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RESUMEN

La politica publica de Uruguay para descarbonizar sus fuentes de energia ha destacado
el uso de bioenergia. Sin embargo, la sostenibilidad de esta fuente de energia necesita
una evaluacién del consumo de agua y su contaminacidn, asi como una estimacion de
los niveles de emisiones de gases de efecto invernadero (GEIl). En este marco,
estimamos la huella de carbono (HC) y la huella hidrica (HH) de cuatro sistemas de
produccion de biomasa: (1) rotacién maiz-trigo-sorgo sin retiro de residuos (MWS),
(2) rotacion maiz-trigo-sorgo con retiro de residuos (MWS-R), (3) sorgo dulce
continuo (Ss) y (4) switchgrass (Sw). La estimacion de HC sigui6 una estrategia de
analisis del ciclo de vida, considerando los insumos y procesos relevantes para la
emision de GEI de las etapas de preparacion del suelo, siembra, post-siembra, cosecha
y transporte. Para evaluar la HH, el agua verde y gris se calcularon considerando los
diferentes volumenes de agua involucrados en la produccion de cultivos que surgen de
la evaporacion, la lluvia y la contaminacion por fertilizantes. Los sistemas de cultivos
anuales tuvieron las emisiones mas altas (1,6-2,84 kg COz-eq L™ etanol) Y l0s mayores
valores de HH (23,1-30,9 m® L Yean0l). Las etapas de preparacion del suelo, siembra 'y
post-siembra representaron el 80% de las emisiones en promedio en los sistemas de
cultivos anuales, mientras que solo la etapa de post-siembra explicé el 60% de las
emisiones totales de Sw. Entre los insumos utilizados, el fertilizante nitrogenado
representd el 36% de las emisiones de GEI, para todos los sistemas evaluados. El
volumen de agua requerido para asimilar los fertilizantes de fésforo y nitrégeno, jugé
un papel importante en los sistemas de cultivo de bioetanol. En sistemas anuales, el

agua gris fue la fraccién principal (87%) de la HH total.

Palabras clave: bioenergia, emisiones de gases de efecto invernadero, huella hidrica,

andlisis del ciclo de vida, intensificacion.
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EVALUATION OF CARBON FOOTPRINT AND WATER FOOTPRINT OF
BIOENERGY CROPS IN URUGUAY

SUMMARY

Uruguay public policy to decarbonize its energy sources highlighted the use of
bioenergy. However, the sustainability of this energy source needs an assessment of
water consumption and pollution as well as an estimation of the levels of greenhouse
gas emissions (GHG). In this framework, we estimate the carbon footprint (CF) and
water footprint (WF) of four bioethanol cropping systems: (1) maize-wheat-sorghum
rotation without harvested crop residues (MWS), (2) maize-wheat-sorghum rotation
with harvested crop residues (MWS-R), (3) continuos sweet sorghum (Ss) and (4)
switchgrass (Sw). The CF estimation followed a life cycle analysis strategy,
considering the relevant inputs and processes for the emission of GHG from crop
management phases of soil preparation, planting, post-planting, harvesting, and
transport. In order to assess the WF of bioethanol production green and grey
components were calculated by considering the different volumes of water involved
in the crop production arising from evaporation, rainfall, and fertilizer pollution.
Annual crop systems had the highest emissions (1.6-2.84 kg CO2-¢q L™ ethanot), and the
largest WFs (23.1-30.9 m® L ethanol). The stages of soil preparation, planting and post-
planting accounted for 80% of the emissions on average in the annual crop systems,
while only post-planting explained 60% of the total emissions for Sw. Among the
inputs used, nitrogen fertilizer represented 36% of GHG emissions (averaged over
bioethanol cropping systems). The volume required to assimilate phosphorous and
nitrogen fertilizers, plays a significant role in the bioethanol cropping systems. In

annual systems, WFqrey Was the main fraction (87%) of WFr.

Keywords: bioenergy, greenhouse gas emissions, water footprint, life cycle

assessment, intensification.
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1. INTRODUCCION
1.1. MARCO GENERAL

La preocupacion por el cambio climatico es creciente a nivel internacional y
nacional (Ludefia y Ryfisch, 2015). Una de las causas es el aumento de la
concentracion atmosférica de los gases de efecto invernadero (GEI) de origen
antropogénico, principalmente: diéxido de carbono (CO2), metano (CH4) y Oxido
nitroso (N20). Segun IEA (2017) las emisiones globales de GEI han aumentado un
40% desde 2000, en gran parte por el uso de combustibles fosiles. La generacion de
energia a partir de biomasa se postula como parte de la solucion para reducir las
emisiones de GEI (Cherubini et al., 2009; Fazio y Monti, 2011). A nivel internacional,
el 70 % de la energia renovable corresponde a la bioenergia y contribuye
aproximadamente el 14% al suministro mundial de energia primaria (IEA, 2018). Se
han evaluado diferentes materias primas para producir bioenergia, de primera
generacion (cultivos alimentarios) y segunda generacion (cultivos energéticos o
residuos agricolas) (Morales et al., 2015). Sin embargo, es necesario considerar los
beneficios e impactos ambientales asociados con cada uno de ellos (Halvorsen et al.,
2009). El consumo y la calidad del agua son una dimensién relevante para la
sostenibilidad ambiental en la produccion de bioenergia (Zhong et al., 2018). La
demanda de cultivos energéticos puede conducir a aumentar la presiéon sobre los
recursos hidricos por el consumo inadecuado de agua y su contaminacion (Mekonnen
y Hoekstra, 2011).

Se ha suscitado un debate importante sobre los beneficios ambientales reales de
los diferentes combustibles alternativos a los combustibles fésiles actualmente
utilizados en el transporte. Buscando cumplir con los objetivos de sostenibilidad, la
Directiva de la Union Europea sobre Energias Renovables (RED) (EC Directive, 2009)
determind que el 10% del consumo final de energia en el transporte para el 2020,
procediera de fuentes renovables, pero al mismo tiempo exige que para el
cumplimiento de esta obligacién, los biocombustibles deben cumplir criterios de
sostenibilidad. La RED mediante el decreto 2009/28/EC, determiné que a partir de



2018 el ahorro de emisiones de GEI sera al menos del 60% para biocombustibles y
bioliquidos en comparacion con los carburantes fosiles, a los que sustituyen (EC
Directive, 2009). Ademas, estas directivas modificaron la metodologia para el calculo
de la huella de carbono de los biocombustibles, al incluir las emisiones por los cambios
en el uso del suelo y la pérdida de COS (carbono organico del suelo) por erosion del
suelo (EU Regulation 2018/841, 2018). Por tanto, el incremento del uso de los
biocombustibles deberia ir acompafiado de un analisis detallado de su impacto
medioambiental, econdmico y social para determinar el perfil de cada opcion respecto
a los combustibles tradicionales. Este impacto depende en gran medida de las
condiciones de produccion (materias primas) y logistica (maquinaria, transporte y
almacenamiento) de cada pais, en especial las materias primas que se usen para su

obtencion.

En Uruguay, el transporte y la industria son los sectores que mas energia
consumen, donde el transporte consume un 28% del total de energia y emite el 55%
de las GEI del sector energético (MIEM, 2018). En el afio 2002 fue aprobada la Ley
de Produccion de Combustibles Alternativos, Renovables y Sustitutivos de los
Derivados del Petroleo (Ley N° 17.567, 2002), que declaré de interés nacional la
produccion de combustibles renovables y sustitutos de los derivados del petroleo
elaborados con materia prima nacional de origen tanto animal como vegetal. Lo que
se complemento con la Ley de Agrocombustibles, que fomenta y regula la produccion,
la comercializacion y la utilizacion de biocombustibles (etanol y biodiésel) y establece
un uso minimo de 5% de bioetanol en las gasolinas (Ley N° 18.195, 2007). La politica
energética nacional se ha adaptado a los objetivos y criterios del Protocolo de Kyoto y
el Acuerdo de Paris mediante la diversificacion y descarbonizacion de las fuentes de
energia, desarrollando un mercado de combustible liquido y generacion de energia
eléctrica con biomasa (Ludefia y Ryfisch, 2015). De esta manera se ha disminuido el
consumo de petréleo en un 25% y se han incrementado las energias renovables un 62%
entre 2006 y 2016. Por lo tanto, se pasé de un perfil importador a exportador de energia
eléctrica (Uruguay XXI, 2017). Actualmente los residuos de la agroindustria

(forestales y agricolas) representan dos tercios de la bioenergia actual generada. La



produccion de biomasa en 2017 fue del 43% del total de la energia nacional producida,
mientras que en el periodo 1990-2007 fue solo del 20% (Uruguay XXI, 2017). La
compafia petrolera estatal de Uruguay, ANCAP, ha invertido en la produccion
nacional de etanol a partir de cultivos anuales, pero hasta este momento, hay poca

investigacion sobre los impactos ambientales de su programa de biocombustibles.

1.2. METODOLOGIA DE ANALISIS DE CICLO DE VIDA (LCA)

La promocién de los biocombustibles como alternativa a los combustibles
fosiles para obtener un combustible tedricamente neutro en carbono, genera también
contrapartidas: se producen otros impactos, como el consumo de agua o la pérdida de
biodiversidad debido a la expansion en el uso de la tierra. La perspectiva del
pensamiento de ciclo de vida ilustra los posibles conflictos y necesarios compromisos
que deberemos alcanzar entre los distintos Objetivos de Desarrollo Sostenible: energia
sostenible para todos, combatir el cambio climatico y sus impactos, agua sostenible
para todos o proteger los ecosistemas terrestres y la biodiversidad.

El LCA es una de las metodologias méas difundidas para evaluar los efectos
ambientales derivados de la produccion de biocombustibles y ha sido ampliamente
utilizada para evaluar la eficiencia energética y el desempefio ambiental de cultivos
bioenergéticos (Cherubini et al. 2009; Fazio y Monti 2011). EI LCA es una
herramienta que permite evaluar el desempefio ambiental durante todo el ciclo de vida
de un producto o servicio en un periodo de tiempo y espacio predefinidos (1SO, 2006a).
En primer lugar, se cuantifica la extraccion y el consumo de recursos (incluyendo la
energia), asi como las emisiones al aire, al agua y al suelo durante todas las etapas.
Después, se analiza su contribucion potencial a las categorias de impacto ambiental.
Estas categorias incluyen el cambio climatico, toxicidad humana y ecotoxicidad, y
deterioro de la base de recursos (por ejemplo, agua, suelo, etc.). Una sistematizacion
integral de los requisitos y pasos del LCA esta contenida en las normas ISO
14040:2006 (ISO, 2006a) e ISO 14044:2006 (1SO, 2006b). Segun la norma técnica
internacional 1SO 14040 (ISO, 2006a) la metodologia LCA consta de 4 fases que



pueden ser retroalimentadas y ajustadas entre si a lo largo del proceso (Figura 1). Las
4 fases son:

1. Definicion de objetivos y alcance del estudio: se definen los motivos para la
realizacion del LCA, los limites del sistema (ej: de la cuna a la fabrica), lo que se
desea estudiar y la amplitud del estudio (ej: huella de carbono y agua). Es de vital
importancia establecer los limites que se incluirdn en el analisis, para tener en claro
que fases de la cadena de produccion/valor del producto o servicio se van a
considerar. Otro factor muy importante que se establece en esta fase es la unidad
funcional, la cual es la unidad de referencia utilizada para cuantificar el desempefio

de un producto (ej.: kg CO, eq L™ etanol producido).

2. Realizacion del inventario de ciclo de vida: incluye la obtencion de los datos para
cuantificar las entradas y salidas, de materia y energia de los sistemas relacionados

con la unidad funcional evaluada.

3. Andlisis de inventario y evaluacion de impacto: se convierten los consumos y
emisiones en unidades estandarizadas del impacto ambiental que se desea evaluar,
por ejemplo: CO,-q para expresar el calentamiento global potencial y m? para

expresar el impacto sobre el recurso agua.

4. Interpretacion: Esta es la fase final en donde se evallan los resultados obtenidos en
las anteriores fases en funcién de los objetivos planteados, para establecer
conclusiones y facilitar la toma de decisiones. En esta fase se puede determinar
cuéles son los procesos dentro del ciclo de vida del producto que generan los
mayores impactos ambientales y, por ende, en donde se deberian concentrar los

esfuerzos para mejorar el desempefio del producto o servicio.



Definicion del
alcance y objetivos

Anélisis de inventario

Interpretacion

Evaluacion de impacto

HH

=

Figura 1: Etapas de un LCA segun ISO 14040 (1SO, 2006a)

El proposito de un LCA es obtener conclusiones que puedan respaldar una
decision o que puedan proporcionar un resultado facilmente comprensible. Los
resultados de este tipo de evaluaciones deben permitir identificar problemas
ambientales relevantes para obtener conclusiones y recomendaciones que orienten la
toma de decisiones. En general, esta metodologia se utiliza para distintos objetivos en

forma simultanea, a diferentes niveles:

1- Contraste de diferentes opciones (por ejemplo, materias primas) a partir de la
estimacion de su desempefio ambiental en el tiempo (por ejemplo: huella de
carbono, huella hidrica, eutrofizacion, etc.).

2- ldentificar puntos criticos en toda la cadena de valor: identificando las etapas
relevantes donde seria pertinente intervenir dado que son las areas donde es factible
que las emisiones/impactos puedan reducirse mediante una mejora tecnoldgica.

3- Respaldar decisiones estratégicas y aportar datos para los informes de
sostenibilidad corporativa o publica. Estas decisiones estratégicas pueden estar a
tres niveles: cientifico, tecnoldgico y de politica publica o privada (ecoetiquetas).

4- ldentificar vacios de informacion local necesarios para lograr un célculo de huella

con mayor exactitud que el uso de datos no representativos de los sistemas locales.



Los estudios nacionales que han utilizado el LCA en productos agricolas

(Cuadro 1) muestran que la aplicacién de esta metodologia en el sector agropecuario

no es mayor a 9 afios. Ademas, la mayor parte de los estudios han estimado huella de

carbono sin considerar en el mismo estudio otros impactos ambientales. La aplicacion

del LCA ha sido principalmente en los productos de la ganaderia (carne y leche) y

productos agricolas (soja, maiz, arroz). En cuanto a la aplicacién en el sector

bioenergético se han realizado las primeras aproximaciones a la estimacién de huella

de carbono de algunas materias primas utilizadas en el pais para produccién de energia

(sorgo y cafa de azucar), asi como la eficiencia energética (sorgo dulce, sorgo grano,

boniato y madera).

Cuadro 1: Estudios nacionales usando LCA del sector agropecuario.

Titulo Docum Cadena Estima | Unidad | Referen

ento agroalimentaria cion Funcion cia
al

Emisiones de GEI en Tesis Ganaderia Huella de kg CO2eq Modernel,

invernada vacuna en carbono kg PV 2011.

Uruguay

Emisiones de GEI en Tesis Ganaderia Huella de kg CO2eq Becoria,

sistemas de cria carbono kg PV 2012.

vacuna del Uruguay

Evaluating the Reporte Bioenergia (sorgo dulce, | Huella de MJ/MJ Vazquez et

sustainability of sorgo grano, boniato y eficiencia al. (2013)

potential agro- madera) energética

industrial chains

(sweet sorghum, grain

sorghum, sweet potato

and forestry) for

agroenergy

production

Balance energético de | Articulo Bioenergia (sorgo dulce, | Huella de MJ/MJ Carrasco-

cadenas agro- de sorgo grano, boniato y eficiencia Letelier et

industriales de interés | difusion madera) energética al. (2013)




para la produccion de

bioenergias

Huella de carbono del | Articulo Arroz Huella de kg CO2 eq Roel et al.
sector arrocero de carbono kg arroz (2013)

difusion
Global versus local | Articulo Ganaderia Huella de kg CO2 eq Modernel et
environmental cientifico carbono kg PV al. (2013)
impacts
of grazing and
confined beef
production systems
Primer estudio de la Reporte Cria vacuna, lecheria, Huella de kg CO2eq Becofia et
huella de carbono de arroz. carbono kg carne al. 2013.
tres cadenas kg CO2eq
agroexportadoras del LPE
Uruguay kg CO2eq

kg arroz

Relacion  entre la Tesis Lecheria Huella de kg CO2eq Lizarralde,
huella de carbono y las carbono kg LCGP 2013.
practicas de manejo en
predios lecheros en
Uruguay
Sustainability of meat | Articulo Ganaderia Huella de kg CO2eq Picasso et
production  beyond | cientifico carbono kg PV al. (2014)
carbon footprint: a
synthesis  of case
studies from grazing
systems in Uruguay
Practices to Reduce | Articulo Lecheria Huella de kg COz2eq | Lizarralde et
Milk Carbon Footprint | cientifico carbono kg LCGP al. (2014)
on Grazing Dairy
Farms in Southern
Uruguay: Case
Studies
Greenhouse gas | Articulo Ganaderia (23 sistema de | Huella de kg CO2eq Becoria et
emissions of beef | cientifico cria) carbono kg PV al. (2014)

cow—calf grazing

systems in Uruguay




Andlisis de ciclo de Reporte Bioenergia Huella de kg CO2eq Herrera et
vida del proceso de carbono (1 t de cafa al. (2015)
transformacion de la procesada,
cafia de azucar para la 1 MJde
produccion de etanol,
bioetanol en la planta 1kgde
de Bella Unién de la azlcar,
empresa ALUR 1 kWh de

electricidad)
Anélisis de ciclo de | Reporte Bioenergia Huella de kg CO2 eq Herrera et
vida del proceso de carbono MJ al. (2016)
produccion de biodiesel
biodiesel a partir de un
mix de  materias
primas grasas en la
empresa alcoholes del
Uruguay (ALUR)
Andlisis de ciclo de | Reporte Bioenergia Huella de kg CO2z eq Herrera et
vida del proceso de carbono MJ etanol al. (2017)
produccion de etanol a
partir ~ de  sorgo
granifero en la planta
de Paysandd de la
empresa ALUR
Environmental Articulo Agricultura (maiz y soja) Huella mé ton Darré et al.
impacts on water | cientifico hidrica, CTUe ha* (2019)
resources from eco POseq ton*
summer  crops in toxicoldgi
rainfed cayde
and irrigated systems eutrofizaci
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1.3. HUELLA DE CARBONO

La huella de carbono (HC) es un indicador de la cantidad de GEI generados y
emitidos durante el ciclo de vida de un servicio o producto a lo largo de la cadena de
produccion, incluyendo la elaboracion de materias primas y el destino final del
producto. La HC considera los 6 GEI identificados en el Protocolo de Kioto: didxido
de carbono (CO3), metano (CHa4), 6xido nitroso (N20), hidrofluorocarbonos (HFC),
perfluorocarbonos (PFC) y hexafluoruro de azufre (SF6). La HC se mide en toneladas
equivalentes de dioxido de carbono (COzeq), a fin de poder expresar las emisiones de
los distintos gases de efecto invernadero en una unidad comun. Para su calculo se
cuantifican las emisiones (directas e indirectas) de los insumos utilizados para la
produccion, comercializacion, transporte y procesamiento del producto, asi como

aquellas emisiones generadas para la disposicion final de los deshechos.

El objetivo final de la medicion de la HC suele ser la reduccion de dichas
emisiones, contribuyendo asi a la mitigacion del cambio climético. En lo que refiere
al sector bioenergético, se han cuantificado reducciones de 60-70% en las emisiones
de GEI durante la produccion y el uso de biocombustibles como sustituto de los
combustibles fésiles (Kim y Dale, 2005; Fazio y Monti, 2011). Los estudios de huella
de carbono sobre materias primas para produccion de bioenergia han abarcado cultivos
anuales (soja, maiz, colza, sorgo, remolacha, etc.) (Wang et al., 2014; Arodudu et al.,
2017) asi como también cultivos lignoceluldsicos (pasto elefante, miscanthus,
switchgrass, etc.) (Gnansounou et al., 2009; Liska et al., 2009). Los cultivos
lignoceluldsicos producen una mayor cantidad de materia seca en comparacion con los
cultivos anuales, tienen bajos niveles de erosion del suelo, menores demandas de
insumos Y, por lo tanto, menores costos de energia asociados (Heaton et al. 2004;
Lewandowski y Schmidt, 2006). Ademas, en contraste con los cultivos anuales, los
sistemas de cultivos perennes tienden a acumular COS (Mila | Canals et al., 2007). El
COS es un indicador importante de la calidad del suelo que afecta la estructura del
suelo, la entrada y retencion de agua, el ciclo de nutrientes y la actividad bioldgica.

Las gramineas perennes tienen la capacidad de aumentar significativamente el COS



debido a un extenso sistema de raices que contribuye a aumentar el carbono (C) en la
profundidad del suelo (Follett et al., 2012). Este proceso se denomina secuestro de C,
proceso en el que las plantas incorporan CO, atmosférico al pool de COS. Es
importante evaluar la cantidad de C en la biomasa que puede ser secuestrada en el
suelo, ya que la mayor parte del C almacenado en la biomasa aérea se utilizara para la
produccion de energia (Lal, 2009). La cuantificacion de los cambios en el
almacenamiento de COS es un factor importante para estimar con exactitud las
emisiones de GEI en las evaluaciones del ciclo de vida de la bioenergia (Schmer et al.,
2015). Los cambios en el COS afectan el balance de las emisiones de GEI en un LCA.
Algunos estudios han intentado cuantificar las tasas de secuestro/emisiones de C
asociadas con el uso del suelo y los cambios en el uso del suelo, principalmente
utilizando modelos que simulan la rotacion de materia organica como parte del ciclo
del carbono renovable (Branddo et al., 2011). Ademas del COS, se ha sugerido la
erosion como posibles indicadores de los impactos del uso del suelo en LCA
(Cherubini et al., 2009). La pérdida de COS por erosion es una causa importante de
degradacién de la calidad del suelo (Lal, 2004). Tanto las ganancias de C por secuestro
como las pérdidas por erosion pueden ser afectadas por el manejo de los residuos
(Lemus y Lal, 2005). La utilizacion de residuos de cultivos en la produccion de
biocombustibles de segunda generacion tiene el potencial de impulsar el sector de la
bioenergia sin afectar los precios de los productos alimenticios (Lugato y Jones, 2015).
Sin embargo, la eliminacion de residuos para biocombustibles puede conducir a un
aumento de la erosion del suelo, disminucion del COS y, por lo tanto, un aumento de
las emisiones de CO (Lal, 2009; Liska et al., 2014).

A nivel local, esta tesis es la primera determinacion del efecto de intensificacion
en la huella de carbono de rotaciones de cultivo de secano para producir
biocombustibles. Conocer los valores de HC de diferentes sistemas de rotacion permite
determinar si la intensificacion de los mismos lleva a un incremento de su HC.
Ademas, entender cuales son las fuentes de emision y etapas que explican las mayores
emisiones, nos permitiria proponer soluciones para reducir las emisiones en la

produccion de biocombustibles. Esta situacion nos plantea las siguientes interrogantes:
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1- Sistemas mas intensivos, es decir con mayor consumo de insumos, cultivos por afio,
retiro de residuos, presentaran una mayor HC?

2- Los procesos de secuestro y/o pérdida de C por erosion son relevantes en el balance
de GEI de las rotaciones de cultivo?

3- La estimacion de la HC permite discriminar cual es el sistema agricola con menor

emision de CO,?

1.4. HUELLA HIDRICA

Como una segunda dimensién de los impactos ambientales potenciales de los
biocombustibles, el consumo de agua y su contaminacion (incremento de nutrientes y
pesticidas) son los mas importantes (Ji y Long, 2016). Para evaluar este impacto
ambiental, la huella hidrica (HH) permite estimar el volumen de agua consumida y/o
contaminada por unidad funcional seleccionada, donde se incluye el uso directo e
indirecto del agua (agua virtual) a lo largo de las cadenas de suministro del producto
(Hoekstra et al., 2011). Diferentes materias primas han sido evaluadas mediante su
HH, encontrandose una amplia gama de valores en funcion de la materia prima y la
ubicacion (Gerbens-Leenes et al., 2009; Mekonnen y Hoekstra, 2011; Mathioudakis et
al., 2017). Sin embargo, la mayoria de los estudios se han centrado en el consumo de
agua sin cuantificar la contaminacién. A nivel mundial, la amenaza mas importante
para la calidad del agua dulce es la eutrofizacion (Khan y Mohammad, 2014) causada
por las emisiones de fosforo (P) y nitrégeno (N). En Uruguay, en varios rios se han
reportado concentraciones de P mas altas que el estandar actual establecido (decreto
253/79) (Carrasco-Letelier et al., 2014), estudiandose su vinculacién con la erosién de
suelos (Carrasco-Letelier y Beretta-Blanco, 2017) y también se han reportado
floraciones de cianobacterias (Kruk et al., 2013). La calidad del agua se deteriora en
todo el pais, con muchos rios por encima del limite eutré6fico (Kruk et al., 2015;
Rodriguez-Gallego et al., 2017). Ante un escenario nacional con una alta proporcion
de biomasa para produccion de energia, la cuantificacién de la HH de sistemas de
produccion de biomasa, asi como su efecto en la contaminacion del agua son de vital

importancia.
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1.4.1. La Huella Hidrica: Water Footprint Network

La HH de un producto se define, como el volumen total de agua dulce que se
utiliza directamente o indirectamente para producir un bien (Hoekstra et al., 2011). Se
calcula teniendo en cuenta el consumo de agua directo e indirecto asociado a la
contaminacion en todos los pasos del proceso productivo. De esta forma se llegan a
establecer tres componentes que constituyen la HH de un producto, estos son la huella

azul, la huella verde y la huella gris (Figura 2).
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Figura 2: Componentes de la huella hidrica. Adaptado de Hoekstra et al. (2011).

La huella azul corresponde al consumo de los recursos de aguas superficiales y
subterraneas a lo largo de la cadena de produccion, refiriéndose ese consumo a las
salidas del sistema debido a la evaporacion, al traslado a otra zona de captacion o bien
a la incorporacion de agua a un producto, esto basicamente corresponde al riego. La
huella verde corresponde al consumo de los recursos de agua provenientes de la lluvia
almacenada en el suelo, como la humedad del suelo y, por ultimo, la huella gris
corresponde al volumen de agua requerida para asimilar la carga de contaminantes

hasta alcanzar los valores vigentes de calidad del agua.
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1.4.2. La Huella de Agua: norma ISO 14046 (1SO, 2014)

La norma 1SO 14046 (1SO, 2014) estandarizo el calculo de la huella de agua en
el marco del ciclo de vida, contemplando las etapas clasicas de un LCA y evaluando
el impacto en dos dimensiones: depreciacion del recurso y contaminacién del mismo
(Figura 3); especificando las opciones de calculo en la ISO/TS 14073 (1SO, 2017).

Definicion del objetivo
y el alcance

Anilisis del i tari « Interpretacion
de la huella de agua de resultados

Evaluacion del
impacto de la huella
del agua

La principal diferencia entre el calculo de HH propuesta por Hoekstra et al.
(2011) y la norma 1SO 14046 (ISO, 2014) es que en esta ultima la contaminacion del
agua posee diferentes dimensiones de depreciaciébn o impacto (por ejemplo,
ecotoxicoldgica, eutrofizacion, etc.) detalladas en la ISO/TS 14073 (1SO, 2017). Esta
discriminacion permite orientar la gestion y dimensionar el impacto ecosistémico, a
diferencia de los calculos de huella gris de agua, estimacion que no informa el agente

de contaminacion que se debe gestionar.
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1.5. OBJETIVOS

Estimar las huellas ambientales (carbono y agua) de cuatro sistemas de
produccion de biomasa con diferente grado de intensificacion para la produccion de
etanol. Esto con el objetivo de conocer si la intensificacion de los sistemas (por un
mayor consumo de insumos, cultivos por afio, retiro de residuos) provoca un

incremento de las huellas ambientales.

1.6. HIPOTESIS DE TRABAJO

Hipdtesis 1: La intensificacion agricola (consumo de insumos, cultivos por afio, retiro

de residuos) aumentara la huella ambiental (carbono y agua) por hectérea de cultivo.

Hipdtesis 2: La intensificacion agricola reducira la huella ambiental por litro de etanol

producido.
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2. CARBON FOOTPRINT OF FOUR BIOETHANOL CROPPING SYSTEMS
IN URUGUAY!

Mauricio Bustamante—Silveira®, Guillermo Siri—Prieto?, Leonidas Carrasco—Letelier”

& Estacion Experimental Mario Cassinoni (EEMAC), Facultad de Agronomia,

Universidad de la Republica, Paysandd, Uruguay.

b Instituto Nacional de Investigacion Agropecuaria (INIA), Programa de Produccion
y Sustentabilidad Ambiental, Estacién Experimental INIA La Estanzuela Alberto
Boerger, Ruta 50 km 11, 70000, Colonia, Uruguay.

2.1. ABSTRACT

The production of ethanol from biomass, in accordance with the EU Renewable
Energy Directive (2009/28/EC), requires an estimation of the levels of greenhouse gas
emissions (GHG) from biofuels, as well as a comparison of the values of emission
savings as opposed to fossil fuels. In this framework, we estimate the carbon footprint
of four bioethanol cropping systems: (1) maize-wheat-sorghum rotation without
harvested crop residues (MWS), (2) maize-wheat-sorghum rotation with harvested crop
residues (MWS-R), (3) continuous sweet sorghum (Ss) and (4) switchgrass (Sw). The
estimation followed a life cycle analysis strategy, considering the relevant inputs and
processes for the emission of GHG from crop management phases of: soil preparation,
planting, post-planting, harvesting, and transport. The carbon footprint varied
between 0.18 and 2.84 kg CO»-eq L * ethanol. Switchgrass had the smallest footprint and
the highest ethanol yield per hectare (4,263 L ha yr ). Annual crop systems had the
highest emissions (1.6-2.84 kg CO2eq L ethanat), 10 times higher than Sw. The stages
of soil preparation, planting and post-planting accounted for 80% of the emissions on
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average in the annual crop systems, while only post-planting explained 60% of the total
emissions for Sw. Among the inputs used, nitrogen fertilizer represented 36% of GHG
emissions (averaged over bioethanol cropping systems). Soil erosion by water
accounted for 10% of the soil organic carbon lost in Sw in comparison with MWS-R
and Ss systems. In addition, Sw was the only system with carbon sequestration (1.47
Mg COy¢q ha yr?), a value that corresponded to 70% of global emissions of this

bioethanol cropping system.

Keywords: biofuel, greenhouse gas emissions, life cycle assessment, SOC, soil

erosion
2.2. RESUMEN

La produccion de etanol a partir de biomasa, de acuerdo con la Directiva de
Energia Renovable de la UE (2009/28/EC), requiere una estimacién de los niveles de
emisiones de gases de efecto invernadero (GEI) de los biocombustibles, asi como una
comparacion de los valores de ahorro de emisiones en relacion los combustibles
fosiles. En este marco, estimamos la huella de carbono de cuatro sistemas de
produccion de biomasa: (1) rotacidon de maiz-trigo-sorgo sin retiro de residuos (MWS),
(2) rotacién de maiz-trigo-sorgo con retiro de residuos (MWS-R) , (3) sorgo dulce (Ss)
y (4) switchgrass (Sw). La estimacion siguié la metodologia de andlisis del ciclo de
vida, considerando los insumos y procesos relevantes para la emisién de GEI de las
fases de: preparacion del suelo, siembra, post-siembra, cosecha y transporte. La huella
de carbono vario entre 0,18 y 2,84 kg de CO,-eq L™ etanol. Switchgrass tuvo la menor
huellay el mayor rendimiento de etanol por hectarea (4263 L (ha afio)™1). Los sistemas
de cultivo anuales tuvieron las emisiones mas altas (1,6-2,84 kg CO.-eq L* etanol),
10 veces mas que Sw. Las etapas de preparacion del suelo, siembra y post-siembra
representaron el 80% de las emisiones en promedio en los sistemas de cultivos anuales,
mientras que solo la etapa de post-siembra representd el 60% de las emisiones totales
de Sw. Entre los insumos utilizados, el fertilizante nitrogenado representé el 36% de
las emisiones de GEI (promediado sobre los sistemas de cultivo de bioetanol). En Sw,
el proceso de erosion represento el 10% del carbono organico del suelo perdido en los

sistemas MWS-R y Ss. Ademas, Sw fue el Unico sistema con secuestro de carbono
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(1,47 Mg COz-eq (ha afio) %), valor que corresponde al 70% de las emisiones totales
de este sistema.

Palabras clave: biocombustibles, emisiones de gases de efecto invernadero,

analisis de ciclo de vida, COS, erosion.

2.3. INTRODUCTION

Global greenhouse gas (GHG) emissions have increased 40% since 2000 (IEA,
2017). Biofuels are postulated as part of the solution to reduce GHG emissions and
increase energy security (Farrell et al., 2006; Mathews, 2007). The production of
biomass to generate biofuels could reduce GHG emissions (Cherubini et al., 2009;
Fazio and Monti, 2011). Different raw materials have been evaluated to produce
biofuel (Morales et al., 2015); however, it is necessary to consider the environmental
benefits and impacts associated with each of them (Halvorsen et al., 2009). In Uruguay,
there are several agricultural long-term experiments (LTE) for production and

environmental evaluation of different biofuel technology options (Siri-Prieto, 2013).

Significant reductions in GHG emissions have been quantified during the
production and use of biofuels as a substitute for fossil fuels (Kim and Dale, 2005;
Fazio and Monti, 2011). Several studies on the carbon footprint have been conducted
on annual crops (Wang et al., 2014; Arodudu et al., 2017) and lignocellulosic crops
(Gnansounou et al., 2009; Liska et al., 2009). Lignocellulosic crops produce a greater
amount of dry matter compared to annual crops, have low levels of soil erosion, lower
demands for inputs, and therefore, lower associated energy costs (Heaton et al. 2004;
Lewandowski and Schmidt, 2006). In addition, in contrast to annual crops, perennial
cropping systems tend to accumulate soil organic carbon (SOC) (Mila | Canals et al.,
2007). Perennial grasses, like switchgrass, have the ability to significantly increase
SOC due to an extensive root system which contributes to increase C in soil depth
(Follett et al., 2012). However, most carbon footprint studies on agricultural products

focus on single crops, and only a few studies analyzed the cropping systems as a whole
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(Goglio et al., 2012; Nemecek et al., 2015). This approach is not adequate for annual
crops because each cropping system is affected by the operations along the entire crop
rotation system (e.g. crop yield, weed control, nutrient inputs, economic profit, soil

erosion control, etc.) (Nemecek et al., 2015).

Quantifying changes in SOC storage is an important factor in accurately
estimating GHG emissions in bioenergy life-cycle assessments (LCA) (Schmer et al.,
2015). Changes in SOC affect GHG emissionsinan LCAand SOC itself isan important
indicator of soil quality affecting soil structure, water entry and retention, nutrient
cycling, and biological activity. Some studies have attempted to quantify the rates of
C sequestration/emissions associated with land use and land use changes, mainly using
models simulating organic matter turnover as part of the renewable carbon cycle
(Brandao et al., 2011). In addition to SOC, erosion has been suggested as possible
indicators for land-use impacts in LCA (Cherubini et al., 2009). In addition, SOC loss
by erosion is a major cause of soil quality degradation (Lal, 2004). Many LCA studies
have not accounted for potential SOC changes from biomass cropping systems (Larson,
2006). Furthermore, there is no common methodology for considering SOC changes
in LCA. As part of the European Union (EU) sustainability framework for biofuels
and bioliquids, the EU Renewable Energy Directive (RED) (2009/28/EC) determinate
minimum GHG emission requirements that biofuels must meet on a mandatory basis
(EC Directive, 2009). In more detail, the Regulation 2018/841 (EU Regulation
2018/841, 2018) determinate that from 2018 that GHG emission saving shall be at
least 60% for biofuels and bioliquids. This regulation also determinate the
quantification of land use change and soil erosion loss in GHG balance in LCA studies.

The utilization of crop residues in the production of second-generation biofuels
has the potential to boost the bioenergy sector without affecting food commaodity prices
(Lugato and Jones, 2015). However, the removal of residues for biofuels can lead to
increase soil erosion, decreased SOC and therefore increase CO> emissions. Several

studies have tried to quantify the effects of crop residue harvest on soil properties
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(Andrews, 2006; Lal, 2009), and its effect on GHG balance (Gabrielle and Gagnaire,
2008; Liska et al., 2014).

The Kyoto Protocol and the Paris Agreement led to a long-term state policy in
Uruguay to diversify and increase the decarbonization of its energy sources, with the
development of renewable energies (Ludefia and Ryfisch, 2015). From 2006 to 2016,
Uruguay oil consumption decreased 25%, and renewable energy grew 62% (Uruguay
XXI, 2017). During this period, Uruguay changed from being an importer to an
exporter of electric power energy. Thus, currently agroindustry residues (i.e. forest and
agricultural) represent two thirds of the current bioenergy generated. Biomass
production in 2017 generated 43% of the total national energy, while in the period
1990-2007 it only generated 20% (Uruguay XXI, 2017).

However, the development of bioethanol cropping systems are still limited in
Uruguay, and there are several scientific gaps about agronomic and environmental
sustainability that need to be addressed. We studied two hypothesis: first, an
agricultural intensification (i.e. consumption of inputs, crops per year and/or residue
removal) will increase the carbon footprint of system (i.e. cropping system) and,
second, the same intensification will reduce the carbon footprint of product (i.e.
bioethanol produced). To evaluate the consequence of these hypothesis, we estimated
the carbon footprint of four bioethanol cropping systems and their bioethanol
production. The studied bioethanol cropping systems have different degrees of
intensification and belong to an eight-year agricultural long term experiment (LTE) and

are representative of the main agricultural region in Uruguay.
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2.4. MATERIALS AND METHODS

2.4.1. Site description and experimental design

The agronomic information used for GHG estimation was based in the database
of the eight-year LTE of bioethanol cropping systems maintained at the Mario
Cassinoni Agricultural Experimental Station (EEMAC) at Paysandu Department,
Uruguay (32°22” S 58°03° W). These bioethanol cropping systems are representative
of the production conditions of the western arable soils of the country. Prior to start of
this LTE in the summer of 2008, the research site was under a wheat-soybean-maize
rotation from 2003 to 2007.

This region has a temperate-humid climate without a dry season according to the
Kdppen classification (Kottek et al., 2006), with a daily average temperature of 24°C
and 12°C for summer and winter, respectively; and an average annual precipitation of
1598 mm. Monthly climate information on 13-year average (2002—2015) was used.
The LTE is on a Brunosol Eutrico Typico (Uruguay soil taxonomy, Duréan and
Garcia Préchac (2007)) or Argiudol (USDA soil taxonomy) that belong to San
Manuel Soil Unit, with a soil depth of 40 - 90 cm. The experiment had plots of 150 m?

(30 m x 5 m) distributed on a landscape with an average slope of 1%.

Treatments within the LTE were arranged in a randomized complete block
design with three replications (Table 1). The bioethanol cropping systems were: (1)
maize (Zea mays)-wheat (Triticum aestivum)-grain sorghum (Sorghum bicolor)
rotation without crop residue removal (MWS),(2) maize-wheat-grain sorghum rotation
with crop residue removal (MWS-R),(3) continuous sweet sorghum with winter cover
(Ss), and (4) switchgrass (Panicum virgatum) (Sw). Treatments 1 and 2 had three crops
in two years. Consequently, these two cropping systems include additional plots so all
crops for each crop rotation are present every year. The continuous sweet sorghum
treatment includes oat (Avena sativa) as a cover crop to reduce soil erosion. The fourth
treatment was switchgrass, a perennial lignocellulosic crop planted in 2008 and

harvested every year during winter season. Crop yields (grain, residues, total biomass)
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correspond to means of field measurements over eight years (2009-2016). In MWS
and MWS-R systems, total yield (dry matter or ethanol) corresponded to the sum of
each crop yield (grain or residue) in the crop rotation. Since intensification is ranked
based on number of cash crops in the cropping system and harvested biomass, the

system intensities were ranked as follows: MWS-R > MWS > Ss > Sw.

Table 1. Bioethanol cropping systems studied: MWS, maize-wheat-grain
sorghum; MWS-R, maize-wheat-grain sorghum with residue harvest; Ss, sweet

sorghum; Sw, switchgrass.

Crop Systems Covercrop Cropresidue  Harvested product
harvest (%)

Maize-Wheat-Sorghum No 0 Grain

(MWS)

Maize-Wheat-Sorghum No 80 Grain and Residue

(MWS-R)

Continuos sweet sorghum (Ss) Yes 0 Chopped biomass

Switchgrass (Sw) No 0 Baled biomass

2.4.2. Crop management

No-tillage was used with annual crops (maize, wheat, sorghum, sweet sorghum
and oat) while initial Sw cultivation was carried out using conventional tillage. In Sw,
the activities and inputs for soil preparation and planting stages were made only in the
year of establishment of the crop, so all the inputs and emissions associated with this
period were amortized over a period of eight years. Recommended planting densities
were used for all crops. Pre- and post-emergent herbicides were applied in all
treatments to control weeds as needed. Phosphorus fertilization was carried out at
planting with different doses according to the crop using ammonium phosphate as
source (18%N-46%P). Nitrogen fertilizer applications were carried out in the post-

planting stage, varying rates according to management practices using urea (46% N).
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None fertilization for the oat cover crop in the Ss system was done. In MWS-R system,
residue was harvested using additional machinery (mower conditioner, baler; Table 2).

2.4.3. Carbon footprint calculations

The carbon footprint estimates for GHG emission were calculated according to
criteria defined by 1SO 14064-1 (1SO, 2018a), ISO 14067 (I1SO, 2018b), 1SO 14069
(1ISO, 2013) and GHG Protocol (Ranganathan et al., 2018). The GHG estimation
considered emissions of carbon dioxide (COz), methane (CH4), and nitrous oxide
(N20) of all inputs of cropping systems. A temporal scope of 100 years was considered
for the global warming potential (GWP) emissions according to the IPCC Fifth
Assessment Report (Allen etal., 2014), with a GWP of 1, 25, and 265 for CO2, CHa, and
N2O, respectively.

This study considered two operational levels of the GHG Protocol: (1) direct
GHG emissions (fuel consumption and NO> emissions), (2) indirect emissions
associated with the bioethanol cropping systems (seeds, fertilizers, pesticides and
machinery). The potential GHG emission account also considered the fuel consume
ratio, the time of use and the energy involved for the development of each kind of
utilized machinery. Consumed electric power or thermal energy were not considered.
The socioeconomic dimension of the studied systems was not considered in our

research because there was not public available information.

The functional unit utilized for the systems was emissions per unit of area
expressed in CO,-eq ha™t and emissions per liter of ethanol, expressed in COz-q
L ethanol. The life cycle inventory (LCI) considered the phases of field preparation,
planting, post-planting, harvest and transport to a bioethanol production plant located
50 km away. Fresh matter yields were transported by truck to ethanol production plant;
however, dry matter yields were used for calculations. The carbon footprint was
expressed as annual kilograms of CO> equivalents and, for two-year crop systems, half

of the total impact of the entire rotation was considered for the annual calculations.
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Total GHG net emissions correspond to the sum of agricultural and transport
inputs, SOC lost by water erosion and mineralization, and N.O emissions of applied
N. In Sw, SOC sequestration was considered in net emissions as a gain of C, therefore,

net emissions were lowest than global emissions.

2.4.4. Soil organic carbon and GHG emissions

The GHG emissions related to carbon loss by soil erosion and land-use changes
(LUC) were estimated through two models: Erosion 6.0 for soil erosion by water, a
USLE/RUSLE model calibrated for Uruguay (Garcia-Préchac et al., 2013), and the
AMG model (Andriulo et al., 1999) to estimate LUC effects in the carbon balance.
These emissions do not belong to the ISO standards criteria but it is at the framework
of EU Directive 2018/841.

Erosion carbon losses, expressed in Mg (ha yr)™, were estimated with Erosion
6.0 software based on the combination of validated and calibrated USLE-RUSLE
model for our conditions (Garcia-Préchac et al., 2013). The Erosion 6.0 software was
downloaded from its official website (Garcia-Préchac et al., 2013). This model
estimates the soil annual erosion for each agricultural land use based on the USLE
factors (Foster et al., 1981) conversion of eroded soil times the SOC concentration of

the soil eroded.

For annual crops, SOC losses by LUC effects were estimated with the AMG
model (Andriulo et al., 1999). The harvest index was used to estimate the whole above-
ground biomass based on the grain yield of each crop. The root biomass in annual
crops was estimated as 18% of the above-ground biomass according to Bolinder et al.
(2007). The carbon content in the crop residues was assumed as 40% according to
Saffih-Hdadi and Mary (2008), and the initial soil organic carbon content was

measured by the Walkley & Black method (Nelson and Sommers, 1982). In the case
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of Sw, a SOC sequestration rate of 0.4 Mg (ha yr)™* was assumed according to
Anderson-Teixeira et al. (2009).

Direct emissions of N2O from each unit of applied fertilizer were estimated using
the emission factors of Bouwman et al. (2002). Direct emissions from stubbles and
indirect emissions of N-volatilization, and losses by runoff and leaching were
estimated using the emission factors of IPCC (Eggleston et al., 2006). OpenLCA v1.7
software (Green Delta, 2014) was used to model each system, using the impact
evaluation method CML Baseline v4,4 (Guinee, 2002) and the USDA database of the
Nexus OpenLCA repository.

2.4.5. Statistical analysis

Mean CO> emissions of the different treatments were compared by analysis of
variance if there were normal distribution and homoscedasticity of data, assumptions
that were assessed with the Shapiro-Wilk’s test and Levene’s test. For data without
normal distribution and/or homogeneity of variance, a Kruskal-Wallis test was used
with a Dunn’s test like and a post hoc. All these analyses were performed with a level
of significance of 5%. Data analysis were performed using the InfoStat/P program (Di
Rienzo et al., 2014) and R software (R Core Team, 2013).

2.5. RESULTS

2.5.1. Life cycle inventory of systems and products

Life cycle inventory is presented in tables 2 and 3. Information of inputs (i.e. seed,
fertilizers, pesticides, fuels, machinery) and products (i.e. grain and harvest residues,
biomass) was included. In MWS and MWS-R systems, each crop had different grain
yields as a result of residue harvest effect in the crop rotation.
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Table 2: Annual mean values, from 8 years-LTE, of inputs and activities of the

crops: maize (M), wheat (W), grain sorghum (S), sweet sorghum (Ss) and switchgrass

(Sw).

Crop Systems

M w S Ss¥ Sw
Machinery (n ha?)
Eccentric plow® 2
Disc harrow?® 1
Chisel plow® 1
Sprayer 3 4 2 4 3
Seed drill 1 1 1 2 1
Fertilizer spreader 2 2 2 2 2
Combine harvester 1 1 1
Mower conditioner® 1 1 1 1
Baler® 1 1 1 1
Forage harvester 1
Diesel (L ha™) 68P 60° 69° 166 107

106° 99° 104°¢

Seed (kg ha™) 20 100 15 108 6
Fertilization (kg ha)
Ammonium phosphate (18-46) 100 120 100 120 120
Urea (46% N) 120 160 120 120 200
Pesticides (L ha™)
Glyphosate 6 6 3 10 8
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Atrazine 5 5 5 5

Alpha-metholachlor 1 1 1
Methsulfuron 0.007

Dicamba 0.15

Fungicide 1

M: maize; W: wheat; S: grain sorghum; Ss: sweet sorghum; Sw: switchgrass.

¥ Ss system includes cover crop inputs.

8: Conventional tillage was used only for Sw, in the rest of crops no-tillage was used.
*: Used for residue harvest in M, W and S. Total biomass harvest in Sw.

P. Diesel used in MWS system. Field activities and transport.

¢ Diesel used in MWS-R system. Field activities and transport. Also includes harvest

and transport of residues.

Table 3: Mean yields of crop systems, from 8 years-LTE, expressed in mega
grams of dry matter per hectare for maize (M), wheat (W), grain sorghum (S), sweet

sorghum (Ss) and switchgrass (Sw).

M w S Ss Sw

Crop residue .
Dry Matter Yield (Mg ha* yr)

harvested
No 4.68 2.97 451
Grain
Yes 4.22 3.22 4.28
Biomass* 2.66 1.94 291 9.30 15.22

M: Maize; W: wheat; S: Grain Sorghum; Ss: sweet sorghum; Sw: switchgrass.
*: Straw for M, W and S; stem yield for Ss (85% of total biomass); total biomass for

Sw.
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2.5.2. Biomass production yields

Switchgrass achieved the highest dry matter and ethanol yields, with values of 15
Mg (hayr)™ and 4,263 L (ha yr)™?, respectively (Table 4). The ethanol yield produced
by Sw was followed by MWS-R with 3,104 L (ha yr)™t. The MWS rotation presented
lower yields both in dry matter (6.08 Mg (ha yr) 1) and ethanol (2,128 L (ha yr) ™). On
the other hand, the harvest of crop residues showed an increase of 58% and 46% for

dry matter and ethanol, respectively.

Table 4: Mean dry matter and ethanol yield of bioethanol cropping systems [8
year long term experiment (LTE)] located at the Mario Cassinoni Agricultural
Experimental Station (EEMAC), Paysandu Department, Uruguay.

Crop Dry Matter Yield Ethanol Yield?

Systems (Mg hat yr?) (L hatyr?)
Grain Biomass® Total

MWS 6.08 6.08 C 2128 c

MWS-R 5.86 3.75 9.62 b 3104 b

Ss 9.30 9.30 b 1861 c

Sw 15.22 15.22 a 4263 a

MWS = Maize-Wheat-Sorghum, MWS-R = Maize-Wheat-Sorghum, Ss= Sweet
Sorghum, and Sw = Switchgrass. Values followed by different letters are significantly
different at P < 0.05.

*: Straw yield for M, W, and S; stem yield for Ss (85% of total biomass); total biomass
for Sw.

B Assuming an ethanol yield of 350, 280 and 200 L Mg™ of dry matter of grain,
lignocellulosic and sweet sorghum stem, respectively. Theoretical ethanol yields were
calculated using the theoretical ethanol conversion factors by the US Energy
Department (DOE, 2009), Gnansounou et al. (2005) and McLauhlin et al. (1999).
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2.5.3. Bioethanol potential GHG emissions

Net CO2 emissions from the different systems (Table 5) showed three emission
profiles: low emission with the Sw; medium emission for MWS crop rotation; and
high emissions for the Ss and the MWS-R crop rotation; with 619, 3162, 4703 and 5078
kg COa-¢q (hayr) 2, respectively (Fig. 1).

The CO2 equivalent emissions expressed on ethanol yield identified three main
groups: low emissions, for Sw crop (0.18 kg CO2 eq L ethanot), medium emissions for
MWS and MWS-R with values of 1.60 and 1.70 kg CO2-eq L ethanol, respectively and
high emissions for Ss (2.84 kg COz-eq L™ ethanol). However, when emissions were
expressed per hectare, MWS-R emissions were 60% higher than MWS crop system.

Table 5: Total net emissions of CO> per hectare and per liter of ethanol for the
different agricultural systems, based in mean crop values from 8 years-LTE. MWS,
maize-wheat-grain sorghum; MWS-R, maize-wheat-grain sorghum with residue
harvest; Ss, sweet sorghum; Sw: switchgrass. For CO2 equivalent emissions per
produced ethanol, this was expressed in MJ, considering a LHV of 26.8 MJ Kg™! and
adensity of 790 g L .

kg COZ'eq ha-l kg COZ'eq L-l g COZ'eq GHG reduction (%)(l

Crop Systems yr ethanol MJ™ ethanol

MWS 3,162 160b 76 -9.3
MWS-R 5,078 1.70b 81 -3.4
Ss 4,703 2.84 a 135 61.1
Sw 619 0.18c 8.6 -89.7

Values followed by the different letter are significant different for a P < 0.05.

O : For comparison was used actual average emissions from petrol consumed (83.8 g
CO2¢q MJ?) reported under Directive 2009/28/EC.
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GHG emission saving according the RED (2009/28/EC) was 89.7% for Sw.
Annual cropping systems present 9.3 and 3.4% of reduction for MWS and MWS-R,
respectively. However, Ss present an increment of GHG emissions 60% compared to

fossil fuels.

The GHG emissions of the different bioethanol cropping systems had a negative
exponential relationship with yield, like GHGemissions = Acropping system/ Yield (Fig. 1).
Where a Acropping system has values of 619, 3162, 4703 and 5078 to Sw, MWS, Ss and
MWS-R, respectively. The curvature of this negative exponential relationship was

more pronounced with highest A values.
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Figure 1: Potential annual GHG emissions for each bioethanol cropping system.
The GHG emissions were expressed as CO,-¢q per liter ethanol and crop rotation yields
in liters of ethanol produced per hectare per year. The GHG references values of petrol
(Directive 2009/28/EC) and its 40% was indicated with a continuous and dashed lines,

respectively.
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2.5.4. NO2 emissions

Nitrous oxide emissions, expressed in kg CO»-equivalents, ranged between 272
t0 470 kg CO.-¢q (ha yr)* (Table 6). The studied systems ranked in the following way
according to their nitrous oxide emissions: MWS > Sw > MWS-R > Ss. When the
nitrous oxide emissions were expressed by ethanol yield for each system, MWS
rotation had the highest emissions (0.24 kg CO2-—eq L %ethanol).

Table 6: Emissions of nitrous oxide expressed in N.O kg CO,-¢q (ha yr)~! for the
agricultural systems: MWS, maize-wheat-grain sorghum; MWS-R, maize-wheat-grain
sorghum with harvested crop residues; Ss, continuos sweet sorghum crop; Sw:

switchgrass crop.

Nitrous Oxide Emissions (kg N2O-N ha')  Annual Total Emissions

Direct emissions

Crop By applied By crop Indirect kg CO2-eq kg COz-eqlL?
Systems N residues emissions halyrt ethanol
MWS 2.26 1.04 0.24 470 0.24 a
MWS-R 2.26 - 0.24 331 011c
Ss 0.95 - 0.08 272 0.16 b
Sw 151 - 0.11 431 0.13¢c

Values followed by the different letter are significant different for a P < 0.05.

2.5.5. Relevance of the components in GHG emissions

The analysis of the participation of GHG emissions for the different stages of
production (Fig. 2) showed that 80% of total carbon emissions on average of the annual
crop systems were due to operations and inputs used in the phases of soil preparation,

planting and post-planting. In contrast, for Sw the stages of soil preparation and
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planting accounted for only 10% of emissions, while post-planting accounted for 59%

of total carbon emissions.

1 - - [ -

Fraction (%) of total GHG emissions

754
50+
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Agriculture systems

. Harvest

Planting

. Post-planting

. Soil preparation

. Transport

Figure 2: Carbon emissions of each system according to production stage.

The use of nitrogen fertilizers represents 36% of total GHG emissions. Likewise,

the use of pesticides and harvesting activities (grain and /or biomass) represent a 16

and 19% of the total emissions, respectively (Fig. 3).
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Figure 3: Carbon emissions of each system according to the inputs used.

2.5.6. Emissions and sequestration of GHGs related to soil

The LUC effects on the carbon balance significantly affected the overall GHG
emissions of the crop systems evaluated (Fig. 4). In the MWS-R and Ss with a total
harvest of biomass, the SOC lost due to soil erosion by water and LUC corresponded
to 37 and 20%, respectively, of the total carbon emissions of these systems. Moreover,
in the MWS-R system the SOC lost was 70% higher than the MWS system.

The Sw system presented a very different emission profile, where 70% of the
emissions can be attributed to production (inputs and activities). The loss of SOC in
Sw was 10% of the SOC lost in MWS-R and Ss. In addition, Sw was the only system
that sequestered carbon (1.47 Mg COs-¢q ha™?), a value that corresponds to 70% of the

total net emissions of this system.
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Figure 4: Total GHG emissions (kg CO»-¢q (ha yr)™) and specific contribution

of different components of agriculture systems

2.6. DISCUSSION
2.6.1. Potential GHG emissions

The GHG emissions of the crops evaluated had a similar profile to those
previously reported ( Fazio and Monti, 2011; Dunn et al., 2013; Muiioz et al., 2014;
Qin et al., 2015). Reviewed values could range from 0.18 to 1.5 kg COz-eq L™ ethanol
with a significant difference in GHG emissions between annual and perennial crops.
Mufioz et al. (2014) found that annual crops have values of 0.7 — 1.5 kg COz-¢q Lt
ethanol Meanwhile Qin et al. (2015) for switchgrass found values of 0.18 - 0.39 kg CO2-—¢q
L2 ethanol. A similar pattern was found when comparing Sw net emissions (0.18 kg
CO2-eq L ethanol), Which represented 10% of the potential emissions of the annual crops
studied (1.6 - 2.84 kg COz-eq L ethanol). The reduced carbon footprint of Sw found in

this work is likely to the included annual carbon sequestration rate (1.47 Mg COs-¢q
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(ha yr)~t, which was equivalent to 70% of potential GHG emissions (2,089 kg CO g
(ha yr)™1) of the Sw system. Our results agreed with Cherubini and Jungmeier (2010),
where soil carbon sequestration was 52% of GHG emissions. Moreover, the found A
values showed the potential GHG emissions have a specific range of possibilities for
each bioethanol cropping system. The annual meteorological variation produced
different yields in each system, and therefore specific GHG footprints. If the frequency
distribution of these GHG footprints is compared with the Directive 2009/28/EC
acceptability criteria (GHG equal or at least lower than 40% of petrol emissions), only
Sw can satisfy this condition in all the meteorological conditions occurred (Fig. 1).
Annual cropping systems, did not reached a value lower than diesel’s GHG footprint

(Directive 2009/28/EC) in any meteorological conditions.

Fazio and Monti (2011) found that annual crops have values of 0.30 - 0.84 kg
COz-¢q L% ethanol. The higher values found in this work are due to potential GHG
emissions from the loss of SOC by LUC and soil erosion by water, which represents
49% of the potential emissions of each agricultural system. Annual crop rotations were
not statistically different when their emissions were expressed per unit of ethanol
produced (kg COz-eq L ethanol). However, emissions per hectare for the Ss and MWS-
R systems were 48 and 61% higher than MWS system, respectively. This difference
Is due to losses of carbon by LUC and erosion that were three times greater. The MWS-
R and Ss treatments were characterized by low soil cover at post-harvest, which
generates, according to (Lal, 2009), a low carbon income and therefore a negative
carbon balance. Annual crops showed greater GHG emissions because yields overall
were lower compared to Sw (Fig. 1). Yield reduction led to significant increases in
emissions. This is more important in years where climatic conditions are adverse for
the growth of crops. Switchgrass had greater variability in ethanol production from
1170 to 8540 L (ha* yrt) (Fig. 1). However, Sw emissions had a more stable pattern.
Given the great climatic variability to which crops are exposed, Sw would be the most

recommended crop to maintain low GHG emissions.
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2.6.2. GHG emissions changes by crop residue management

Results indicate that the harvest of crop residues (MWS-R) increases GHG
emissions, similar to the work of Gabrielle and Gagnaire (2008), where the removal of
all crop residues caused a SOC reduction of 350 kg of C (ha yr)™*. In our study, the
harvest of crop residues caused a SOC reduction of 620 kg of C (ha yr) %, compared
to no crop residue removal (Fig. 4). This value is greater than that reported by
Gabrielle and Gagnaire (2008) since in our scenario we also consider soil carbon lost
via water erosion. In contrast, Cherubini and Jungmeier (2010) evaluated the use of
maize and wheat residues for biofuel and concluded that the use of crop residues can
generate a 50% decrease in the GHG emissions, but they did not consider losses of
SOC by soil erosion. On the other hand, our results agreed with Fazio and Monti
(2011) that showed a 20% increase in GHG emissions with crop residue harvest due
to the need for higher fertilization rates to compensate for the removal of nutrients with
crop residues. In our LTE, fertilization amounts were equal for each crop in all
treatments, for this reason is not a source of variation in GHG emissions. However,
some nutrient compensation should be considered in the future since crop yield losses
with the current fertilization schemes used in Uruguay have been recently reported
(Beretta-Blanco et al., 2019).

2.6.3. Effects of soil erosion on GHG emissions

Most LCI studies on crop carbon footprint have not consider carbon losses due to
soil erosion, perhaps due to the lack of erosion models calibrated for their conditions
or because detailed soil information was not available. However, detailed soils
information (scale 1: 20,000) is available for Uruguay, and a calibrated model for
estimating soil water erosion under different managements is also available (Duran
and Garcia Préchac, 2007). Nufiez et al. (2013) highlighted the importance of soil
erosion in global GHG accounting, but there is no international agreement for the best

way to account erosion’s impact on carbon footprint. However, in soil science the
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USLE model is widely considered as a valid method to estimate soil water erosion and
its use in LCls (Beck et al., 2010; Ndfiez et al., 2013).

In our work, systems with removal of crop residues (MWS-R) and in crops with
total biomass harvest (Ss), soil carbon lost by water erosion represented 37% of total
GHG emissions. According to Uruguay’s Law of Soil and Water Conservation (Law
N’ 15,239), for our study area, a sustainable system must have an erosion rate of less
than 7 Mg (ha yr)™t. Under this criteria, the MWS-R and Ss systems with losses of
12.3 and 9.0 Mg (ha yr) ™%, respectively, are not sustainable; while the MWS and Sw
systems with soil losses of 3.5 and 1.1 Mg (ha yr)* are more than acceptable according

the law.

2.6.4. Biomass for biofuels

In 2018, the European Renewable Energy (EC Directive, 2009) defined as a
criterion for biofuels sustainability to have at least a 60% reduction in GHG relative to
fossil fuels. Therefore, taking as reference an emission value of 83.8 g CO2eq/MJ for
fossil fuels (petrol and diesel), we could conclude that Sw would meet these
requirements given that it presented 89.7% lower emissions (Table 5), which is similar
to values reported by Adler et al. (2007) and Bai et al. (2010). MWS and MWS-R
system only generated a reduction of 9.3 and 3.4%, respectively compared to fossil
fuels, making them not suitable for sustainable biofuel production. In addition, Ss had
the worst performance as generate an increment in GHG emissions 60% compared to

fossil fuels.

These results agreed with the hypotheses proposed by Pimentel and Patzek
(2008) related to the limitations of food crops for the production of biofuels. Pimentel
and Patzek (2008) raise concerns on the diverse conflicts that exist in using land, water,
energy and other environmental resources for food and biofuel production. In addition
to the high GHG emissions, grain crop use for bioethanol have direct negative impacts

on soil erosion and nutrient exports (Beretta-Blanco et al., 2019), and indirect impacts
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through LUC and their emissions (Mueller et al., 2011). Development of perennial
bioethanol cropping systems are an option for arable land and land of low agricultural
suitability (Dauber et al., 2010; Manning et al., 2015).

2.6.5. Agricultural management and associated emissions

Differences in agricultural management practices between the systems studied
(number of operations and load of inputs) had a great influence on GHG emissions,
representing 53% for annual crops and 90% for perennial crops. These results agreed
with those reported by Fazio and Monti (2011), who estimated that agricultural practices
represent 35 to 80% of GHG emissions for annual crops, and 61 to 95% for perennial
crops. The importance of the different agricultural practices in the GHG balance is

greater in Sw systems due to the low carbon losses by LUC and erosion processes.

The post-planting stage in Sw presented a greater contribution to total GHG
emissions (60%) due to a greater use of inputs, such as nitrogen fertilizer (e.g. 100 kg
of N (ha yr)™) which generated N2O emissions that accounted for 20% of the GHG
emissions. This result agreed with other studies where nitrogen fertilizer was one of
the most expensive inputs in terms of GHG emissions (Monti et al., 2012; Morales et
al., 2015) and defined nitrogen management as a key factor to reduce emissions
(Hillier et al., 2009). Then, any strategy that allows reducing nitrogen fertilizer use
and/or increasing its efficiency will result in a reduction of GHG emissions. However,
in current agricultural systems the capacity of soil to contribute nitrogen is decreasing
(Moro6n et al., 2012) and reductions in nitrogen fertilization lead to lower yields.
Including a legume pasture crop phase in agricultural cropping systems to increase soil
carbon sequestration and promote biological nitrogen fixation could help reduce N-

fertilizer requirements (Képke and Nemecek, 2010).
In addition, N2O emissions were strongly affected by crop residue harvest.

Maintaining crop residues on the field increased N2O emissions by 30% compared to

residue harvest in MWS-R. A greater amount of biomass on the soil increases the
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denitrification potential and the capacity to produce N2O (Cherubini et al., 2009).
GHG emissions were affected by the high moisture content (60-70%) of sweet
sorghum at harvest since the transport stage demanded a greater consumption of fossil
fuel, and thus increasing GHG emissions by 30%. These results agreed with Zegada-
Lizarazu and Monti (2012), who found a high moisture content limited the amount of
biomass that could be transported, influencing transport costs and associated

emissions.

2.6.6. Strengths, limitations and recommendations

Most carbon footprint studies on agricultural products focus on single crops, and
only a few studies analyzed the cropping systems as a whole (Goglio et al., 2012;
Nemecek et al., 2015). Although this approach could be acceptable for perennial crops,
using a similar approach for studying carbon footprint of an industrial process, this
approach is not adequate for annual crops because each cropping system is affected by
the operations along the entire crop rotation system (e.g. weed control, nutrient inputs,
economic profit, soil erosion control, etc.). In addition, in our case two additional
variables were added to improve the carbon footprint estimation: the variability of each
agriculture system and two additional GHG emission sources (soil erosion and
nitrification of residues). The available records allowed us to get a better estimation of
potential GHG emission than other studies that are based on study cases that use
farmer’s data; because the LTE records have standardized procedures and monitoring
systems. The climatic variabilityand crop yield were the unique source of variations.
Compared to annual crop systems, Sw showed the lowest GHG emissions. Therefore,
Sw as a biofuel crop should be recommended in Uruguay. Moreover, Sw increased
soil carbon sequestration and had a relative low soil erosion. In this context, two main
suggestions can be made: first, Sw is a good option for soils with low or very low
agriculture diesel suitability in order to avoid competition for land with food crops.
Second, Sw could be a good tool for improving physical and chemical properties ( Zan
et al., 2001; Liebig et al., 2008; Anderson-Teixeira et al., 2009; Monti et al., 2012) of
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soils degraded by the current intensification and/or expansion of agriculture like
described by Beretta-Blanco et al. (2019) and Carrasco-Letelier and Beretta-Blanco (2017).

As mentioned earlier, Sw is a feasible option for soils with low agriculture suitability
(Fritsche et al., 2010; Cai et al., 2011) where the annual crops have low yield and
profitability (Gelfand et al., 2013). Nevertheless, since soils in our study are of medium
agriculture suitability, this study’s results likely have higher yield than those possible in
soils with low agriculture suitability. Therefore, it can be assumed that Sw in low
agriculture suitability conditions will have higher CO2 emission per produced energy
equivalent, because the CO2 emissions by crop inputs will be the same for a lowest
yield. For this reasons, Sw must be further studied under low agriculture suitability

conditions.

Given the agro-environmental conditions of rainfed crops in Uruguay, our
results might be of interest for neighboring countries (Argentina and Brazil) that have
similar conditions. These two countries are key players in the biofuel market, and have
evaluated different biomass sources for energy generation (Mathews and Goldsztein,
2009; Fontoura et al., 2015; Portugal-Pereira et al., 2015). For example, the adaptation
of Sw to different climatic zones has been studied in Argentina (Falasca et al., 2017),
including its environmental and socio-economic performances (Diogo et al., 2014;
Van Dam et al., 2009). In the case of Brazil, as one of the largest sugarcane ethanol
producers, many environmental studies of this feedstock have been made (Bordonal et
al., 2018; Jaiswal et al., 2017). In addition, other C4 species had been evaluated as
possible feedstocks for bioethanol production, like Ss (Barcelos et al., 2016; Rezende
and Richardson, 2017) and perennials as elephant grass (Pennisetum purpureum
Schum.) (Flores et al., 2012; Fontoura et al., 2015; Rocha et al., 2017).
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2.7. CONCLUSIONS

Our hypothesis that an intensification of agricultural systems would result in an
increase in GHG emissions should be accepted given the results. The most intensified
agricultural system (annual crops) have a carbon footprint higher than the other
studied. Further, if intensification called for the removal of crop residues (MWS-R),
the GHG emissions were increased. Second, the lowest carbon footprint was that of a
perennial crop (Sw), the less intensive crop, per surface area and equivalent energy;
where, the post-planting represented 60% of the total GHG emissions due to the use of
N-fertilizers. Based on these carbon footprint results, the best option for the production

of rainfed bioethanol cropping systems should be Sw.
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3. WATER FOOTPRINT OF BIOETHANOL CROPPING SYSTEMS IN
URUGUAY!
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3.1. ABSTRACT

Bioenergy is the most widely used type of renewable energy. However, an
assessment of water consumption and pollution is necessary to determine the
sustainability of this energy source. The Uruguayan public policy to decarbonize
energy sources highlighted the use of bioenergy. In this regard, we analyzed the water
footprint (WF) of four bioethanol cropping systems: (1) maize-wheat-sorghum
rotation without harvested crop residues (MWS), (2) maize-wheat-sorghum rotation
with harvested crop residues (MWS-R), (3) continuous sweet sorghum (Ss), and (4)
switchgrass (Sw). In order to assess the WF of bioethanol production, green (WFgreen)
and grey (WFgrey) components of crop production were calculated by considering the
different volumes of water involved in evaporation, rainfall, and fertilizer pollution.
Annual cropping systems (i.e., MWS, MWS-R, Ss) had the largest WFs (23.1-30.9 m®
L ethanol). Switchgrass had the lowest values per hectare and per liter of ethanol
(12,735 m® hat yr! and 3.8 m® L ethanol, respectively). The volume required to
assimilate phosphorous (P) and nitrogen (N) fertilizers played a significant role in

bioethanol cropping systems. In annual systems, WFgey was the main fraction (87%)

51
! For publication on Science of the Total Environment



of total WF (WFrt). Averaged across all cropping systems, WFgrey related to P was 13
times larger than WFgrey related to N.

Keywords: Bioenergy, water footprints, grey water, soil erosion, intensification.

3.2. RESUMEN

La bioenergia es el tipo mas ampliamente utilizado de energia renovable. Sin
embargo, es necesaria una evaluacion del consumo y contaminacion de agua para
determinar la sostenibilidad de esta fuente de energia. La politica publica uruguaya
para descarbonizar las fuentes de energia ha destacado el uso de bioenergia. En este
sentido, analizamos la huella hidrica (HH) de cuatro sistemas de cultivo: (1) rotacion
maiz-trigo-sorgo sin retiro de residuos (MWS), (2) rotacién maiz-trigo-sorgo con
retiro de residuos (MWS-R), (3) sorgo dulce continuo (Ss) y (4) switchgrass (Sw).
Para evaluar la HH, se calcularon los componentes verdes (HHverde) Y gris (HHgris)
considerando los diferentes volimenes de agua involucrados en la evapotranspiracion,
lluvia y contaminacion por fertilizantes. Los sistemas de cultivo anuales (es decir,
MWS, MWS-R, Ss) presentaron los mayores valores de HH (23,1-30,9 m® L™ etanol).
Switchgrass tuvo los valores mas bajos por hectarea y por litro de etanol (12.735 m®
ha! afio y 3,8 m® L etanol, respectivamente). El volumen de agua requerido para
asimilar la carga de fosforo (P) y nitrégeno (N) jugé un papel importante. En los
sistemas anuales, HHgis fue la fraccion principal (87%) de la HH. En el promedio de
todos los sistemas de cultivo, HHgsis relacionado con P fue 13 veces mas grande que
HHgris relacionado con N.

Palabras clave: Bioenergia, huellas hidricas, agua gris, erosion del suelo,

intensificacion.
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3.3. INTRODUCTION

Bioenergy is the largest renewable energy source globally, constitutes 70% of
all renewable energy sources, and contributes ~14% to global primary energy supply
(IEA, 2018). However, water consumption and water quality continue to be key factors
affecting environmental sustainability in bioenergy production (Zhong et al., 2018).
The increasing demand of energy crops will lead to increased pressure on water
resources due to inefficient water consumption and pollution issues (Mekonnen and
Hoekstra, 2011). Water requirements for bioenergy production vary according to
feedstock used, geographic location, and climatic variables. Therefore, these factors
must be considered to determine water consumptive use and to identify critical
scenarios and mitigation strategies (Dominguez-Faus et al., 2009). Different raw
materials have been evaluated to produce bioenergy (Morales et al., 2015); however,
it is necessary to consider long-term environmental benefits and impacts associated
with each (Halvorsen et al., 2009). In Uruguay, there are several agricultural long-term
experiments (LTE) investigating technology development and environmental

performance of different agronomic cropping systems (Siri-Prieto, 2013).

Recently, energy policy in Uruguay has focused on the decarbonization of
energy sources. In response to this goal, a liquid fuel market and electric power
generation from biofuel and biomass has been developed (Ludefia and Ryfisch, 2015).
Within this framework, Uruguay decreased oil consumption by 25% from 2006 to
2016, increased renewable energy by 62%, and became an exporter rather than
importer of electrical energy (Uruguay XXI, 2017). Thus, agroindustry residues (i.e.
forest and agricultural) currently represent two thirds of current bioenergy production.
In 2017, energy from biomass accounted for 43% of total produced energy, compared
to only 20% for the 1990-2007 period (Uruguay XXI, 2017). Uruguay’s government-
owned oil company (i.e., ANCAP) has invested in domestic ethanol production from
annual crops, but little prior research has investigated environmental impacts of this

biofuel program.
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Among potential environmental issues related to biofuel production, water
consumption and water pollution are critically important (Ji and Long, 2016). To
address these issues, evaluating the water footprint (WF) allows assessment of water
volume consumed or polluted when producing a product; this includes direct and
indirect water use (virtual water) along product supply chains (Hoekstra et al., 2011).
Total water footprint (WF7) is the sum of three types of water: blue (WFoiue), green
(WFygreen), and grey (WFgrey), where WFy1ue is the consumptive use of freshwater from
water bodies, WFgreen refers exclusively to consumed or evapotranspired rainwater in
crop production, and WFgrey is the volume of freshwater required to assimilate
pollutant loads based on existing ambient water quality standards (Hoekstra et al.,
2011). Global estimates of WFrassociated with different bioenergy feedstocks varied
widely depending on feedstock and location (Gerbens-Leenes et al., 2009; Mekonnen
and Hoekstra, 2011; Mathioudakis et al., 2017). For example, Gerbens-Leenes et al.
(2009) quantified the WF+ of biomass based energy and compared to fossil energy.
Study results indicated that biomass production increased WFrdue to large crop water

consumption.

Most studies have focused on water consumption without any quantification of
water pollution. In fact, the reduction of WFgey is important in reducing the
environmental impact during the production process (Chukalla et al., 2018). However,
estimates of WFyrey associated with biofuel feedstock production have been relatively
limited in WF analyses (Wu et al., 2012; Mekonnen and Hoekstra, 2015) and generally
have not consider regional variability of contaminant leaching and loading rates
(Zhong et al.,, 2018). Globally, the prevailing threat to freshwater quality is
eutrophication (Khan and Mohammad, 2014) caused by excess phosphorous (P) and
nitrogen (N) in freshwater bodies. Most studies only considered N pollution in WFgrey
estimates (Chukalla et al., 2018); however, P from fertilizers can be a contributor due
to losses by leaching and transport by soil erosion to nearby water bodies (Scherer and
Pfister, 2015).
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The development of bioethanol cropping systems is still limited in Uruguay, and
there are several scientific gaps concerning environmental sustainability related to
water quality and usage. To address these issues, we evaluated two hypotheses: 1)
agricultural intensification (i.e., consumption of inputs, crops per year and/or residue
removal) will increase the WF+ of the system (i.e., cropping system), and 2) this
intensification will reduce the WF+ of the product (i.e., bioethanol produced). To
evaluate the consequence of these hypotheses, we estimated the WF+r of four
bioethanol cropping systems and their bioethanol production. The studied bioethanol
cropping systems (which belong to an eight-year agricultural LTE) had different
degrees of intensification and were representative of the main agricultural region in

Uruguay.

3.4. MATERIALS AND METHODS
3.4.1. Site description and experimental design

Agronomic information used for WF+ estimates utilized the database of the
eight-year LTE of bioethanol cropping systems maintained at the Mario Cassinoni
Agricultural Experimental Station (EEMAC), Paysandu Department, Uruguay (32°22'
S 58°03'W). These bioethanol cropping systems are representative of production
conditions for western arable soils of the country.

According to the Kdeppen classification (Kottek et al., 2006), this region has a
temperate-humid climate without a dry season, daily average temperatures of 24°C
(summer) and 12°C (winter), and average annual precipitation of 1598 mm. Monthly
climate information was used to determine the 13-year average (2002—-2015). The LTE
is on a Brunosol Eutrico Typico (Uruguay soil taxonomy; Duran and Garcia Préchac,
2007) or Argiudol (USDA soil taxonomy; USDA, 1999) that belongs to the San
Manuel soil unit, with a soil depth of 40 — 90cm, and average slope of 1%. The
experimental plots were 150 m? (30 m x 5 m). Prior to start of this LTE in the summer
of 2008, the research site had been under a wheat-soybean-maize rotation from 2003
to 2007.
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Treatments within the LTE were arranged in a randomized complete block
design with three replications (Table 1). The bioethanol cropping systems were: (1)
maize (Zea mays)-wheat (Triticum aestivum)-grain sorghum (Sorghum bicolor)
rotation without crop residue removal (MWS), (2) maize-wheat-grain sorghum
rotation with crop residue removal (MWS-R), (3) continuous sweet sorghum with
winter cover (Ss), and (4) switchgrass (Panicum virgatum) (Sw). Treatments 1 and 2
had three crops in two years. Consequently, these two cropping systems include
additional plots so all crops for each crop rotation are present every year. The
continuous sweet sorghum treatment includes oat (Avena sativa) as a cover crop to
reduce soil erosion. The fourth treatment was switchgrass, a perennial lignocellulosic
crop planted in 2008 and harvested every year during winter season. Crop yields
(grain, residues, total biomass) correspond to means of field measurements over eight
years (2009-2016). In MWS and MWS-R systems, total yield (dry matter or ethanol)
corresponded to the sum of each crop yield (grain or residue) in the crop rotation. Since
intensification is ranked based on number of cash crops in the cropping system and
harvested biomass, the system intensities were ranked as follows: MWS-R > MWS >

Ss > Sw.

3.4.2. Water footprint calculations

We estimated the WFt of four bioenergy cropping systems following the
methodology proposed by Hoekstra et al.(2011). The WF+ for a product is the sum of
three types of water: blue, green, and grey (Hoekstra et al., 2011) (Equation 1).

WFr (mS) = WFoluet WFgreen + WFgrey Equation 1

where blue water is the volume of surface and ground water consumed (irrigation
water), green water is soil water loss due to evapotranspiration in the cropping system,
and grey water is the water volume needed to dilute pollutant emissions to
concentrations allowed by water protection laws (Hoekstra et al., 2011). Since WFpjue

is zero under rainfed conditions, the WF+ of bioethanol cropping systems correspond
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to the sum of WFgreen and WFgrey. In the Ss system, WFr correspond to the sum of WFt
values for Ss and the cover crop (oats). Since cover crops received no fertilizer, WF+

for oats corresponded to WFgreen.

Table 1: Description of bioethanol cropping systems [8 year long term
experiment (LTE)] located at the Mario Cassinoni Agricultural Experimental Station

(EEMAC), Paysandu Department, Uruguay.

Crop Systems Cash crops Crop Crop residue Harvested product

per year  coverage harvest (%)

Maize-Wheat-Sorghum 1.5 No 0 Grain
(MWS)

Maize-Wheat-Sorghum 1.5 No 80 Grain and Residue
(MWS-R)

Sweet Sorghum (Ss) 1 Yes 0 Chopped biomass
Switchgrass (Sw) 1 No 0 Baled biomass

Functional units used for comparing WFr of systems were m® ha yr?, and units
used for product (ethanol) comparisons were m® L ethanol. Water consumption per
crop was allocated to crop ethanol yield from dry matter (harvested grains and
residues) of maize, wheat, grain sorghum, and to total aboveground biomass for sweet
sorghum and switchgrass. Crop dry matter and ethanol yields were previously

described in Bustamante et al. (Unpublished results) (Table 2).

S7



3.4.2.1. Green water footprint assessment

The crop evaporation requirement (ETc, mm day!) is the product of reference
evapotranspiration (ETo, mm) multiplied by a single crop coefficient (Kc) (Equation
2). The WFgreen (Mm® ha™') is equal to the integration of ETc daily values over the
growing season. Green water depends on crop-specific evapotranspiration and soil

moisture availability in the field (Allen et al., 1998).
ETc=ETo x Kc Equation 2
Table 2: Mean dry matter and ethanol yield of bioethanol cropping systems [8

year long term experiment (LTE)] located at the Mario Cassinoni Agricultural
Experimental Station (EEMAC), Paysandu Department, Uruguay.

Crop Dry Matter Yield Ethanol Yield?

Systems (Mg ha't yr?) (L hatyr?)
Grain Biomass* Total

MWS 6.08 6.08 C 2128 c

MWS-R 5.86 3.75 9.62 b 3104 b

Ss 9.30 9.30 b 1861 c

Sw 15.22 15.22 a 4263 a

MWS = Maize-Wheat-Sorghum, MWS-R = Maize-Wheat-Sorghum, Ss= Sweet
Sorghum, and Sw = Switchgrass. Values followed by different letters are significantly
different at P < 0.05.

*: Straw yield for M, W, and S; stem yield for Ss (85% of total biomass); total biomass
for Sw.

B Assuming an ethanol yield of 350, 280 and 200 L Mg™ of dry matter of grain,
lignocellulosic and sweet sorghum stem, respectively. Theoretical ethanol yields were
calculated using the theoretical ethanol conversion factors by the US Energy

Department (DOE, 2009), Gnansounou et al. (2005) and McLauhlin et al. (1999).
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CROPWAT 8.0 (FAO, 2010) software was used to calculate ETc using the FAO
Penman-Monteith method (Allen et al., 1998). The ‘irrigation schedule CROPWAT
option’ was used in order to calculate actual evapotranspiration, which included a soil
water balance that tracks soil moisture content over time using a daily time step rather
than accounting for effective precipitation. The calculated evapotranspiration was
referred to the adjusted crop evapotranspiration (ETa), which can be smaller than ETc
due to non-optimal conditions. The stress coefficient (Ks) describes the effect of water

stress on crop transpiration.

ETa=ETc x Ks Equation 3

CROPWAT model inputs for estimating evapotranspiration were climate, crop,
and soil parameters. Climatic information (temperature, precipitation, humidity,
radiation, and wind speed) was measured using a Vantage Pro2 automatic weather
station (Model 6510; Davis Instruments, Hayward, CA) located approximately 100 m
from the LTE. Monthly climate information based on 13-years averages (2002—2015)
was used. Crop parameters such as crop coefficients (Kc) and rooting depths were
based on studies by Allen et al. (1998) and Chapagain and Hoekstra (2004). Crop
planting and harvest dates and lengths of each crop developmental stage were from the
LTE data base (Table 3).

Soil parameters included available soil water content, maximum infiltration rate,
maximum rooting depth, and initial soil moisture depletion. Available soil water
content (ADn) in the entire soil profile was estimated as 110 mm using the following

empirical function adjusted for Uruguayan soils (Silva et al., 1988):

ADy=FC-PWP Equation 4
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where FC represents field capacity and PWP is the permanent wilting point.
These parameters were estimated based on percent contents of sand, silt, clay, and
organic matter on soil horizons. A maximum infiltration rate of 90 mm day* was
measured in the LTE by the Muntz method using double ring-infiltrometers (Custodio
and Llamas, 1976). An average soil depth of 0.7 m was taken as the maximum rooting
depth for the LTE. Different initial soil moisture contents at the start of the growing

season for each crop were used.

CROPWAT outputs were real and potential crop water use and irrigation
requirements. For our work, we used the real crop water use as our output. This value
corresponded to real ETc under rainfed conditions. Rainfed conditions were simulated
by the model by choosing to apply no irrigation. In our case of rainfed production, the

WFgreen Was equal to total evapotranspiration as simulated by the model.

Table 3: Planting and harvest dates, and crop coefficients (Kc) for crops studied
at the Mario Cassinoni Agricultural Experimental Station (EEMAC), Paysandu

Department, Uruguay.

Date® Crops Kc?
Crops Planting Harvest Initial Medium Final
Maize Nov-1 Mar-30 0.3 1.20 0.35
Wheat Jun-15 Nov-11 0.3 1.15 0.25
Grain Sorghum Dec-1 Apr-5 0.3 1.10 0.55
Sweet Sorghum Nov-15 Apr-15 0.3 1.20 1.05
Oat May-1 Aug-31 0.3 1.15 0.25
Switchgrass Sep-1 Apr-28 0.5 0.90 0.85

*: Information from the long term experiment (LTE) database.
B Kc values from Allen et al. (1998) and Chapagain and Hoekstra (2004).
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3.4.2.2. Grey water footprint assessment

Emissions related to N and P were considered for WFgrey estimation. The WFgrey
corresponded to the nutrient having the largest volume of water. The grey component

of the WF (m® ton!) was calculated according the Equation (5):

WFgrey (M ton?) = ((AL x F) / (Cmax - Cnat))/ Y Equation 5

where AL is the annual pollutant load per unit area of each crop expressed in kg
hat yrl, F is the fraction of AL emitted to the ecosystem, Cmax is the maximum
permissible pollutant concentration in freshwater (kg m), Cnat is the natural pollutant
concentration in water (kg m?), and Y is crop yield (Mg hatyr?).

Further, we assumed that an average of 10% N and 3% P of applied fertilizers
(Table 4) was lost through rainfall and leaching according to Chapagain et al. (2006).
Nutrient losses by soil erosion (Mg ha* yr) were estimated with Erosion 6.0 software
based on the combination of validated and calibrated USLE-RUSLE model for
Uruguay (Garcia-Préchac et al., 2013). The Erosion 6.0 software was downloaded
from its official website (Garcia-Préchac et al., 2013). This model estimates annual
soil erosion for each combination of agricultural land use and soil properties based on
USLE factors (Foster et al., 1981). Losses of N and P were estimated as the product of
the amount of eroded soil and N and P enrichment of the first 5 cm of soil. In this
study, we used water concentrations of N and P allowed for tap water production in
Uruguay (Decree 253/79, MVOTMA, 1979): 10 mg of nitrate-nitrogen (NOs-N) and
0.025 mg of phosphorous (POs-P) per liter.
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Table 4: Fertilizations rates (kg ha* yr) applied to each crop studied at the
Mario Cassinoni Agricultural Experimental Station (EEMAC), Paysand( Department,

Uruguay.

Diammonium Phosphate Urea

Crops (18%N-46%P) (46%N)
kg hatyr?!

Maize 100 120
Wheat 120 160
Grain Sorghum 100 120
Sweet Sorghum 120 120
Oat 0 0
Switchgrass 15 200

3.4.3. Statistical analysis

Water footprint means for the different bioethanol cropping systems were
compared by analysis of variance (ANOVA). Normal distribution and
homoscedasticity were tested with the Shapiro-Wilk’s and Levene tests, respectively.
When these assumptions were not met, the ANOV A was done with the Kruskal-Wallis
test and post hoc analysis by the Dunn test. All analyses were performed at a 5%
significance level using the InfoStat/P program (Di Rienzo et al., 2014) and R software
(R Core Team, 2013).
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3.5. RESULTS
3.5.1. WE estimation

The WF+ of different cropping systems can be seen in Table 5. The MWS-R
system had the largest WFr per hectare (68,862 m® ha* yr), which was 23% larger
than the MWS system (53,018m?® ha yr'!). By comparison, Sw displayed the lowest
WFr value per hectare (12,735 m®ha™ yr!). When WFr was expressed on a per liter
of ethanol basis, MWS (26.8 m® L™ ethanol) was not different from MWS-R (23.1 m®
L* ethanol) and Ss (30.9 m® L ethanol) (Table 5). Sw had the lowest WFt value per
liter of ethanol (3.8 m® L ethanol). For both functional units (hectare and liter of
ethanol), annual systems (MWS, MWS-R, Ss) had larger values than the perennial
system (Sw) (Table 5).

In the Sw system, WFgreen Was the main fraction (68%) of WFt and had the
largest value (8,680 m®ha*yrl). MWS-R and MWS systems were not different from
each other, and had a WFgreen Value (7,180 m® hat yr?) that was 20% lower than Sw.
When WFgreen Was expressed on a per liter of ethanol basis, MWS (3.6 m® L! ethanol)
was different from MWS-R (2.4 m® L ethanol) and Sw (2.6 m® L ethanol) (Table 5).
Overall cropping systems, total loss of N was 30 times higher than P (Table 6).
However, WFgrey related to P was 13 times higher than WFgey related to pollution by
N compounds (Table 5). In annual systems (MWS, MWS-R, Ss), WFgey Was the main
fraction (87%) of WFr. MWS-R had the largest WFgrey per hectare (61,682 m® ha'
yr1), which was 30% larger than MWS (45,838 m® ha yr). The Sw system had the

lowest WFgrey Value per hectare (4,055 m3hatyr?).
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Table 5: Total water footprint (WFr),green water footprint (WFgreen), and grey water footprint (WFgrey) per hectare and per ethanol
yield of the bioethanol cropping systems [8 year long term experiment (LTE)] located at the Mario Cassinoni Agricultural Experimental

Station (EEMAC), Paysandu Department, Uruguay.

WFgreen WFgrey (P) WFgrey (N) WFT o WFgreen WFgrey (P) WFgrey (N) WFT

Crop Systems m® hatyrt m? L ethanol

MWS 7,180 45,838 2,262 53,018 3.6a 23.2a 1.1b 26.8 ab
MWS-R 7,180 61,682 4,902 68,862 24Db 20.7 a 1l6a 23.1Db
Ss 8,160 42,958 3,468 51,118 49a 259 a 2.1a 30.9a
Sw 8,680 4,055 1,277 12,735 26D 1.2b 04c 3.8¢

P = phosphorus, N = nitrogen, MWS = Maize-Wheat-Sorghum, MWS-R = Maize-Wheat-Sorghum, Ss = Sweet Sorghum, and Sw =
Switchgrass. Values followed by different letters are significantly different at P < 0.05.
“: WFr (m3halyr?) correspond to the sum of WFgreen and WFgrey (P)
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Source of nutrient loss affected the WFgrey in the bioethanol cropping systems
(Table 6). Nutrient loss by leaching was largest in systems with high fertilizations rates
(MWS, MWS-R), and nutrient loss by soil erosion was largest in systems with total
biomass harvests (MWS-R, Ss). In regard to P, loss by leaching was the most important
fraction of WFyrey for all systems. On average, this represented 73% of the WFgrey
within systems. However, in MWS-R and Ss systems having total biomass harvests, P

losses by soil erosion represented 38% of the WFgrey.

Compared to the MWS system, the higher value of WF+ per hectare in MWS-R
corresponded to the largest P loss by soil erosion (0.58 vs 0.18 kg P-PO4 ha! yr)
(Table 6). In addition, the lowest WFr seen in the Sw system corresponded to P loss

(kg P-PO4 hal yr?) that was 12 times lower than the annual cropping systems.

Table 6: Nutrient loss (P and N) of the different bioethanol cropping systems [8
year long term experiment (LTE)] located at the Mario Cassinoni Agricultural

Experimental Station (EEMAC), Paysandu Department, Uruguay.

Crop P (kg P-PO4 hat yr?) N (kg N-NOs hat yr?)
Systems  Soil Erosion  Leaching Total Soil Erosion Leaching Total
MWS 0.18 0.96 1.14 10.5 12.1 22.6
MWS-R 0.58 0.96 1.54 36.9 12.1 49.0
Ss 0.35 0.72 1.07 27 7.7 34.7
Sw 0.01 0.09 0.10 3.3 9.5 12.8

P = phosphorus, N = nitrogen, MWS = Maize-Wheat-Sorghum, MWS-R = Maize-

Wheat-Sorghum, Ss = Sweet Sorghum, and Sw = Switchgrass.
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3.6. DISCUSSION
3.6.1. WEFTof bioethanol systems

Comparing our results with other studies, WFt of bioethanol cropping systems
was observed to be higher than calculated values (Mekonnen and Hoekstra, 2011;
Gerbens-Leenes and Hoekstra, 2012; Gerbens-Leenes, 2017). Gerbens-Leenes, (2017)
evaluated the total WF+ of different feedstocks (food crops, energy crops, and
residues) for bioethanol production. The WFr (green, blue, and grey) ranged between
1.05 and 3.8 and between 0.15 to 0.7 m® Lt ethanol for first- and second-generation
from residues, respectively. The WF+ of second-generation bioethanol from energy
crops correspond only to WFgreen, and ranged between 1.5 and 7.4 m® L ethanol with
a mean value of 3.2 m3 Lt ethanol (Gerbens-Leenes, 2017). In our study, annual crops
showed a mean value of 26.9 m® L ethanol, while the perennial Sw had the smallest

value (3.8 m® L™ ethanol).

In addition, the WF+ of annual cropping systems (MWS, MWS-R, and Ss) had
a different profile to those previously reported (Gerbens-Leenes, 2017; Holmatov et
al., 2019; Mathioudakis et al., 2017), where WFgeen Was the main fraction of WF+
(ranging 62%-95% regardless of feedstock). The contribution of WFpue and WFgrey
varied between crops. On the other hand, the WF of corn and sweet sorghum ethanol
feedstocks evaluated by Su et al. (2015) ranged from 25 to 50, 40 to 45, and 10 to 30%
for green, blue, and grey, respectively. In our work, WFgreen and WFgrey in annual
systems represented 13 and 87% of WFr, respectively. Unlike other reports, our results
highlight the large WFgrey component of WFr. Switchgrass exhibited a profile similar
to that reported by others, where green and grey water represent 60 and 40% of WFr,
respectively. The difference in contributions between our results and other reported

values could be partially due to lack of a WFsiue cOmponent in rainfed systems.
When comparing annual and perennial crops, Sw achieved the smallest WF+ per

unit of ethanol (m® L ethanol) and per area (m® ha* yr). Our results did not agree

with reported values of Gerbens-Leenes (2017), where WFt of second-generation
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bioethanol from energy crops (miscanthus, pine, eucalyptus) was similar to WFr mean
values of first generation feedstock. Our results show that this difference is due to the
important role of WFgrey in WFr (Table 5). The largest values of WFgrey in annual
systems correspond to intensive systems that are characterized by a greater number of
crops and therefore higher fertilizer application rates. In addition, these systems have
the highest rates of soil loss and nutrient loss by erosion. In contrast, Sw is the least
intensive system and had a WFgrey volume that was 7 times lower than the mean of

annual systems.

In reviewed studies (Gerbens-Leenes et al., 2009; Mekonnen and Hoekstra,
2011; Gerbens-Leenes, 2017; Mathioudakis et al., 2017), WFgreen Of bioethanol
feedstocks were calculated globally at high spatial resolutions and did not consider
climatic and soil variations in regions under study. In our work, the use of specific soil
parameters representative of the region (i.e., available water content, maximum
infiltration rate, maximum rooting depth, and initial soil moisture depletion) allowed
for more accurate WFgreen Values. Given that there are no reported values of WFgreen
for Uruguayan conditions, our results can be considered the first accurate assessment

of values for this region.

3.6.2. WET changes by crop residue management

Harvest of crop residues (MWS-R) affected the WFt. Although MWS and
MWS-R systems were not statistically different when WF was expressed per unit
ethanol produced (m® L ethanol), WFr per hectare in the MWS-R system was 30%
higher than MWS due to an increased WFgrey. The larger WFgrey was due to P losses
by soil erosion that were 3 times greater (Table 6). Low soil coverage at post-harvest

in the MWS-R system led to higher soil erosion levels and therefore larger P losses.
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3.6.3. WHFEqrey analyses of evaluated bioethanol systems

Larger WFgrey Values in bioethanol cropping systems imply that the volume
required to assimilate nutrient loads (without regard to other agrochemicals) to meet
quality standards plays a significant role and demonstrates the importance of
accounting for water pollution and water quality to avoid underestimation. The
literature shows that most previous studies did not assess the grey component due to
difficulties in evaluating pollutants and integrating real water component volumes
(Bocchiola et al., 2013; Mekonnen and Hoekstra, 2015). In cases where WFgrey Was
quantified, only N compounds were considered for water quality restoration (Lovarelli
et al., 2016). In agricultural production, WFgy is predominantly due to nutrient load
from fertilizers (Liu et al., 2012; Mekonnen and Hoekstra, 2015), and N often has
greater impact on WFgey Since N fertilizers are more abundantly applied to fields.
Although our results showed that N loss was 30 times larger than P (kg ha yr't) overall
systems, WFgrey related to P was 13 times larger than N (Table 5). The lower
permissible limit values for P in potable water production requires larger volumes of

freshwater to assimilate nutrient concentrations to established limits.

In our work, the different WFgrey values compared to others (Gerbens-Leenes,
2017; Mathioudakis et al., 2017; Holmatov et al., 2019) are largely due to the manner
in which WFgey was calculated. In Figure 1, WFr and WFgey (m® ha! yr?) of
bioethanol cropping systems were presented using our methodology compared to the
methodology recommended by Hoekstra et al. (2011). In previously reported values
of WFgrey in bioethanol cropping systems (Gerbens-Leenes, 2017; Mathioudakis et al.,
2017; Holmatov et al., 2019), losses of N by leaching were considered for water quality
restoration but P losses by leaching and losses of P and N by soil erosion were not

considered.
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Figure 1. Comparison of total water footprint (WF) and grey water footprint
(WFgrey), utilizing our methodology and that of Hoekstra et al. (2011), of the
bioethanol cropping systems [8 year long term experiment (LTE)] located at the Mario
Cassinoni  Agricultural Experimental Station (EEMAC), Paysandd Department,
Uruguay. P = phosphorus, N = nitrogen, MWS = Maize-Wheat-Sorghum, MWS-R =

Maize-Wheat-Sorghum, Ss = Sweet Sorghum, and Sw = Switchgrass.

Compared to our results, the methodology of Hoekstra et al. (2011) produced an
average WFrthat was 6.7 and 1.3 times lower in annual systems and Sw, respectively.
This suggests that the methodology in proposed our study detected more differences
in annual systems. In addition, the methodology of Hoekstra et al. (2011) not detect
important differences in WFr between bioethanol cropping systems (8,400-9,600 m?
ha! yrl) as were observed using our methodology (12,700-68,800 m? hat yr). The
proposed methodology allowed better quantification of N and P losses and showed
which nutrient had greater impact on WFgrey. Therefore, our methodology can reveal
greater impact on water quality in more intensive systems. Another important
difference between methodologies was the WFr profile. On average, WFgrey

represented 87% of WFr in annual systems while representing only 13% when
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methodology of Hoekstra et al. (2011) was applied. In general, WF of bioethanol
cropping systems and contributions of WFgey were much larger using our proposed

methodology.

According to Lovarelli et al. (2016), the methodology proposed by Hoekstra et
al. (2011) is over simplified and has limitations for assessing WFgrey. When WF is
applied to agricultural production, these authors further suggest that WFgey should be
calculated following a more detailed methodology and using specific field estimates.
In this regard, estimates of pollutants released to water bodies should consider site-
specific parameters such as daily precipitation, field slope, soil characteristics (e.g.,
texture, carbon content), and run-off. In agreement with these authors, our use of site-
specific data to estimate WFgrey allowed for more accurate values. Furthermore, the
use of Erosion 6.0 software with LTE data made it possible to estimate local soil

erosion levels and subsequent nutrient losses.

3.6.4. Strengths, limitations, and recommendations

Most WF studies on agricultural products have focused on single crops and only
a few studies analyzed cropping systems as a whole (NUfiez et al., 2013). Although
this approach could be acceptable for perennial crops, annual cropping system cannot
be adequately assessed due to multiple operations inherent to crop rotation (e.g.,
nutrient inputs, soil erosion control, etc.). In this regard, analyzing cropping systems
as a whole allowed us to account for different fertilization rates and the initial depletion
of soil moisture due to the previous crop. In addition, it was possible to quantify rates

of soil loss in the different cropping systems and their impacts on WF+.

In regards to WFgreen estimates, the CROPWAT model is limited in that crop
biomass is not considered when determining evapotranspired water values. Therefore,
two-year cropping systems (MWS and MWS-R) composed of the same crops had
equal values of WFgreen per hectare despite having different biomass yields. This is a

consequence of the model being insensitive to crop yield. Due to low values of WFgreen
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in annual crops, this limitation did not introduce important changes in our study.
Nevertheless, this could be detrimental to research estimating WFgreen for different
crops. CROPWAT is not a crop growth model and does not provide real-time
scheduling advice, rather it was developed as a tool for estimating crop irrigation
requirements (Van Heerden et al., 2008). Intensification of bioethanol cropping
systems by increasing harvested biomass (grain and residues) demonstrates the
necessity for calibrating models (e.g., specific to Uruguay) that estimate water
consumption by unit of product (total biomass). Regarding this, AquaCrop is a water
driven model that can simulate annual growing cycle of crops and incorporates the
concept of crop water productivity to transform estimated crop evapotranspiration to
final crop yield (Steduto et al., 2009). Climate input requirements are very similar to
those of CROPWAT, but AquaCrop is a more sophisticated model that requires more

detailed soil and crop information (Tsakmakis et al., 2018).

Our results showed that P management is a factor key to reducing WFgrey. Thus,
strategies that reduce P loss or increase system efficiency will result in a reduction of
WHFgrey. Since Uruguayan soils are characterized by low P availability (Berretta et al.,
2000), reductions in P fertilization can lead to lower yields. According to Herath et al.
(2014), fertilizer application can be minimized by adopting alternative fertilizer
management practices. This requires that farmers are familiar with soil characteristics,
especially nutrient content and nutrient requirements at various growth stages, in order

to determine optimal timing and fertilizer amount.

Results showed that high rates of soil erosion had a large effect on WFgey values.
Therefore, erosion control is a key to reducing WFgrey in cropping systems. In fact,
results showed that crop residue removal promoted increased WFt due to increased
nutrient loss by soil erosion. To reduce water pollution in bioethanol production
systems, removal of annual crop residues is not recommended. On the other hand,
cropping systems characterized by high amounts of post-harvest residues will reduce
WHFgrey. In addition, nutrient recycling from decomposing residue can lead to lower

fertilization requirements in these cropping systems.
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Perennial grasses such as switchgrass (Sw) have been proposed as potential
candidates for bioethanol production due to promising productivity and water quality
benefits. Switchgrass has high adaptability, high yield, and high nutrient turnover with
little carbon debt (Fargione et al., 2008; David and Ragauskas, 2010). To avoid land
competition with food crops, Sw is a feasible option for low agriculture suitability soils
(Cai et al., 2011) where annual crops have low yields and profitability (Gelfand et al.,
2013). Our results showed that Sw had lower WF+than annual cropping systems under
Uruguayan conditions. Moreover, Sw had the largest yields (biomass and ethanol) and
the lowest carbon footprint of all studied systems (Bustamante et al. submitted).

Therefore, Sw can be a recommended biofuel crop for Uruguay.

3.7. CONCLUSIONS

Our results support the hypothesis that the intensification of agricultural systems
resulted in increased WF+. The most intensified agricultural system (MWS-R) had the
highest WFr per hectare. The least intensive crop (Sw) had the lowest WF+ per hectare
and per ethanol yield. The volume required to assimilate P played a significant role in
the bioethanol cropping systems. In annual systems, WFgey was the primary
component of WF+. System intensification due to greater number of crops per year and
removal of crop residues increased WFgrey as a result of large nutrient losses by
leaching and soil erosion. In addition, the WFt of Sw was lowest and corresponded to
P losses that were 12 times lower than annual cropping systems. Based on these WFt
results, Sw is the best option for bioethanol crop production.
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4. DISCUSION GENERAL Y CONCLUSIONES

Desde el afio 2011 en Uruguay se habia comenzado a implementar la
metodologia LCA, principalmente en los principales rubros de la produccién
agropecuaria (ganaderia, agricultura y lecheria). Sin embargo, a pesar de la creciente
participacion de la biomasa en la produccion energética nacional, 41% de la matriz
primaria (MIEM, 2018), se habian realizado escasos trabajos relacionados a la
estimacion de huellas ambientales en sistemas de cultivos bioenergéticos. Ademas, los
pocos estudios realizados se centraban en cultivos Unicos, y no analizaban sistemas de
cultivo en su conjunto. Como lo mencionan Nemecek et al. (2015) este enfoque no es
adecuado para cultivos anuales porque cada sistema de cultivo se ve afectado por las
operaciones a lo largo de todo el sistema de rotacion de cultivos (por ejemplo, control
de malezas, aportes de nutrientes, control de erosion, etc.). Por tanto, este trabajo se
considera pionero a nivel nacional no solo en la estimacion de huella de carbono y
huella hidrica de cultivos bioenergéticos; sino, ademas, porque evalla sistemas de
cultivos teniendo en cuenta todo el sistema de rotacion. Ademas, si bien los sistemas
de cultivos evaluados tienen como fin la produccion de biomasa para producir etanol,
los resultados obtenidos son de utilidad para aquellos sistemas cuyo objetivo son la
produccion de grano para alimento animal y/o humano. Es decir, puede ser un aporte
metodoldgico y cuantitativo relevante para cadenas de valor de la carne o de

produccion de cereales.

Esta investigacion ha generado informacion original de utilidad para todos los
actores relacionados a la produccion y comercializacién de biomasa, aportando
informacion importante para lograr una intensificacion ecoldgica y/o sostenible
(Tittonell, 2014) de los sistemas bioenergéticos del pais. Para dar respuesta a estas
preguntas, fueron estimadas la huella de carbono y huella hidrica de cuatro sistemas
de produccién de biomasa con diferente grado de intensificacion. Es relevante que la
informacion generada sea facilmente comprendida y pueda ser empleada por los
tomadores de decision, por ejemplo, consultores, técnicos, politicos y agentes de los

ministerios, entre otros.
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La inexistencia de una linea base en sistemas de produccién de biomasa para la
comparacién constituyd una limitante al momento de testear los resultados. Sin
embargo la comparacién con trabajos internacionales, por ejemplo, Cherubini y
Jungmeier (2010), Fazio y Monti (2011) y Gerbens-Leenes (2017), contribuyd de
manera importante para contrastar la situacion nacional con el contexto internacional.
En base a lo anterior, este trabajo si bien no pretende ser una estimacion nacional de
la huella de carbono y huella hidrica de sistemas bioenergéticos del Uruguay, realiza
un aporte importante en la evaluacion de las emisiones de GEI y uso y contaminacion
de agua, contribuyendo a la generacion de nuevas hipotesis de trabajo que permitan
implementar medidas de mitigacion de las emisiones de GEI y disminucion de la

contaminacion de los recursos hidricos.

A nivel nacional la intensificacion de los sistemas agricolas tiene como resultado
un aumento de las huellas ambientales evaluadas (HC y HH). El sistema agricola mas
intensificado (MWS-R) tuvo la mayor HC y HH por hectarea mientas que el cultivo
menos intensivo (Sw) tuvo la menor HC y HH por hectéarea y por rendimiento de
etanol. Los resultados indican que la intensificacion mediante el retiro de residuos
(MWS-R) aumenta las emisiones de GEI por hectarea un 60% e incrementa la HH por
hectarea 30% con respecto al sistema sin retiro (MWS). En nuestro estudio, el retiro
de residuos causo6 una reduccion del COS de 620 kg de C ha™!, en comparacion con el
no retiro de residuos de cultivos. Estos valores son mayores que los reportados
(Gabrielle y Gagnaire, 2008) ya que en nuestro escenario también consideramos la
pérdida de C por erosion. Con respecto al incremento de la HH, se debe a un mayor
valor de agua gris dado por mayores pérdidas de nutrientes por erosion. Una baja
cobertura del suelo después del retiro de residuos conduce a mayores niveles de

erosion del suelo y, por lo tanto, a mayores pérdidas de nutrientes.
La intensificacion debido a una mayor cantidad de cultivos por afio incremento

las emisiones GEIl y la HH de los sistemas, dado principalmente por un incremento del

uso de fertilizantes. En lo que refiere a la HC, el uso de fertilizantes representd un 36%
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de las emisiones totales de GEI. Este resultado coincidio con otros estudios donde el
fertilizante nitrogenado fue uno de los insumos mas costosos, en terminos de emisiones
de GEI (Monti et al., 2012; Morales et al., 2015). Con respecto a la HH, el uso de
fertilizantes incrementd el agua gris como resultado de mayores pérdidas de nutrientes
por lixiviacion. La literatura mostré que la mayoria de estudios consideraron solo el N
para la estimacion del agua gris, sin considerar otros nutrientes como el P (Lovarelli
et al., 2016). Aunque nuestros resultados mostraron que la pérdida de N fue 30 veces
mayor que las pérdidas de P (kg ha* afio), el agua gris relacionado con P fue 13 veces
mayor que N. Los menores valores permisibles para P en la produccion de agua potable

requieren mayores volumenes de agua para diluir las exportaciones de este nutriente.

En base a estos resultados, en coincidencia con Hillier et al. (2009), es posible
definir al manejo de los nutrientes como un factor clave para reducir las emisiones GEI
y los impactos en la calidad del agua. Cualquier estrategia que permita reducir el uso
de fertilizantes y/o aumentar su eficiencia dar4 como resultado una reduccion de las
emisiones de GEI y una menor contaminacion de los recursos hidricos. Sin embargo,
los suelos uruguayos naturalmente se caracterizan por una baja disponibilidad de P
(Berretta et al., 2000), y la capacidad del suelo para aportar nitrogeno esta
disminuyendo (Moro6n et al., 2012). Por lo cual, una reduccion de la fertilizacion
conduciria a menores rendimientos y un incremento de las huellas estimadas. Entre
algunas medidas para mitigar estos efectos, la inclusién de una fase de pasturas con
componentes gramineas y leguminosas en los sistemas de cultivo agricola para
aumentar el secuestro de C en el suelo y promover la fijacion biol6gica de nitrégeno
podria ayudar a reducir los requisitos de fertilizante nitrogenado (Kopke y Nemecek,
2010). De acuerdo con Herath et al. (2014), la aplicacion de fertilizantes puede
minimizarse adoptando practicas de manejo de fertilizantes, por ejemplo, analisis de
suelos previo a fertilizar, ajuste de fertilizacion segun requerimientos del cultivo,
aplicacion de enmiendas organicas, etc. Esto requiere que los agricultores estén
familiarizados con las caracteristicas del suelo, especialmente el contenido de
nutrientes y los requisitos de nutrientes en varias etapas de crecimiento, a fin de

determinar el momento éptimo y la cantidad de fertilizante.
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Finalmente, se debe destacar la importancia de haber considerado los procesos
de mineralizacion/secuestro de C por cambios en el uso de suelo (LUC) en el balance
de GEI asi como las pérdidas de C y nutrientes por erosion del suelo. Esta
consideracion cumple con el reciente Reglamento 2018/841 de la directiva de la Union
Europea sobre Energias Renovables (RED) (2009/28/EC) el cual determina la
necesidad de cuantificar las emisiones respecto a LUC y la pérdida de erosion del suelo
en el balance de GEI en los estudios de LCA. Por lo tanto, este trabajo se adelant6 al
protocolo de calculo recién acordado por la UE. Estas fuentes afectaron
significativamente las emisiones globales de GEI de los sistemas de cultivo evaluados.
En el sistema MWS-R y Ss con una cosecha total de biomasa, el COS perdido por la
erosion del suelo y LUC correspondié al 37 y 20%, respectivamente, de las emisiones
totales de GEI de estos sistemas. Ademas, en el sistema MWS-R, la pérdida de COS
fue 70% mayor que el sistema MWS. La baja HC de Sw encontrada en este trabajo se
debe en gran parte a una tasa anual de secuestro de C de 1,47 Mg CO2.¢q hat, un valor
que corresponde al 70% de las emisiones netas totales de este sistema. Al igual que
Schmer et al. (2015) y Cherubini et al. (2009) este trabajo muestra que la cuantificacion
de los cambios en el almacenamiento de COS y erosion son factores importantes para
estimar con precision las emisiones de GEI en las evaluaciones LCA de bioenergia. A
pesar de no existir una metodologia comun para considerar los cambios de SOC en
LCA, los modelos utilizados en este trabajo, AMG para cambios en el uso del sueloy
EROSION 6.0 para cuantificar la erosién, mostraron ser modelos validos para permitir
cuantificar las pérdidas y/o ganancias de C de los sistemas. Esto como consecuencia
de ser modelos calibrados para las condiciones de Uruguay y utilizar datos sitio-

especifico de suelo y clima representativos de la region.
4.1. COMENTARIOS PARA INVESTIGACIONES FUTURAS
A pesar de los avances logrados en la estimacion de las huellas ambientales de

sistemas bioenergéticos, de las fuentes que explican las emisiones de GEI y de las

pérdidas de nutrientes que llevan a altos valores de agua gris, numerosos aspectos de
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interes no han sido totalmente dilucidados y al mismo tiempo surgen nuevos
interrogantes a resolver en investigaciones futuras. Algunos de estos aspectos se

plantean a continuacion.

Trabajar con modelos de simulacion implica conocer el funcionamiento de los
cultivos y que la herramienta a emplear esté calibrada, con el fin de representar de la
manera més fiel posible el crecimiento y desarrollo de los cultivos a estudiar. Pero
ademas, requiere de utilizar la informacion mas exacta posible de los sistemas que se
van a simular, para que estas simulaciones sean representativas de la realidad. En éste
trabajo la utilizacion del modelo CROPWAT para la estimacion del agua verde mostrd
que dicho modelo es limitado ya que no considera diferencias en rendimiento de
biomasa para determinar los valores de agua evapotranspirada. Esto es consecuencia
de que el modelo es insensible al rendimiento del cultivo. CROPWAT no es un modelo
de crecimiento de cultivos y no proporciona asesoramiento de programacion en tiempo
real, sino que se desarroll6 como una herramienta para estimar los requisitos de riego
de cultivos (Van Heerden et al., 2008). La intensificacion de los sistemas de cultivo de
bioetanol al aumentar la biomasa cosechada (grano y residuos) demuestra la necesidad
de calibrar modelos para Uruguay que estimen el consumo de agua por unidad de
producto (biomasa total). Con respecto a esto, AquaCrop es un modelo que puede
simular el ciclo anual de crecimiento de los cultivos e incorpora el concepto de
productividad del agua del cultivo para transformar la evapotranspiracion estimada del
cultivo en el rendimiento final del cultivo (Steduto et al., 2009). Los requisitos de
entrada climatica son muy similares a los de CROPWAT, pero AquaCrop es un
modelo mas sofisticado que requiere informacién méas detallada sobre el suelo y los
cultivos (Tsakmakis et al., 2018).

Los resultados mostraron que el proceso de secuestro de C jugd un papel
importante en el balance de GEI, principalmente en el sistema de Sw donde el
secuestro de C represento el 70% de las emisiones del sistema. Sin embargo, el valor
de secuestro utilizado para switchgrass de 0,4 Mg (ha afio) ™! fue tomado de bibliografia

(Anderson-Teixeira et al., 2009) dado que en Uruguay, existe un vacio de informacion
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acerca de las tasas de secuestro de C de los cultivos perennes. Si bien existe basta
informacion internacional, no existe informacién pablicamente disponible que permita
conocer las tasas de secuestro bajo las condiciones de suelo y clima del pais. Respecto
a esto, actualmente hay instalados ensayos de largo plazo cuyo objetivo es evaluar el
efecto de distintos cultivos perennes sobre la calidad de suelo (Siri-Prieto, 2013). Por
tanto, nuestro trabajo puede ser facilmente actualizado una vez que esta informacion
esté disponible. Pero creemos importante resaltar, la necesidad de conocer con mayor

precision las tasas de secuestro de C de cultivos perennes como switchgrass.

La estimacion de huellas ambientales (carbono y agua), aplicando metodologias
ampliamente utilizadas a nivel mundial condujo al uso de modelos y base de datos con
informacion pertenecientes a otras regiones del mundo. Asi, para la estimacion de las
emisiones de GEl, se utilizd la base de datos de USDA, la cual posee valores que no
sabemos cuan representativos son para esta region. Por lo que seria deseable el
desarrollo de una base de datos representativa de la region como el MERCOSUR, para
un célculo mas exacto. Informacidén mas representativa con datos de emision locales,
puede permitir estimar con mayor precision las emisiones de los sistemas evaluados.
Una vez que esta informacion se encuentre disponible, puede ser empleada para
actualizar este trabajo en la medida de que implique una mejora de las estimaciones de
las huellas ambientales de sistemas bioenergéticos de nuestro pais.

Este trabajo de investigacion es un aporte metodologico para lograr la
intensificacion ecoldgica de sistemas bioenergéticos, ya que provee informacion local
aplicando metodologia transparente y ampliamente reconocida, de las huellas
ambientales de carbono y agua. Este aporte habilita la evaluacion de otras dimensiones
del impacto ambiental como: huella de nutrientes, huella de biodiversidad,
ecotoxicidad, acidificacion, agotamiento de recursos. Las herramientas para aplicar
este tipo de andlisis se encuentran disponibles y creemos que indudablemente es un

paso que debe ser dado en el menor tiempo posible.
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Finalmente, creemos que la informacion generada con el propdsito de contribuir
a la mejora de los sistemas agricolas de nuestro pais, informando a todos los actores
comprometidos con la produccion, todos estos esfuerzos son en vano si no logramos
que sea efectivamente transmitida a la sociedad. Hoy sobran las herramientas para
acortar distancias entre las universidades y los centros de investigacion y los tomadores
de decisiones, por lo tanto, debemos hacer el mejor uso posible de las mismas para que
el conocimiento generado llegue a los diferentes actores y por ende repercuta

positivamente en la produccion nacional.

4.2. RECOMENDACIONES Y SUGERENCIAS

Si bien el objetivo principal de la tesis era de caracter cientifico tecnolégico,
aportando una primera estimacion de las huellas ambientales de carbono y agua de
sistemas de cultivos bioenergéticos, es de suma importancia utilizar dichos valores
para incidir en una toma de decisiones sobre que sistemas bioenergéticos seria
conveniente utilizar a nivel nacional. Utilizando los criterios de sostenibilidad de la
Directiva Europea de Energia Renovable (EC Directive, 2009) sobre los
biocombustibles, en lograr una reduccion del 60% en GEI en relacién con los
combustibles fosiles, solamente Sw cumpliria con estos requisitos dado que presenta
una disminucion de 90% de emisiones GEI. Los sistemas de cultivos anuales (MWS 'y
MWS-R) solo generaron reducciones de 9,3 y 3,4%, respectivamente en comparacion
con los combustibles fosiles, 1o que los hace no aptos para la produccién sostenible de
biocombustibles. Ademas, Ss tuvo el peor desempefio al generar un incremento en las

emisiones de GEI del 60% en comparacion con los combustibles fosiles.

La utilizacién de una base de datos de 8 afios de rendimiento permitid
considerar la variacion meteorolégica anual la cual produjo diferentes rendimientos en
cada sistemay, por lo tanto, huellas ambientales especificas cuando estas se expresaron
por unidad de producto (rendimiento en etanol). Los sistemas de cultivos anuales
mostraron mayores valores de HC y HH dado que los rendimientos generales fueron

mas bajos en comparacion con Sw, lo que condujo a aumentos significativos en las
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huellas evaluadas. Esto es méas importante en afios donde las condiciones climaticas
son adversas para el crecimiento de los cultivos. Switchgrass tuvo una mayor
variabilidad en el rendimiento de 4,2 a 30,4 Mg (ha* afio™®), sin embargo, las emisiones
de Sw tuvieron un patron mas estable. Si se compara con los criterios de sostenibilidad
del Reglamento 2009/28/EC (GEI igual o al menos inferior al 40% de las emisiones
de gasolina), solo Sw puede satisfacer esta condicién en todas las condiciones
meteoroldgicas ocurridas. Ademas, dada la gran variabilidad climética a la que estan
expuestos los cultivos, Sw seria el cultivo mas recomendado para mantener bajas

emisiones de GEI y valores de HH.

Las gramineas perennes como switchgrass (Sw) se han propuesto como
posibles candidatos para la produccion de bioetanol debido a los beneficios
prometedores de productividad y calidad del agua. En comparacion con los sistemas
de cultivos anuales, Sw mostré las emisiones mas bajas de GEI y la menor HH.
Ademas, Sw aumentd el secuestro de C del suelo y presentd niveles de erosion muy
por debajo de la tolerancia de perdida de suelo. En este contexto, se pueden hacer dos
sugerencias: en primer lugar, Sw es una opcion factible para suelos con baja aptitud
agricola (Fritsche et al., 2010; Cai et al., 2011) donde los cultivos anuales tienen bajo
rendimiento y rentabilidad de forma de evitar la competencia con cultivos para
alimento (Gelfand et al., 2013). Sin embargo, dado que los suelos en nuestro estudio
son de aptitud agricola media, los resultados de este estudio probablemente tengan un
rendimiento mas alto que los posibles en suelos con baja aptitud agricola. Por estas
razones, la productividad de Sw deberia estudiarse en condiciones de baja aptitud
agricola. Segundo, Sw podria ser una buena herramienta para mejorar las propiedades
fisicas y quimicas (Anderson-Teixeira et al., 2009; Monti et al., 2012) de los suelos
degradados por la intensificacion de la agricultura, segin lo descrito por Beretta-
Blanco et al. (2019) y Carrasco-Letelier y Beretta-Blanco (2017).

En cuanto a los sistemas de cultivos anuales, de la forma en que estan

planteados en este trabajo no serian recomendables para ser utilizados como sistemas

de produccién de biomasa para la produccion de etanol. Sin embargo, seria
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recomendable evaluar estos sistemas con algunos cambios que permitan mejorar el
desempefio ambiental de los mismos. Desde un punto de vista agronémico la inclusion
de una fase de pasturas en los sistemas de rotacion permitiria incorporar el secuestro
de C en el suelo mediante las especies gramineas y promover la fijacién bioldgica de
N mediante las especies leguminosas. Esto permitiria mejorar el balance de C de los
sistemas y ademas disminuir la utilizacion de fertilizantes sintéticos durante la fase de

cultivos.

Los resultados de este trabajo constituyen una primera evaluacion de la relacion
entre la intensidad agricola y las emisiones de GEI y huella hidrica en sistemas
bioenergéticos en el Uruguay. Pese a que uno de los desafios primordiales de la
produccion agricola es incrementar la rentabilidad econdmica de los sistemas, la
respuesta debe estar dirigida hacia sistemas mas sustentables. Las influencias de las
politicas ambientales son dignas de atencion en Uruguay a pesar de que todavia no es
el foco principal en el pais, por tal motivo el desarrollo de herramientas para estimar
impacto ambiental, controlar el progreso y la eficacia de las opciones de mitigacion

seria un acierto que generaria ventajas considerando la aparicién de futura regulacion.
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