from pesticide application (26% HTnc). Among the
pesticides used, and considering the quantity applied, cuprous oxide, mancozeb,
difenoconazole, and abamectin exhibit the highest values in ecotoxicity. Cuprous
oxide, acetamiprid, pyraclostrobin and abamectin have the highest scores in
human toxicity (Table 4.8). Despite the different origins of the agricultural inputs,
their transportation does not represent a hotspot for any of the impact categories
analysed, as most of the distances are covered by ship, an efficient transport
which generates lower impacts than trucks (Wernet et al., 2016; Sphera Solutions

GmbH, 2022).

Average results and standard deviations of resource use indicators
(renewable and non-renewable primary energy resources) can be found in Tables
4.9 & 4.10. The stage with the greatest impact on renewable and non-renewable
energy is fertiliser production, with 38 to 43% (depending on the season) and 57%,
respectively, mainly due to the production of NPK 30-0-0. As to renewable
energy, pesticide production -especially copper oxide- and machinery operations,
with a similar proportion of 23-26%, are other impacting stages. The second most
impacting stage in the category of non-renewable energy is machinery operations

(23%).
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Fig. 4.2. Average percent contribution of the life cycle stages to the

environmental footprint of Uruguayan lemons, per tonne of lemon and per ha.
Climate Change (CC), Ozone Depletion (OD), Acidification (Ac), Freshwater
eutrophication (FEu), Marine eutrophication (MEu), Terrestrial eutrophication
(TEu), Photochemical ozone formation impacts on human health (POF hh),
Resource use - mineral and metals - (RU m), Resource use - fossils - (RU f),
Ecotoxicity (ET), Human toxicity - cancer (HTc), Human toxicity - non-cancer

(HTnc), Blue water scarcity (BWS).

4.3.2. Inter-seasonal variability of impacts

To evaluate the inter-seasonal variability of the results, for each cropping
season, the coefficient of variability (CV, %) (Table 4.2) and the ratio “impact value
in the season/mean impact value” were calculated for each impact category and
FU. By plotting this ratio (Fig. 4.3), it is possible to observe how the values for

each season and impact category are distributed with respect to the mean.
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When the impact categories are expressed per ha, inter-seasonal variability
of most impact categories is low, with CVs close to 0%, mainly because of the
uniformity of agricultural practices since the applied inputs are the same (see
Table 4.1). Only the irrigation water requirements, which depend on agroclimatic
conditions, and consequently the energy needed for irrigation, change. In fact, the
only categories that have a CV greater than 0% are BWS, MEu and CC, with 37%,
6% and 1%, respectively (Table 4.2). The high CV of BWS can be explained by the
dependence of the crop’s water demand on climatic parameters (mostly
precipitation, relative humidity, wind, and temperature), which vary notably
from year to year in Uruguay. In turn, the BWS impact also depends on the
monthly scarcity CF of the basin, also influencing the variability of the results.
The maximum and minimum BWS are detected for 2019-2020 and 2018-2019,
respectively. Specifically, the value for 2018-2019 is the one that contributes the
most to the great inter-season CV of this impact per ha, since it is approximately
60% lower than the values obtained for the remaining seasons. When observing
in detail the monthly water consumption from November to March (the months
with the greatest CFs for the studied basin), the season 2018-2019 exhibits the
lowest water consumption (51% of total consumption). On the contrary, in 2019-
2020, the water consumed in those months is the greatest (100%), which could

explain the CV values obtained.

When analysing the inter-season variability per ha of MEu and CC, it must
be borne in mind that on-field emissions is the stage that mostly influences those
impact categories, with 97-98% and 55-56%, respectively, as commented in

Section 3.1. Specifically, the higher inter-season variability of MEu (Fig. 4.3)
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mainly depends on NOs leaching, which varies along the cropping seasons since
it depends on both precipitation and irrigation, which usually vary from season
to season. The extreme values of NOs leached correspond to the seasons 2018-
2019 and 2016-2017, where the sum of 'irrigation + rainfall' is maximum (1185.2
mm) and minimum (1007.6 mm), respectively (see Table 4.1). N2O emissions
dominate the CC category; these include direct and indirect N2O emissions. The
former are constant for all crop seasons since they depend on the amount of
fertiliser applied, and the latter depends on NHs and NOx emissions to air and on
NOsleached to groundwater. NHs and NOx emissions are also constant for all the
crop seasons assessed since they also depend on the amount of fertiliser applied.
Hence, NOs leaching is again the main source of variation for this impact, which
depends on the above-mentioned variable factors. The greatest CC value thus
corresponds to 2018-2019, with 5035.16 CO: eq.-ha’, and the lowest to 2016-2017,
with 4870.1 CO:z eq.-ha! (Table 4.2). It should be noted that these maximum and
minimum CC values are not so different since there is not a direct relation
between CC and NOs leaching, as in the case of MEu. Finally, it should also be
remarked that for the remaining categories in which on-field emissions is a
relevant stage (61.15% of total Ac, 75.06% of TEu, 32.98% of POF hh), the CV is
low (Table 4.2). The principal explanation lies in the main emissions that influence
each of them. In particular, for Ac and TEu, NHs and NO:are the most influencing
emissions, while NO: affects POF hh values. These emissions are constant for all
the seasons studied since they depend directly on the amount of N applied, which

was the same.
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An interesting point to be raised is that the Uruguayan data used in this case
study reveal an average annual N loss by NOs leaching of 221.6 kg N - ha, higher
than the amounts of N applied with the fertiliser (203.1 kg N - ha! on average).
This implies that a large part of the applied N fertiliser would be lost through
leaching and that there is also a loss of N draining from the soil content. The
model used in the present study (SQCB-NOs model) does not consider the day
the fertiliser is applied, either the rain or irrigation days, which could directly
influence the results. In turn, it neither considers the type of crop nor its N
absorption dynamics. Using methodologies that contemplate these parameters
would conduct to different and more accurate results. Along these lines, Pittelkow
et al. (2016), who study the sustainability of the rice intensification process in
Uruguay, point out that losses due to NOs leaching depend on climatic factors
and crop management, which have a great space-time variability, directly
affecting the leaching rates. This highlights the importance of considering several
harvest seasons, as in the present case study. The use of mechanistic models is
recommended to quantify these emissions, considering the weight that NOs

leaching has, mainly in the MEu category but also in the CC category.

As expected, when expressing data per tonne, a greater variability is
observed (Table 4.2), with CVs around 15%, except for BWS, which registered a
34% variation (Fig. 4.3). This highlights the strong relationship between impacts
and yield, which depends on both climatic variables (e.g. rainfall, temperature-
frost damage, irradiance, relative humidity), as well as on the agricultural
practices (e.g. pruning, management of yield alternation, harvest time). The

greatest variability ratios for all the impact categories per tonne, except MEu,
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correspond to those obtained in 2016-2017 (season with the lowest yield, 47 tonnes
-ha?), while the lowest are the ones for 2019-2020 (season with the greatest yield,
66 tonnes -ha?), with BWS being an exception, showing the lowest ratio in 2018-
2019. The greatest variability ratio obtained for MEu corresponds to 2018-2019, in
which the sum of “irrigation + rainfall” was greater, and not to 2016-2017, where
the yield is the lowest (see Table 4.1). This reinforces the importance of the amount
of water added to the crop for this impact category. As to BWS, 2016-2017 is the
only period in which there is an inverse relationship between the impact score
and the yield, as the yield was minimum, whereas the impact was the greatest.
Along these same lines, 2017-2018 and 2019-2020 have similar water consumption
values. Therefore, the main difference in the BWS values obtained (15% lower in
2019-2020) is explained by the yield (17% greater in that period). The BWS value
obtained for 2018-2019 is the lowest (Table 4.2), mainly because the blue water
consumption is also the lowest (Table 4.5). This can be explained by the fact that
the rainfall value was the greatest in that period (1119.8 mm, Table 4.1), where
48% of the total rain is concentrated from November to March, when the crop
water demand is the highest. Consequently, the crop consumed the rainwater
retained in the soil (green water) instead of consuming the blue water from
irrigation, generating a lower BWS impact. These results strongly highlight the
relevance of including several years in LCAs of perennials, particularly in

countries with highly variable climate conditions (e.g. precipitation).
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Fig. 4.3. Relative variability of the impact values of Uruguayan lemons with

respect to the mean for the studied seasons. Red symbols represent results per
tonne of product, and blue symbols results per hectare of the orchard. A 2016-
2017, m 2017-2018, e 2018-2019 & 2019-2020. Climate Change (CC), Ozone
Depletion (OD), Acidification (Ac), Freshwater eutrophication (FEu), Marine
eutrophication (MEu), Terrestrial eutrophication (TEu), Photochemical ozone
formation, human health (POF hh), Resource use - mineral and metals - (RU m),
Resource use - fossils - (RU f), Ecotoxicity (ET), Human toxicity - cancer (HTc),

Human toxicity - non-cancer (HTnc), Blue water scarcity (BWS).

4.3.3. Sensitivity analysis

A sensitivity analysis is carried out in which a supposedly key inventory
parameter is changed to verify the changes in the scores of the impact categories.
Three parameters are chosen to perform the analysis: the yield, the amount of
irrigated water and the rate of N fertiliser applied. The first two are chosen

because they are highly variable from year to year, and the third since, although
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it does not vary in the case study, both its production and on-field emissions are

detected as hotspots.

Yield variation affects all the impact categories when using 1 tonne as FU.
Specifically, a 20% reduction in yield increases the results of all impact categories
by 25%, whereas a 20% increase in the yield decreases all impacts by 17%. When
the results per ha are analysed, the variation in the amount of irrigation water
slightly changes the CC and MEu results. Halving the amount of irrigated water
reduces CC by 1% and MEu by 5%, and doubling it increases the CC by 2% and
the MEu by 8%. The N rate applied affects the stages of fertiliser production,
transportation, and field emissions; therefore, varying N rate mainly affects TEu,
Ac, OD and CC. TEu and Ac are shown to be more sensitive to on-field emissions,
while OD and CC are more sensitive to fertiliser production. Specifically, a 20%
increase in the N rate increases TEu by 15%, Ac by 13%, OD by 12% and CC by
11%, whereas a 20% decrease in the N rate decreases TEu by 17%, Ac by 15%, OD
by 14%, and CC by 12%.

The results show the influence of the different parameters on the impact
scores depending on the selected FU. Maximising the yield of the process results
in lower environmental impacts when a mass FU is selected. When a spatial FU
is selected, the importance of minimising the amount of N added and, to a lesser

extent, the amount of irrigated water stands out.

4.3.4. Comparison with other studies

In this section, this study's cradle to farm gate impacts of lemon cultivation

are compared with those from available literature, focusing on CC, FEu, and MEu,
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together with the water consumption-related impact, which differs depending on
the case study analysed (see Table 4.11). It must be noted that, considering that
the yields of lemon crops are usually higher than those of ‘sweet’ citrus fruits
(oranges or mandarins), the comparison is carried out with three available studies
on lemon (Machin Ferrero et al., 2021, 2022; Martin-Gorriz et al., 2020) and one

study on generic citrus fruit (Yang et al., 2020).

When using a mass-based FU, the CC value obtained for Uruguayan lemons
was 0.093 COz eq.-kg, around two (0.196 CO: eq.-kg™?) and four (0.380 CO2 eq.-kg-
1) times lower than in Machin Ferrero et al. (2022) and Martin-Gorriz et al. (2020),
respectively. These differences could be related to the lower yield reported in both
studies, 29.5 tonnes-ha'! in Martin-Gorriz et al. (2020) and 32.5 tonnes-ha' in
Machin Ferrero et al. (2022) vs 56.0 tonnes-ha! in this study. In addition, it must
be noted that different emission factors are used to estimate N20 emissions,
namely Martin-Gorriz et al. (2020) use 0.01 kg N2O-N-kg N (IPCC, 2006), 0.067
kg N20O-N-kg N (Renouf, 2006) is used in Machin Ferrero et al. (2022), and 0.016
kg N20O-N-kg N (IPCC, 2019) is used in the present study. On-field emissions are
the hotspot in this category in the present study and also in Machin Ferrero et al.
(2022). As seen, those authors used a greater emission factor which, together with
their lower yield, could explain their greater CC impact result. In the study of
Martin-Gorriz et al. (2020), the main hotspot is fossil fuel combustion, contrasting
with the great relevance of on-field emissions in the present study. The rationale
behind these results could lie on the one hand, in the amount of diesel used for
field operations in Martin-Gorriz et al. (2020), which is double (535.0 vs 216.0 L-ha-

1), increasing the weight of this stage in the total CC. On the other hand, the lower
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weight of the on-field emissions stage in their study can be explained by the 10%
lower total N added (182.0 vs 203.1 kg N - ha') and the lower emission factor used
to estimate N2O emissions, as commented above. Yang et al. (2020) show CC
values seven times greater than those for Uruguay, also identifying on-field
emissions as the most impactful stage. The differences are mainly explained by
the greater amount of N applied (234% more) and the crop yield (approximately
50% lower).

Regarding water scarcity, especially relevant in agricultural LCAs (Payen et
al., 2018), it must be highlighted that the methodologies and inputs used for its
quantification greatly influence the results. In the present study, a value of 0.103
mdeq.-kg" is obtained using the AWARE methodology, where the monthly water
consumed by the crop, calculated as explained in Section 2.2.2.3, is then
multiplied by the corresponding monthly CF. Only Machin Ferrero et al. (2021)
assess this impact with the same methodology, although their result is 0.359
mdeq.-kg?, that is, almost 3.5 times higher. This could be partially explained by
the lower yield obtained for Argentinian lemons (42% lower). Likewise, it must
be borne in mind that both the inventory input and CFs are different. In the
Argentinian study, the irrigation water (102.94 m3-tonne) is multiplied by the
average CF corresponding to the months in which the crop is irrigated (3.40
m?eq.-m?); both values are about twice greater than those used in the present case
study. In case that the average irrigation water (18.64 m*tonne™) and the average
CF (1.70 m®eq.-m) for the irrigation months were used to calculate BWS, as in the
Argentinian study, the final BWS value of the present study would be 54% lower.

Therefore the difference with respect to Machin Ferrero et al. (2021) would be
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even greater. In sum, although both studies use the AWARE consensus method,
BWS results are drastically influenced by both the water input and the CFs used.
The value obtained by Machin Ferrero et al. (2022) is ten times lower than that
obtained in the present case study. However, as previously stated, direct
comparisons are not possible since they use the Swiss Ecological Scarcity Method
(Frischknecht et al., 2006), which proposes regionalised factors according to water

pressure categories.

As to the eutrophication-related categories, the methodologies used in
Martin-Gorriz et al. (2020) and Yang et al. (2020) do not discern between
freshwater and marine, thus, direct comparisons cannot be made. Regarding FEu,
in the present study, the production of pesticides, namely copper production, is
a relevant stage, similar to that described in Machin Ferrero et al. (2022, 2021),
who also do discriminate between MEu and FEu, obtaining lower values,
although of the same order of magnitude. As to MEu, in the present case study,
almost all the impact is attributed to on-field emissions (97-98%). In this respect,
Machin Ferrero et al. (2022) emphasise that, since Tucumadn is in an endorheic
basin, and the water has not outflow to the ocean, the impact on MEu due to local
on-field emissions is meaningless. Accordingly, the values obtained in the
Argentinian study are one order of magnitude lower than those of the present
case study, which makes sense considering that on-field emissions (a highly

impactful stage in our research) has no weight in their result.

Regarding the categories not included in Table 4.11, for Uruguayan lemons,
freshwater ecotoxicity is dominated by pesticide production, mainly copper

oxide. The Argentinian studies also highlight pesticide production as a critical
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point: the production of glyphosate (which is not used in the present study) and
the production of copper oxide are highlighted in Machin Ferrero et al. (2021),
and the production of copper oxide and abamectin in Machin Ferrero et al. (2022).
Regarding human health toxicity, copper oxide production resulted the most
relevant stage in this study, agreeing with Machin Ferrero et al. (2022). These
observations make clear that the production of pesticides, especially copper
oxide, a widespread fungicide, is a hotspot for lemons production in the region.
As to mineral depletion, pesticide production is also the stage that contributes the

most, as observed by Machin Ferrero et al. (2022) and Martin-Gorriz et al. (2020).

4.3.5. Gap for improvement

In this section, recommendations to improve the environmental
performance of Uruguayan lemons are proposed, mainly focusing on farm
management practices. The results obtained show that on-field emissions from
fertilisers are one of the main hotspots for lemon production in Uruguay, in
addition to the production of pesticides and fertilisers. Therefore, the reduction
of the environmental impacts should undoubtedly include a revision of this
aspect, where the cycle of N is particularly relevant. It is important to highlight
that, in the studied orchard, some practices aimed at the reduction of N emissions
are already carried out. Firstly, the N fertiliser applied contains a urease inhibitor
and DMPP, which decrease the activity of nitrifying bacteria and reduce N
emissions. Secondly, cover crops are also used, a widespread practice in
Uruguayan citrus orchards, which consists of growing vegetation between the
rows of trees to minimise N losses due to leaching (Sanz-Cobena et al., 2014). In

addition, drip irrigation is a practice that tends to minimise N2O and NOs
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emissions. Nevertheless, the reduction of N emissions as a consequence of these
practices was not quantified since the methods used have no available emission
factors linked, and it is thus an interesting point to be addressed in future studies.

The optimisation of N application is strongly linked to crop nutrition
management, which is fundamentally based on the synchronisation of
fertilisation with plant demand and, therefore, with crop physiology. To this end,
a detailed study of the mineral N pool available should be carried out, considering
the plant demand according to the physiological stage, the N available in the root
zone and that released from applied fertilisers (Skiba et al., 1997). Two useful tools
to optimise N application are the Normalized Difference Vegetative Index
(Pettorelli, 2013) and the use of Site-Specific Nutrient Management (Buresh and
Witt, 2007). The former takes into account the greenness of the leaves combined
with previous yield data to design successive split fertiliser applications. The
latter considers several factors to calculate the optimum level of N to be applied.
In the case of citrus fruits, the selection of rootstocks more efficient in absorbing
N during the production cycle could be another interesting option (Morales
Alfaro et al., 2021). The selection of the type of fertiliser to be applied appears as
a different approach to mitigate on-field emissions. Many authors recommend the
incorporation of slow-release forms of N, among them solid organic fertilisers
(Cayuela et al.,, 2017) and fertilisers covered with low permeability materials
(Mahmud et al., 2021; Skiba et al., 1997). The incorporation of organic mulches,
that is, material spread on the soil surface as a covering (e.g. bark, straw, senescent
leaves), comes as a compelling alternative to minimise N losses. Mulch has a high

carbon/nitrogen ratio and little available N; therefore, it can trap the residual N
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present in the soil (Carranca et al., 2018). Lastly, ecological ditches are an
innovative strategy to minimise emissions. These are designed to absorb nutrients
that otherwise would be lost through surface runoff and make those nutrients
available for root uptake or be incorporated into microbial metabolites (Mahmud

et al., 2021).

Another alternative to minimise on-field emissions is the optimisation of the
irrigation regime (amount, moment, and irrigation technique). Drip irrigation,
used in this case study, tends to minimise N20 production by denitrification and
NOs leaching (Cayuela et al., 2017; Sanz-Cobena et al., 2017). Subsurface drip
irrigation is an even better technology in terms of minimising emissions. As well,
the implementation of fertigation at night hours, when evapotranspiration is

reduced, can also reduce losses due to N volatilisation (Denmead et al., 2020).

The selection of the agricultural inputs to be applied is another opportunity
for improvement since the manufacture of pesticides and fertilisers is a hotspot
for several impact categories. In this respect, the selection of an alternative to
copper oxide, as well as practices oriented to reducing pathogen inoculum in the
field (pruning, organic mulches, and removing old twigs, among others), would
have significant repercussions on the results. Despite the great impact of fertiliser
production, their replacement is more complex as they are crucial for crop
growth, although optimisation of the N cycle following the previous
recommendations would contribute to minimising their use.

It must be taken into account that Uruguay is a country with a baseline water
stress lower than 10% (World Resources Institute, 2019). Therefore, there is

enough water available for agricultural use and recommendations to decrease
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BWS should be thus oriented to the optimisation of the ratio “irrigation dose/crop
yield” in the months of greatest scarcity in the basin. Optimising irrigation
through the use of up-to-date technologies that minimise unproductive
evaporation from the soil and thus reduce water consumption could be a relevant
mitigation strategy. Advanced irrigation scheduling or deficit irrigation, which is
based on the application of lower amounts of water than those needed by the
crop, increases water productivity while maintaining acceptable crop yields
(Garcia-Tejero et al., 2012). The aforementioned organic mulch also reduces
irrigation requirements, as it increases soil moisture retention. As well, the use of
nets to cover the crop decreases irrigation requirements since it reduces the
impact of the wind on the crop while increasing the humidity of the surrounding
air (Wachsmann et al., 2014). Those authors suggest that the use of nets could also

increase the yield, with the subsequent effect on the impacts per mass unit.

4.4. CONCLUSIONS AND FUTURE CHALLENGES

The environmental performance of lemon production in Uruguay was
assessed by performing an LCA, revealing key process hotspots. The relevance of
including several seasons in the analysis is evidenced, especially under highly
variable climatic conditions and even with constant agricultural practices. On-
field emissions from fertilisers, input production, and water consumption for
irrigation are the main hotspots found, therefore, recommendations oriented to
those stages have been proposed.

Results reaffirm the usefulness of considering different FUs for a more

complete system analysis. As expected, inter-season variability is greater when
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results are expressed per unit of mass as, in this study, where the inputs applied
are the same across the analysed seasons, yield greatly depends on agroclimatic
variables. When expressing the results per ha, the inter-seasonal variability of
MEu and CC and their dependence on nitrate leaching are evidenced. BWS shows
the greatest inter-seasonal variability, mainly due to the dependence of the crop's
water demand on climatic parameters, which are highly variable in Uruguay. This
impact depends as well on the basin’s monthly scarcity CF, also influencing the
variability of the results.

The results obtained are similar and even lower, especially for CC and BWS,
than those presented in other LCAs of lemon reviewed. The need to harmonise
the method to quantify the water consumed by the crop must be emphasised,
since this strongly influences the result of the BWS category when using the
AWARE methodology. Given the importance of N emissions, the use of
mechanistic models to quantify them is recommended. The quantification of the
reduction of environmental impacts due to the measures already established in
the orchards (e.g. use of urease inhibitors, cover crops, drip irrigation) is an
interesting point to be addressed in future studies.

The present study is the first approach to quantify the environmental
impacts of citrus fruit production in Uruguay. It highlights inter-seasonal
variability as an issue to be considered, even when agricultural practices do not
change from one season to another, which is especially relevant in countries with
high climatic variability like Uruguay. The case study provides scientific and
quantitative evidence to support both citrus producers and consumers when

making decisions to increase the environmental performance of citrus
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production, in line with the Sustainable Development Goals (SDGs), in particular

SDG-12.
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