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Introduccion general

A partir de la segunda mitad del siglo XX, el crecimiento demografico comenzé a
incrementarse a un ritmo mas acelerado sobre todo en los paises en vias de desarrollo. En el
afio 2010 se contabilizaron a nivel mundial un poco méas de siete mil millones de personas
y se calcul6 que para el 2050 esta cifra rebase los nueve mil millones de habitantes, lo que
ha provocado que la produccion de alimentos tanto agricola como pecuario se intensifique a
través de un mayor nimero de animales confinados en un &rea mas restringida. Lo anterior
di6 pauta al escrutinio publico de alimentos inocuos y bienestar animal, en especial por los
grupos ambientalistas y protectores de los animales quienes culpan a los sistemas
intensivos del cambio climéatico y del maltrato animal, bajo la justificante de que los
sistemas tradicionales o0 menos intensivos son los mas inocuos y sostenibles, lo cual no es
necesariamente cierto. Los sistemas de produccién de leche bovina, tanto los intensivos
como los semi-intensivos y extensivos generan gases de efecto invernadero (CH,4, CO, y
N.0O) y desechos organicos (heces y orina). Todos ellos hacen uso de recursos naturales
(agua, suelo) y de energia externa para la produccion de forrajes, transporte, iluminacion y
funcionamiento de maquinaria, entre otros. Por ello, es conveniente evaluar la
sustentabilidad de los sistemas de produccién de leche bovina con diferente grado de
intensificacion, usando como referencia la emision de gases de efecto invernadero por
unidad de producto alimentario generado, bajo la hipdtesis de que los sistemas semi-
intensivos contaminan igual que los sistemas intensivos modernos. Por lo anterior, el
objetivo del presente estudio fue evaluar la eficiencia con que los sistemas de produccién
de leche bovina (intensivo y semi-intensivo) hacen uso de los recursos naturales e impactan

al ambiente. Lo anterior desglosado en este documento por medio de cuatro estrategias, 1)



Revision bibliografica de modelos matematicos utilizados para la estimacion de gases de
efecto invernadero en establos lecheros; 2) Comparacion de emisiones de metano (entérico-
estiércol), oxido nitroso y bidxido de carbono estimados con un modelo empirico, uno
mecénico dinamico y los del IPCC nivel Il, ilustrado en un inventario de emisiones de
gases de efecto invernadero por las practicas de manejo de ganado lechero en México entre
1970 y 2010; 3) Comparacion de sistemas lecheros intensivos y semi-intensivos en la
estimacion de emisiones de CH,4 (entérico-estiércol), N,O y CO, ademas, cotejando la
eficiencia de produccion de leche a través de un balance de nutrientes N, P y K excretados
en estiércol y por el uso de recursos naturales (agua y suelo) y, 4) Simulacién de
rentabilidad e impacto ambiental del posible uso de energia alterna (digestores anaerobios y

paneles solares) como estrategia de mitigacion de gases de efecto invernadero.



Capitulo I. Modelos matematicos para estimar y mitigar la emision de gases de efecto

invernadero en ganado lechero

Resumen general. El objetivo de este capitulo fue analizar y discutir los distintos modelos
matematicos que han sido generados para predecir emisiones de metano y nitrégeno
excretado que puede ser convertido a 6xido nitroso y establecer estrategias de mitigacion de
gases de efecto invernadero, producidos por el ganado lechero estabulado. Cabe mencionar
que este trabajo fue enviado y aceptado para su publicacién como capitulo en un libro que
se titulard “Zoonosis, Cambio Climatico y Sociedad” y sera editado por la Universidad

Autonoma del Estado de México.



MODELOS MATEMATICOS PARA ESTIMAR Y MITIGAR LA EMISION DE

GASES DE EFECTO INVERNADERO EN GANADO LECHERO

Juan Antonio Rendon-Huerta, Juan Manuel Pinos-Rodriguez, Ranga Appuhamy, Ermias

Kebreab

Introduccion

Dentro del sector agropecuario, el ganado lechero juega un papel importante en el sector
alimentario, ya que la leche es un alimento rico en nutrientes esenciales que promueven
efectos benéficos en la salud (Haug et al. 2007). En el 2010 la produccion mundial de leche
fue de alrededor de los 600 millones de toneladas, provenientes de 258 millones de vacas
(FAOSTAT 2012). Los sistemas de produccion de leche emiten gases de efecto
invernadero (GEI), principalmente biéxido de carbono (CO,), metano (CH4) y 6xido
nitroso (N2O) (Steinfeld et al. 2006). Estos gases contribuyen al incremento del
calentamiento global ya que poseen la capacidad de absorber calor de los rayos infrarrojos
que provienen del sol y presentan un potencial de absorcion equivalente a CO, = 1, CHy =
25 y N,O = 298 veces mas que un kilogramo de CO,, respectivamente (International Panel
of Climate Change [IPCC] 2006). A escala global, dentro del sector pecuario, el proceso de
produccion de leche emite el 2.7% de los GEI de origen antropogénico, es decir estos gases
se generan a través del proceso de produccion de los alimentos para los animales, uso de
fertilizantes, energéticos y combustibles, por la fermentacion entérica de los propios
alimentos en el rumen, el manejo del estiércol y el procesamiento y distribucion de los
productos generados por el propio sistema (FAO 2010). De los GEI que son emitidos a la

atmosfera, el 52% son en forma de CH, entérico y por el manejo de estiercol, y 30% son
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emitidos a la atmdsfera en forma de N,O principalmente por la répida volatilizacion de
amonio presente en estiércol y por el uso de fertilizantes nitrogenados (FAO 2010; Oenema
et al. 2005). Kebreab et al. (2008) menciona que la cuantificacion de estos gases en
rumiantes, en ocasiones es compleja y requiere de equipos costosos. Por lo cual, varios
modelos matematicos han sido desarrollado para predecir las pérdidas de energia a través
de emisiones de GEI, relacionadas con la eficiencia de alimentacion de rumiantes en
confinamiento. El objetivo del presente documento es analizar y discutir los distintos
modelos matematicos que han sido generados para predecir emisiones de CH; y N
excretado que puede ser convertido a N,O y establecer estrategias de mitigacion de GEI,

producidos por el ganado lechero estabulado.

Gases de Efecto Invernadero y Cambio Climético

En el 2007, el IPCC reportd que la temperatura global promedio se habia incrementado
cerca de 0.74° C con respecto a la temperatura de inicio de siglo XXI, como consecuencia
al incremento en las emisiones de GEI de origen antropogénico. Por ello, a nivel
internacional, se establecid el reducir las emisiones de GEI como una medida para aminorar
el calentamiento global. El organismo que regula y promueve la disminucién progresiva del
calentamiento global, es el Panel Intergubernamental de Cambio Climatico (IPCC por sus
siglas en ingles), a través del Protocolo de Kyoto, establecido en 1997 y ratificado en 2005,
el cual establece que los 192 paises que firmaron el protocolo (no ratificado por E.E.U.U. y
abandonado por Canada en 2011), deben reducir las emisiones antropogénicas globales de
GEl, en un 5% con respecto a las reportadas en 1990, esto en el periodo comprendido entre

2008 y 2012 (United Nations [UN] 1998; Time 2011).
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Generacion y emisiones de metano entérico por rumiantes

El metano entérico es producido en el rumen de bovinos, cuando carbohidratos solubles e
insolubles presentes en la racion son degradados bioquimicamente a pentosas y hexosas, y
posteriormente fermentados en condiciones de anaerobiosis por los microrganismos
ruminales para la produccién de &cidos grasos volatiles (acetato, butirato y propionato),
hidrégeno (H,) y CO, (Moss et al. 2000). Los excesos de H, y CO, son utilizados como
sustrato principal por microrganismos metanogeénicos, clasificados como Archaea. Estos
microrganismos generan CH, como producto del metabolismo, pero el que se genere CH,4
no es del todo negativo, ya que este proceso ayuda a equilibrar el ambiente en el rumen,
reduciendo asi los cambios bruscos de pH (Moss et al. 2000). EI volumen mayor de CH4
(87%) se produce en el rumen y es expulsado al ambiente por medio de eructos; el resto
(13%) es producido en el colon (Murray et al. 1976). Kebreab et al. (2009), sefialan que las
emisiones de CH,4 por rumiantes no solo representa un problema ambiental, sino también
una pérdida de productividad, debido a una ineficiencia en el uso de la energia de la racion
por los animales, la cual oscila entre el 2 y 12% del consumo de energia bruta, dependiendo
la calidad nutricional de la racion de buena a pobre, respectivamente (Johnson y Johnson.

1995).

Emisiones de 6xido nitroso por la excrecidn de nitrégeno en estiércol

Otro GEI de importancia generado por los sistemas lecheros, es el 6xido nitroso (N,O)
(Wrage et al. 2001), el cual es liberado cuando microrganismos transforman nitrogeno (N)
ya sea en el suelo o en estiércol, a través de dos vias 1) por nitrificacion de NH, a NH3, y
2) por la incompleta desnitrificacion de NH3 a N,. En gran medida la contribucién de N,O a

la atmdsfera, es cuando raciones para vacas lecheras sobrepasan los requerimientos de

12



proteina propuestos por el National Resource Council [NRC] (2001) que es del 16% de
proteina cruda (PC). Dijkstra et al. (2010) indicaron que los sistemas intensivos de
produccion de leche tienden a incrementar los contenidos de PC en las raciones para evitar
problemas de insuficiencia de proteina y asegurar una mayor produccion de leche. Pero
cuando las raciones contienen contenidos altos de PC, una cantidad mayor de PC va a ser
excretada en heces y orina, principalmente en forma de urea y amonio en la orina (NHs),
que al entrar en contacto con heces fecales, esté se volatiliza mas rapidamente, teniendo
como resultado emisiones de olores y N,O (Castillo et al. 2000; Hristov et al. 2011). La
estimacién del IPCC (2006) indica que la liberacion de N,O al ambiente por kilogramo de
N excretado varia de 0, 0.001 y 0.005 en digestores anaerobios, lagunas y almacenados al
aire libre (meses), respectivamente. Asi, los excesos de N excretado al ambiente en forma
de NH3 no sélo representa la emision del gas, sino también riesgos de contaminacion de
agua superficial y subterrdnea, aunado a un impacto econémico negativo para los

productores (Dijkstra et al. 2010).

Generalidades de los Modelos Matematicos

Un modelo matematico, segin Thornley y France (2007) es una ecuacion o serie de
ecuaciones que representan el comportamiento de un sistema, y donde existe una
correspondencia entre las variables del modelo y los valores observados [1].

Y =b +aX [1]
Donde: Y es la variable dependiente, b es el intercepto, a es un escalar, y X es la variable
independiente. France y Kebreab (2008) sugieren que para tener un mejor entendimiento
del rol de los modelos matematicos en las ciencias bioldgicas, las cuales incluyen ciencia

animal, es necesario considerar la naturaleza y las implicaciones en la organizacion
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jerarquica, esto con el fin de delimitar el area de estudio en la que se va a enfocar el alcance
de prediccién del modelo, dichos niveles consideran macromoléculas (i - 3), organelos (i -
2), células (i - 1), tejidos (i), 6rganos (i + 1), organismos (i + 2) y poblaciones (i + 3). Cada
nivel puede ser visto como un sistema, compuesto de subsistemas correspondientes al nivel
anterior. De esta forma, (1) cada nivel tiene sus propios conceptos y lenguaje; (2) cada
nivel es una integracion de piezas provenientes de niveles inferiores, donde la reaccion de
un sistema al nivel i puede relacionarse con las reacciones en los niveles anteriores, y donde
la descripcion al nivel i -1 puede proveer un mecanismo de comportamiento al nivel i; (3) el
éxito de operacion de un nivel dado, requiere la accion de niveles anteriores para funcionar
apropiadamente, pero no necesariamente en sentido contrario. Por ejemplo, un
microrganismo puede ser extraido del rumen y puede crecer de cierta manera en
condiciones in vitro, alejado de la integridad del rumen y del animal, pero el rumen y por
consecuente el animal, no pueden desarrollarse por si solos, sin la ayuda de
microrganismos. En estos términos, los modelos matematicos son desarrollados y utilizados
para comprender los procesos en cada nivel.

Los modelos matematicos son clasificados como deterministicos o estocasticos,
estaticos o dinamicos y empiricos 0 mecanicos (Thornley y France 2007). Los modelos
deterministicos hacen predicciones definitivas sin ninguna asociacion con la distribucion
probabilistica. Los modelos estocasticos incluyen elementos aleatorios asi que las
predicciones cuentan con distribucion, por lo que técnicamente son dificiles de construir y
de evaluar. Los modelos empiricos son aquellos en los cuales los datos experimentales son
usados directamente para establecer relaciones entre variables, y por lo general se basan en
un solo nivel jerarquico (por ejemplo, en un individuo). El enfoque deriva de la filosofia del

empirismo y generalmente sigue metodologias estadisticas como la regresion lineal para
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describir hechos basados en observaciones y experimentacion. Los modelos mecanicos
involucran procesos que buscan el entendimiento de las causas donde se divide en un
nimero de componentes que integran del sistema entero y hace un andlisis de las
interacciones méas fuertes entre dichos componentes (Figura 1). Para ello, es necesario
construir el modelo con al menos dos niveles jerarquicos (por ejemplo, Organos e
individuo). El termino entendimiento, involucra las relaciones entre cantidades y
mecanismos (proceso), entre dos 0 mas compartimentos o variables que forman parte del
nivel mas bajo y el fendmeno que estan prediciendo con respecto al nivel superior. Los
modelos estaticos presentan uno o mas parametros interaccionando con otros, pero no
contemplan el tiempo como variable. En los modelos dindmicos, las predicciones incluyen
el tiempo como variable t, y en general presentan una serie de ecuaciones diferenciales
ordinarias con respecto al tiempo.

dy =f(P,E)

dt

Donde: f representa una funcion de tres cantidades P corresponde a uno 0 mas parametros,

y E es una constante que denota cualquier efecto ajeno al sistema.

Modelos Matematicos Para Predecir Emisiones de CH4 Entérico

Los modelos matematicos desarrollados para la prediccion de CH,4 entérico son diversos,
pero los mas comdnmente utilizados son los empiricos (Blaxter y Clapperton 1965; Moe y
Tyrrel 1979; KirchgePner et al. 1995; Mills et al. 2003; Ellis et al. 2007; y Jentsch et al.
2007). Estos modelos generalmente estan construidos usando atributos como el consumo
de materia seca, la proporcion de forraje, el tipo de carbohidratos, el nivel de energia
metabolizable, la digestibilidad y el tipo de ingredientes de la racién, entre otros (Tabla 1).
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Mills et al. (2003) indicaron que las ecuaciones no lineales logran predicciones mas
precisas que los modelos lineales, debido que estos Gltimos, tienden a sobre predecir con
forme el consumo de materia seca se incrementa porque no toman en cuenta la relacién
bioldgica de la porcion digerible e indigerible, a excepcion de los modelos de Jentsch et al
(2007) que si consideran las fracciones degradables de los nutrientes.

Los modelos de prediccion de metano entérico que usa el IPCC, basicamente estan
catalogados como modelos estaticos, descritos en niveles y grados de complejidad. En el
nivel 1, que es el mas sencillo, se asume una determinada cantidad de leche producida por
afio y un factor de emision por region expresado en kg de CH4 por animal al afio. En el
nivel 2, que es el que el IPCC recomienda, el factor de emision es calculado utilizando el
consumo promedio de alimento en términos de energia bruta (MJ/d), del cual asume que
una proporcion de esta energia es convertida a metano (Ym; 6.5%).

Un ejemplo de un modelo empirico que simula los procesos técnicos, ambientales y
econdmicos de una granja lechera es el DairyWise. Este modelo se centra en los
requerimientos de alimento del hato con la ayuda de otro modelo Ilamado DairyHerd, el
cual estima la cantidad de forraje necesaria que se requiere producir dentro de la granja,
siendo los principales el zacate y el ensilado de maiz. Las salidas correspondientes de este
modelo incluyen el uso de energia, las emisiones de CO,, (consumo de combustibles y
energia), el CH, (entérico y del manejo de estiércol) y N,O (de la excrecion de N en
estiércol y del uso de fertilizantes inorganicos), la excrecion de nutrientes y los costos
financieros (Schils et al. 2007).

Ejemplo de un modelo estatico es el llamado Dairy (Havlikova y Kroeze 2010), el
cual predice una serie de contaminantes emitidos por las granjas lecheras, en relacion a las

practicas de manejo dentro del sistema de produccion (analisis de ciclo de vida), entre los
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cuales se encuentran NHs, oxido de nitrogeno (NO), N,O, CHj,, particulas suspendidas
(PM_5 y PMyp) vy nitrato (NOs) en estiércol almacenado en sistemas solidos y lodo liquido.
De esta forma, éste modelo incluye riesgos de eutrofizacion, toxicidad humana y
calentamiento global.

Un modelo de tipo dindmico-mecénico es el Molly (2007), el cual fue desarrollado
por Baldwin (1995) en la Universidad de California (Davis), y el cual representa la
utilizacion de nutrientes ingeridos por el bovino, donde la produccién de metano entérico se
basa en un balance de hidrogeno. Este modelo considera que exceso el H, producido
durante la fermentacion de carbohidratos y proteina a acido grasos volatiles AGV (acetato y
butirato) es fraccionado y utilizado para el desarrollo microbiano, biohidrogenacion de
acidos grasos insaturados y produccion de AGV glucogénicos (propionato y valerato), en
donde se asume que el remanente de H, es usado solamente para la generacion de CH,. La
estequiometria de AGV en este modelo esta basada en las ecuaciones desarrolladas por
Murphy et al. (1982).

Otro modelo mecéanico es Cowpoll, el cual esta basado en el modelo del rumen
propuesto por Dijkstra et al. (1992), en el cual se hace uso de una serie de 17 ecuaciones
diferenciales no lineales. La produccion de metano en el rumen y en el intestino fue afiadida
por Mills et al. (2001) siguiendo los principios de Baldwin (1995) (Figura 2).
Posteriormente Kebreab et al. (2006) incorpor6 al modelo Cowpoll, la utilizacién de
nitrogeno y fdsforo. A diferencia de Molly, Cowpoll separa las poblaciones de
microrganismos (amiloliticos, celuloliticos y protozoa) en el rumen para la fermentacion de
sustrato y la generacion de AGV.

Los modelos mecanicos presentan una precision mayor en la prediccion de CH, en

comparacion con modelos de regresion lineal, debido a que los mecanicos utilizan un
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namero mayor de variables tales como, consumo de materia seca, solubilidad y tasa de
degradabilidad de ingredientes, velocidad de paso de las fracciones de liquidos y sélidos en
el rumen, volumen y pH ruminal, y disponibilidad de H, en el rumen para generar CH,4

(Benchaar et al. 1998; Sejian et al. 2012).

Modelos Para Predecir Emisiones de Nitrdgeno en Heces y Orina

Los modelos de prediccion de nitrogeno excretado en heces y orina, relacionados
con las emisiones de N,O, en su mayoria son del tipo de regresion lineal y algunos no
lineales, y en lo general consideran como variables independientes la ingesta de N en la
dieta, material organica, consumo de materia seca, proteina degradable y no degradable
(Bannink et al. 1999; Castillo et al. 2001; Nennich et al. 2006; Huhtanen et al. 2008;
Arriaga et al. 2009; Higgs et al. 2012;) (Tabla 2). Los modelos de prediccién de N en heces
y orina, resultan mas precisos cuando se toman como variables independientes el consumo
de materia seca y el consumo de N, que cuando solamente se considera el consumo de N en
la racion (Nennich et al. 2006; Huhtanen et al. 2008). Los modelos de prediccion de Fox et
al. (2004), Arriaga et al. (2009) y de Higgs et al. (2012), son derivados del modelo Cornell
Net Carbohydrate and Protein System (CNCPS), el cual un modelo mecéanico-empirico que
simula la digestion de carbohidratos y proteinas, asi como la velocidad de paso en el
sistema digestivo y la absorcidn de energia y proteina en términos de eficiencia (Fox et al.
2004). Recientemente Higgs et al. (2012) realizaron mejoras de prediccion al modelo, sobre
las estimaciones de N excretado en heces, considerando como variables independientes
ademas del consumo de N, el consumo de materia organica. En lo que respecta a las

predicciones de N en orina, esté es calculado a través de la diferencia de N ingerido menos
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N excretado en heces y leche. Kebreab et al. (2002), desarrollaron un modelo mecénico-
dindmico de la excrecion de N en heces, orina y leche, los autores mencionan que el
modelo presenta una ligera subestimacion en la prediccién de N en heces, pero que presenta
una mayor sensibilidad en la prediccion de N en orina, conforme varia la degradabilidad de
las proteinas. Moorepark Dairy Systems Model es un modelo estocéstico, también
Ilamado de granja completa que simula la digestion, absorcién y excreciones de N
depositado en heces y orina (Shalloo et al. 2004), tomando como base el ingreso de N al
sistema en alimento y de fertilizantes. DairyWise (Schils et al. 2007), como se menciono
anteriormente, es un modelo empirico que hace un modelaje de entradas y salidas a nivel de
granja, dentro de sus predicciones también estan las estimaciones de excreciones de N en
heces y orina, considera como variables independientes el consumo de N en la dieta, un
coeficiente de proteina digerible y la cantidad de N absorbido, pero no menciona la

precision y exactitud de las predicciones.

Estrategias de Mitigacién de GEI en Establos Lecheros en Confinamiento

La mejor estrategia para reducir el gasto de energia en mantenimiento, las pérdidas de
energia en forma de CH, y de nutrientes como N y P es incrementando el nivel de
produccion reduciendo las excreciones de nutrientes en heces y orina, y ello sélo se logra
con raciones de calidad (Taminga 1992; Yan et al. 2006). Al respecto, Beauchemin y
McGinn (2006) siguieren que reduciendo las porciones de fibra e incrementando las
cantidades de almiddn y lipidos en la dieta, resulta en una estrategia para reducir las
emisiones de CH, entérico. En efecto, en establos donde el ensilado de zacate o de
leguminosas fue sustituido por ensilado de maiz, las producciones de leche fueron

similares, pero las emisiones de GEI y de N se redujeron considerablemente (Groff y Wu
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2005; Van Middelaar et al. 2012). De igual manera se ha observado que al aumentar la
proporcién de concentrados en la racion (de 47 a 68%), las vacas producen mas leche y las
emisiones de CH4 entérico se reducen hasta en un 20% (Aguerre et al. 2010). Ahora bien,
el aumento de los concentrados en la racion implica necesariamente un balance del
contenido de PC, es decir, se ha observado que las raciones para vacas altas productoras
requieren no mas del 16% de PC, con lo cual se cubre el requerimiento diario de N y se
reduce la excrecion de N, sin comprometer la produccion de leche en términos de
composicion y rendimiento (Kebreab et al. 2002; Olmos-Colmenero y Broderick 2006;

Arriaga et al. 2009).

Conclusion

Los distintos modelos matematicos son una herramienta para predecir las emisiones
de GEI (CH, entérico y N,O por la excrecion de N en heces y orina), sobre todo cuando no
se cuenta con recursos necesarios para la cuantificacion in vivo. El grado de precision y
exactitud de la prediccion dependera de la informacion disponible y del modelo que se
utilice, es decir, mayor informacion como consumo de materia seca, composicion de la
dieta, rendimiento, se puede hacer uso de modelos de mayor precision, como es el caso de
los modelos mecanicos-dinamicos. Sin duda, una buena prediccion es una herramienta util
para que los nutridlogos evaluen la calidad de los nutrientes en las raciones y desarrollen

estrategias de mitigacion de GEI a través de mejorar la eficiencia de produccion.
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Tabla 1. Modelos matematicos para la prediccion de CH,4 entérico

Ecuacién Modelo Referencia

CH4 (MJ/d) = 5.447 + (0.469 x EDMI) + (MM % [9.930 — 0.21 x Empirico Blaxter y Clappterton 1965

(EDMI)/100 x GEI])

CH,; (MJ/d) = 0.341 + (0.511 x NSC) + (1.74 x HC) + (2.652 x C) Empirico Moe y Tyrrel 1979

Cowpoll Mecanico Dijkstra et al. 1992; Mills et al. 2001
CH4 (9/d) = 63 + (79 x CF) + (10 x NFE) + (26 x CP) — (212 x EE) Empirico Kirchgepner et al. 1995

CH,; (MJ/d) =5.93 + (0.92 x DMI) Empirico Mills et al. 2003

CH, (MJ/d) = 8.25 + (0.07 x MEI) Empirico Mills et al. 2003

CH,4 (MJ/d) = 1.06 + (10.27 x Dietary forage proportion) + (0.87 x DMI) Empirico Mills et al. 2003
CH4 (MJ/d) = 56.27 — (56.27 + 0) x gl70-028 * DMl Empirico®  Mills et al. 2003
CH4 (MJ/d) = 45.89 — (45.89 + 0) x gl 70003 *MEL Empirico® Mills et al. 2003
CH, (g/d) = (20 x Conc. Intake) + (22 x Corn silage intake) + (27 x Grass Empirico Schils et al. 2006
intake)

CH, (Gg/afio) = EF x NUm Estatico IPCC 2006, nivel 1



CH, (Gg/afo) = [(GE x (Ym/100) x 365)/55.65] x NUm
CH,4 (MJ/d) = 8.56 + (0.14 x forage)
CH,4 (MJ/d) = 3.23 + (0.81 x DMI)
CH. (MJ/d) = 4.08 + (0.0678 x MEI)
CH, (MJ/d) = 2.16 + (0.493 x DMI) — (1.36 x ADF) + (1.97 x NDF)
CH, (MJ/d) = 3.27 + (0.74 x DMI)
CH, (kJ/d) = (1.62 x DCP) — (0.38 x DCF) + (3.78 x DCF) + (1.49 x D N-
FE)
NFE = OM — (CP + EE + CF)
CH, (kd/d) = (1.28 x DCP) — (0.31 x DCF) + (1.31 x DSt) + (1.16 x DSu) +
(2.24 x D-NFR)
NFR = OM — (CP + EE + St + Su + CA)
DairyWise
Molly

Dairy

Empirico
Empirico
Empirico
Empirico
Empirico
Empirico ©

Empirico

Empirico

Empirico
Mecéanico

Estatico

IPCC 2006, nivel 2
Ellis et al. 2007
Ellis et al. 2007
Ellis et al. 2007
Ellis et al. 2007
Ellis et al. 2007

Jentsch et al. 2007

Jentsch et al. 2007

Schils et al. 2007
Baldwin et al. 1995

Havlikova y Kroeze 2010
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EDMI = Ingesta de energia digerible sobre el mantenimiento (% de GE), MM = Multiplo de mantenimiento, GEI =consumo de energia
bruta (MJ/d), NSC = Carbohidratos no estructurales (kg/d), HC = Hemicelulosa (kg/d), C = Celulosa (kg/d), CF = Fibra cruda (kg/d),
NFE = Extracto libre de N (kg/d), CP = Proteina cruda (kg/d), EE = Extracto etéreo (grasa, kg/d), DMI = Consumo de materia seca
(kg/d), MEI = Ingesta de energia metabolizable (MJ/d), Dietary forage proportion = Proporcion de forraje en la dieta (decimales),
Conc. Intake = Consumo de concentrado (kg/d), Corn silage intake = Consumo de ensilado de maiz (kg MS/d), Grass intake =
Consumo de zacates (kg MS/d), FE = Factor de emision, Nium = Ndmero de individuos, GE = Energia bruta (MJ/d), Ym = factor de
conversion de GE en metano, equivalente a 6.5% para ganado lechero, forage = forraje (%), DCP = Proteina cruda digerible (g/d),
DCF = Grasa cruda digerible (g/d), DCF = Fibra cruda digerible (g/d), D-NFE= Extracto digerible libre de N (g/d), DSt = Almidén
digerible (g/d), DSu = Azucares digeribles (g/d), D-NFR = Residuo digerible libre de N (g/d), OM = Materia organica (g), St =
Almidén (g), Su = Azulcares (g), CA = Ceniza cruda (g).

Regresion no lineal.

“Ecuacion desarrollada para ganado lechero y de engorda.
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Tabla 2. Modelos que predicen excreciones de nitrégeno en heces y orina

Ecuacion Modelo Autor
UN =75.18 + (0.719 x (D — My)) Empirico Bannink et al. 1999
Dy =-42.5 + (0.738 x NI)
My = 46.62 + (3.681 x Milk)
FN =46.6 + (0.2 x NI) Empirico Castillo et al. 2001
UN = 21,0204 (D Empirico® Castillo et al. 2001
FN; Calculado con ecuaciones diferenciales Mecénico Kebreab et al. 2002 (Figura 3)
UN; Calculado con ecuaciones diferenciales
FN = [(FEPB3 + FEPC + FEBCP + IDM) x 0.09]/6.25 Empirico Fox et al. 2004
UN = {(NI) — [SPA + (Milk x MilkCP x 10/0.93) + MPPreg + MPg + Fecal Empirico Fox et al. 2004

CP]}/6.25
Moorepark Dairy Systems Model

UN = (RDP x 0.0628) + 55.6

Estocéastico

Empirico

UN = (BW x 0.254) — (Milk x 1.03) + (NI x 0.2101) + (MUN x 5.07) + (MTP x Empirico

Shalloo et al. 2004

Nennich et al. 2006

Nennich et al. 2006
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21.8) - (MF x 6.5) - 138.8

DairyWise Empirico Schils et al. 2007
UN =-126 + (NI x 0.676) Empirico Huhtanen et al. 2008
FN=-21+(DMI x 6.73) + (NI x 0.101) Empirico Huhtanen et al. 2008
FN =0.329 x (NI + 29.8) Empirico Arriaga et al. 2009
UN =0.164 x NI**3 Empirico® Arriaga et al. 2009
FN = [{[NI x (1 -0.842)] + 4.3} x OMI] x 1.20 Empirico Higgs et al. 2012

UN = Nitrégeno excretado en orina (g/d), (Dnx — My) = diferencia entre N aparentemente digerido y N excretado en leche (g/d), Milk =
Leche (kg/d), NI = Nitrégeno consumido (g/d), FN = Nitrogeno excretado en heces, DMI = Consumo de materia seca (kg/d), FEPB3
= Cantidad de proteina de la fraccion B3 en heces (g/d), FEPC = Cantidad de proteina de la fraccién C en heces (g/d), FEBCP =
Cantidad de proteina microbiana en heces (g/d), IDM = Materia seca indigerible (g/d), SPA = Requerimiento de proteina neta para
perdidas por pelaje (g/d), MPPreg = Requerimiento de proteina metabolizable para la prefiez (g/d), MPg = Requerimiento de proteina
metabolizable para crecimiento (g/d), MilkCP = Proteina cruda en leche (g/d), Fecal CP = Proteina cruda en heces (g/d), RDP =
Proteina degradable en el rumen(g/d), BW = Peso vivo (kg/animal), MUN = Nitrogeno ureico en leche (mg/dL), MTP = Porcentaje de
Proteina en leche (%), MF = Porcentaje de grasa en leche (%), OMI = Consumo de materia organica (kg/d).

Regresion no lineal.
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Figura 1. Representacion grafica de un modelo mecéanico usando dos compartimentos, Ay

B, las flechas simbolizan flujos (Dos ecuaciones diferenciales).
Ecuaciones diferenciales del sistema

dQA/dt = -kagA + kgaB — kOAA + |A

dQB/dt = kABA — kBAB — kOBB + IB

QA = masa del compartimento A

QB = masa del compartimento B

kij = constante de velocidad de flujo del compartimento i al j (1/tiempo)

kip = constante de velocidad de excrecion del compartimento i, hacia la salida del sistema
(1/tiempo)

li = constante de inyeccidn de una sustancia en el compartimento i (masa/tiempo)
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Figura 2. Representacion esquematica de una fraccion del modelo dinamico Cowpoll, que

simula las fuentes y depositos de hidrogeno en la generacion de CH,4 entérico (Kebreab et

al. 2006:Figura 27.1 [traducido por Rendon]).
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Figura 3. Representacion gréfica del modelo mecénico de Kebreab et al. (2002: Figura
1[traducido por Rendon]), para predecir nitrégeno excretado, los cuadros simbolizan
compartimentos de proteina en (Di = Dieta, Aa = Aminoacidos, Mi = Microbiana y Ur =
Urea y amonio), y sus respectivas salidas en forma de (Fe = Heces, Mk = Leche, Bd =

Musculo, Ue = Orina), las flechas indican los flujos de nitrégeno.
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Capitulo 1. Trends in greenhouse gas emissions from dairy cattle in Mexico

between 1970 and 2010

Resumen general. El objetivo de este estudio fue estimar y evaluar las tendencias de
emisiones de gases de efecto invernadero (GEI) como metano (CH,) y éxido nitroso (N,O)
por vacas productoras de leche en México del afio 1970 al 2010. Para ello se utilizaron
diferentes modelos matematicos que usan la composicion de la dieta para estimar las
emisiones de metano entérico. Las emisiones de CH; y N,O generados en el estiércol
fueron estimados con las guias del Panel Intergubernamental de Cambio Climatico (IPCC).
Los resultados indicaron que el manejo y las practicas modernas de produccién en vacas
lecheras, incremento la eficiencia de conversion de alimento en leche en un 32%, asi como
la produccion de leche por vaca en 62%. Asi, las emisiones de GEI por unidad de producto
(1 kg de leche) para 2010 se redujeron en un 30, 25 y 30% para CH,4, N,O y para el total
emisiones comparado con 1970. Este manuscrito fue enviado al Animal Production Science

(ISSN: 1836-0939) y publicado en linea, DOI: http://dx.doi.org/10.1071/AN12327.
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Abstract. The objective of the present work was to estimate and assess trends in greenhouse gas (GHG) emissions,
particularly methane (CH4) and nitrous oxide (N20), from dairy cows in Mexico from the base year of 1970 to 2010.
Empirical and mechanistic models were used to estimate enteric methane emissions based on chemical composition of diets.
Methane from manure was calculated using Intergovemmental Panel for Climate Change (IPCC) and US Environmental
Protection A gency recommended equations. NxOemission was calculated according to IPCC recommendations. Compared
with the 19705, current management practices using modern dairy cows increased feed conversion efficiency 32% and milk
yield 62%. GHG emission intensity (i.e. emissions per unit of product) was reduced 30%, 25% and 30% for CH,, N,O and
total emissions, respectively. The study showed thatalthough GHG emissions inabsoite terms increased in the past 40 years,
emission intensity decreased due to higher level of production. This trend is likely to continue in the future, assuming milk
production follows the same increasing trend as in other countries in North America.
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Introduction

In Mexico, livestock activities use 110 million hectares, 28% of
which are located in hot and humid areas, 23% in central part of
the country and 49% in desert and semi-desert arcas that are
mainly devoted to pouliry farming, swine breeding and
production of bovine milk and meat (SEMARNAT-INE
2002). Bovine mik is one of the most in demand products in
Mexico because it is considered to be a good source of energy
and protein (Espinoza ef @l 2005). The majorty of milk is
produced in the states of Coahuila, Durango, Jalisco, Estado
de Mexico, Veracruz, Chthuahua, Querétaro, Guanajuato,
Hidalgo and Aguascalientes (SIAP-SAGARPA 2008). Dairy
production systems in the 1970s were based on grazed pasture
and were characterised by low levels of low milk production
(9.2 kegfday) (FAO 2012); in contrast, cument intensive
systems make better use of natural resources and minimise the
intensity of greenhouse gas (GHG) emissions (1.e. emission per
product) (Capper ef al. 2008). Capper ef al. (2009) reported that
intensive systems are more efficient in utilising energy, which
reduces environmental impact of dairy farming. Thus, recent

Joumal compilation © CSIRO 2013

research in animal science has been focussed on improving feed
efficiency and other mitigation strategies to reduce emission
intensity.

Direct measurement of GHGs such as methane (CH,) and
nitrous oxide (N20) is complex and requires expensive
equipment. Howewver, several simple empirical and more
complex mechanistic models have been developed to estimate
GHG emissions by dairy catfle. Mechanistic models allow
prediction of CH,; and N:O emissions on the basis of type and
amount of nutrient intake (Kebreab et al. 2006). In Mexico, there
is a lack of studies in this field and the most recent GHG census
was made using data from [990-2002 (SEMARNAT-INE
2002). In the census, IPCC Tier I guidelines were used to
calculate enteric CH, emissions. A fixed emission factor of 72
kg CH,/year (applicable to all Latin American countries) was
used, assuming annual milk production of 800 kg. The
objective of the present work was to estimate and assess trends
in CH4 and N:O emissions from the dairy cow population in
Mexico from the base year of 1970 to 2010, by using
mathematical models.

www publish.csiro.aujounal s/an
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Materials and methods
Data sources

Analysis of the environmental impact of dairy systems in Mexico
was conducted on the basis of the methodology described by
Capper ef al. (2008, 2009) (Table 1), which requires estimates
of herd size, milk production and milk yield (Fig. 1; FAO 2012).
For this study, experiments that report dietary characterstics
(Table 2) needed to run the models described below were
chosen. Therefore, data from Cabello e al. (1971), Mendoza-
Martinez et al. (1986), Plascencia-Jorquera ef al. (1999), Ayala
el al. (2001) and Weiss and Pinos-Rodriguez (2009) were
obtained. Cow’s nutritional requirements were calculated
using the National Research Council recommendations (NRC

Table 1. Characteristics of the dairy production systems in Mexico
Variable 1970 2010
Breed 90% Holstein™ 959% Holstein"
Milk yield per cow (kg/year) 2800° 45418
Lactation period (davs) 305" 305"
Milk fat content (%) 3.50% 3310
Milk protein content (%) 400 3.04°
Main forage source Corn silage Corn silage and

alfalfa silage”
Type of diet Forage + Total mixed

concentrate” tations”

*Saucedo (1984).
BEAO (2012).
CCabello et al. (1971).
Ppinos-Rodriguez et af. (2010).
ESAGARPA (2010).
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Fig. 1. Changes in the human population, per capita consumption, lactating

cows and milk production in Mexico.
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2001). Dairy cows were assumed to be managed under a
confinement system. In the study, human population in
Mexico and per capifa consumption were also considered as
variables affecting milk production and, consequentially, GHG
emissions (CONAPO 2005; INEGI 2011).

Mathematical models

To estimate enteric fermentation, three models were selected on
the basis of input data requirement, their ease of application and
widespread use to predict CH, emissions and also their potential
relevance to Mexican dairy production system. Daily enteric
CH, production was calculated using two empirical models
(Moe and Tymell 1979; [PCC 2006) and a mechanistic model
COWPOLL (based on Dijkstra er al. 1992).

Moe and Tyrrell equation

An empirical model of Moe and Tyrrell (1979) that takes into
consideration the relationship between intake and diet
composition was used to estimate CH, emissions. The model
is described as follows:

Methane (MJ/day) = 3.38 +0.51 NFC (kg/day)
+2.14 HC (kg/day) +2.65 C (kg/day),

where NFC is non-fibre catbohydrate, HC is hemicellulose and
C is cellulose.

(1)

Intergovernmental Panel ior Climate Change (IPCC) Tier !l

The IPCC, in its revised reference manual (IPCC 2006), outlined
two methodologies to estimate CH, emissions from livestock
enteric fermentation, namely Tier I and Tier IL A third
methodology, Tier 111, is also recommended for countries with
detailed information on animal and diet characterstics using
mechanistic models. Tier [ is a simplified approach that
assigns default CH, emissions for distinct animal categories.
Therefore, only readily available animal population data are
needed to estimate emissions. When more detailed livestock
data are available, Tier II method estimates enteric CH,
emissions from ruminants on the basis of their gross energy
intake (GEL MJ/day) and the default CH4 conversion rate ( Yim,
%GEL). Feed intake is estimated from bodyweight, average daily
gain, milk production per day, average amount ofwork performed
per day, percentage of cows that give birth in a year, and feed
digestibility. Methane conversion rate is the extent to which feed
energy is converted to CH,. The default ¥m value proposed by
[PCC (2006) is 6.5% £+ 1% for dairy cows.

GE - (375) - 365
55.65 ’

where EF is an emission factor (kg CH,/animal.year), GE is the
oross energy intake (MJ/day), ¥Ym is the CH, conversion factor
(%) and the factor 55.65 is the energy content of CH,y (MJ/kg).

EF = (2)

COWPOLL

The original rumen model developed by Dijkstra et all (1992)
was used as the base model. The model contains a series of
dynamic, deterministic and non-linear differential equations.
Designed to simulate the digestion, absorption and outflow of
nutrients in the rumen, the model contains 17 state variables that
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Tahble 2.

Animal Production Science C

Diet composition for mature cows

Energy content of methane calculated with the models (MJ/day) was divided between the factor 55.65 (MV kg CHy)

Item Cabello ef al.
(1971)

Mendoza-Martinez
et al. (1986)

Weiss and Pinos-
Rodrignez (2009)

Plascencia-Jorquera
ef al (1999)

Ayalaefal,
(2001)

Ingredient (%a of DM)

Corn silage 740 -
Alfalfa silage - 583
Alfalfa hay - -
Concentrate 16% crude protein = =
Corn 48 -
Sesame paste 1.8 -
Wheat bran
Brewers grains dried 6.5 =
Rice bran 55 -
Sorghum grains =
Safflower -
Ground corn -
Hominy - -
Soybean hulls = =
wheat middings - -
Soybean meal 44% crude protein - -
Treated soybean meal - -
Distillers grains = =
Meat meal - -
Blood meal - -
Feather meal - -
Molasses - 42
Limestone - -
Magnesium oxide = =
Poultry litter - 21
Urea - 0.6
Phosphate rock
Salt 026 05
Mineral mix 0.1 -
Vitamin A 0.08 -

- - 26.8
450 15.0 13.2

Maodel predictions (MJiday)

Moe and Tyrrell (1979) 16.1 16.1

COWPOLL (based on 13.8 125
Dijkstra er al, 1992)

IPCC (2006) 179 17.7

17.2 17.6 18.6

represent N, carbohydrate (NDF, starch, and sugar), lipid and
volatile fatty acid pools. Three microbial groups, namely
amylolytic and ecelluloytic bacteria, and protozoa, are
represented in the model Using the principle of Baldwin
(1995), CH, production in the rumen and hindgut was added
to the mmen model by Mills er al. (2001). The principle was
based on excess hydrogen produced during fermentation
being partitioned between its use for microbial growth,
biohydrogenation of unsaturated fatty acids and the production
of glucogenic volatile fatty acids (Mills ef al. 2001). The model
was run for several days with a time-step of 1 h, until a steady-
state was achieved.

The total amount of enteric methane (ECH,; kg/year)
produced by the Mexican dairy cattle herd in Year j can be
calculated as follows:

ECHy = Cj x EEF;, (3)

where Cj is the total number of dairy cows in Year j, and EEF;is
the comesponding annual CH, enteric emission factor for Year).

Enteric CH4 emissions were considered to be zero for calves
(birth to pasture), as described by Le Du er al. (1976) who
observed that at 90 days of age, calves on milk consumed less
than 1 kg/day of herbage.

Manure CH, emissions were estimated using the IPCC Tier Il
methodology (IPCC 2006; US EPA 2007), which is a function of
the quantity of volatle solids excreted, CH, maximum potential
production (0.24 m* per kg volatile solids) and a CH, conversion
factor (21.7) for liquid systems.

MEF; = {VSj ® 365] . {Bﬂfj] * 0,67 x HMCFgJ X N[SSJ:I),
(4)

where MEF, = manure management CH,; emission factor
(kg CHas/animalyear), VS; = daily excreted volatile solid
(kg DM/animal.day) in Year j, 365 is the basis for calculating
annual VS production (days/year), By, is the maximum CH,
producing capacity from manure produced (m3 CHykg DM of
VS excreted) in Year j, MCFg; = CHy conversion factors that
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reflect the proportion of VS actually converted to CH, compared
with Bgg, (dimensionless) in manure-management System S
and Year j, the factor (.67 kgfm3 is a conversion factor of m’
CH, to kg CH,, MSg; is the fraction of manure handled using
manure-management System S in Year j (dimensionless). The
default values of VS, By and MCF. for dairy cattle are provided
in IPCC (2006). Due to lack of information, all manure was
assumed to have been managed in the same way.

The total amount of CH, from manure MCH,j (kg/year)
produced by the Mexican dairy caitle herd in Year j can be
calculated as

MCH,; = C; x MEF;, (5)
where C; is the total number of dairy cows in Yearj, and MEF; is
the comesponding annual CH4 manure emission factor for Year .

The prediction of the total amount of CH, produced by the
Mexican dairy herd in Year j (TCH,;, kg/year) is calculated as

TCHy = ECHyj + MCHy;. (6)

Manure N>O emissions were calculated as 0.001 kg of
N0 per kg of N excreted (IPCC 2006); however, the model
did not include N>O emissions from inorganic fertilisers. Carbon
dioxide emissions from animal respiration were not considered
due to CO; sequestration by plants in the photosynthesis process.
Fuel CO, emissions from combustion were not included in the
presentstudy dueto lack of data. The global warming potentials of

1. A. Renddn-Huerta er al.

CH4 and N>O were 25 and 298, respectively, on the basis of
[PCC (2007) recommendations. Emissions from manure were
then added to eneteric CH; emissions predicted by each model to
obtain the total amount of GHG emitted per cow.

Results

In the past 40 years, the human population in Mexico has grown
133% and demand for milk 172%. Dairy production systems in
the 1970s were pasture based, with forage © concentrate ratio
(F:C) of 65:35. In contrast, in 2010 most dairy production
systems use total mixed mtions formulated to meet the cow’s
nutrient requirements (F : C ratio 40: 60). Average milk yield has
increased from 9.2 kg/day in 1970 to 14.9 kg/day in 2010. Feed
conversion efficiency increased 32% (from 0.8 to 1.06kg of milk/
kg of DM intake) (Table 3).

Trends in enteric and manure CH,; emissions in the years
1970 and 2010 are provided in Table 3, and Fig. 2 shows a
comparison of ECH, with results obtained from COWPOLL
model and IPCC-derived manure CH, estimates for the
period1970-2010. Methane emissions estimated by the Moe
and Tymell equation were 165 and 274 Gg per year for years
1970 and 2010, respectively. COWPOLL estimated 144 and
272 Gg of CH,/year and the IPCC equation predicted 181 and
309 Gg of CHy/year. All three models agreed that the highest
emission estimates were in 2010. Regardless of the annual
variation among models in absolute ECH; production, the

Table 3. Comparison of resource inputs, management and environmental impact of dairy production svstems
DMI, DM intake; IPCC, Intergovernmental Panel on Climate Change
Variable 1970 2010 Difference (%)
Human population™ (mil lions) 48 112 133
Per capita mnsumrnionn (mL/davy) 2 260 17
Milk annual pmduc’[lonn{Mt) 10.6 172
Lactating oows“{thounnds} 1400 2351 43
Annual milk }'lru:m.‘fux:‘l'm:nrlB (kg/cow) 2800 4541 62
Feed con_wnptionc (kg DMIicow.day) 115 155 35
Total feed required (million tiyear) 5.87 133 126
Efficiency (kg milkkg DMI) 1.06 32
Total arnmual greenfiouse gas emission (Mtvear)
Methane™ 144 270 88
Nitrous oxide® 0.349 0.713 104
Carbon dioxide equivnlenrp 3704 6962 B
Emission by cow (kgivear)
Methane"” 103 115 11
Nitrous oxide™ 0.249 0.303 22
Carbon dioxide equivnlenrp 2649 2965 12
Emissions by litre of milk (g/L)
Methane” 36 25 ~30
Nitrous oxide™ 0.089 0.067 =25
Carbon dioxide et:p.t'nr.‘llerlt‘P 926 643 =30
“INEGI (2011).
BEAQ (2012).

Calculated with NRC (2001),

Dhethane emissions from enteric fermentation (COWPFOLL) + manure (IPCC).

FNitrous oxide estimated with IPCC model,

Filobal warming potential, CH4 = 25 (enteric CH, from COWPOLL model, and manure CH, from IPCC) and N»O = 298

(from IPCC method ology).
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overall trend was similar for all three meodels. Methane
emissions increased particularly between 1996 and 2004 but
decreased between 2005 and 2008. An interesting point was
that althongh CH, emissions per cow increased 11%, CH,
emissions per unit of milk decreased 30% (Table 3). Methane
from manure fermentation ranged between 17.08 in 1970 and
28.6 Gg in 2010.

Trends in annual N0 production are provided in Table 3 and
Fig. 3. In the past 40 years, total N2O emission increased 104%.
Although N2O emissions per cow increased (22%) in the same
period, N-O emissions per unit product decreased 2 5%. Nitrous
oxide emissions showed a tendency to increase between 1970 and
1986, remained relatively constant from 1987 to 2008, and started
to increase again between 2009 and 2010 (Fig. 3.).

Estimations of total GHGs are shown in Table 3 and Fig. 4.
Trends of carbon footprint of Mexican dairy system (total GHG
emissions in COz equivalents) were similar to those of CH;
emissions. All models showed that the highest emission
estimates were in 2010. Carbon footprint per herd and per cow
increased 88% and 12%, respectively, in the past 40 years; during
the same time, emissions per unit product declined 30%. Using
the Moe and Tyrrell equation, we estimated that total emissions
from dairy population in Mexico increased from 1972 to 1990;
decreased between 1991 and 1997 and then increased between
1998 and 2004. The COWPOLL model estimated total GHG
emissions to increase from 1972 to 1984, decrease between 1985
and 1998, and then increase between 1999 and 2010. The [PCC
model showed an increase from 1970 to 1984, a decrease between
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Fig. 3. Trends of nitrous oxide emissions from manure.
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1986 and 1996, followed by an increase between 1998 and 2004, a
decrease between 2004 and 2006, and finally an increase between
2008 to 2010 (Fig. 4). In general, ECH, production was the
highest source of emissions (85.3%), followed by CH, and N,O
from manure (11.5% and 3.2%, respectively).

Regardless of the models considered, the trend of carbon
footprint was similar to that of CH, emissions because the
majority of emissions came from ECH, (Fig. 5). A comparison
ofemissions (CO; equivalents)between models for the Year 2010
indicated 1.13% difference between Moe and Tyrrell and
COWPOLL, 10% between Moe and Tymell and IPCC, and
11.1% between COWPOLL and IPCC.

Finally, a comparison between forecasted dairy production
systems in Mexico and the US for the year 2020 is shown in
Table 4. Data of the US system were based on Kebreab e al.
(2008). If the efficiency of dairy production in Mexico increased
at the same level as the US, fewer lactating cows would be
required, and CHy, N2O and the carbon footprint would be
reduced 38.8%, 75.60% and 39.4%, respectively, assuming
constant demand for milk.

Discussion

In the past four decades, livestock production in Mexico has been
growing; however, there is paucity of information regarding
GHG emissions from cattle. On average, our estimates of
ECH, emissions were 2.3%, 185% and 32.7% higher with
COWPOLL, Moe and Tyrrell (Eqn 1) and IPCC Tier 11 (Egn 2)
models, respectively, than the latest available inventory for
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Table 4. Comparison of the predicted environmental impact trend by
dairy cattle to the year 2020, using current production systems from
Mexico and USA
Trend of environmental impactaccornding to the population size (115 762 289,
CONAPO (2005) per capita consumption (260 mL/day = 11 billion kg of
milk/vear) and the current milk production svstem. USA data were calculated
with dairy cattle characteristics from Kebreab ef al. (2008)

Variable Mexico USA Difference (%)
Milk production (kg/cow.day) 149" 331 122
Milk yield (kg/cow.year) 45414 10095 122
Lactating cows (thousands) 2422 1089 =550
Feed (Mt) T4 26.7 =28.6

(G H emission
Methane (Mt) 278" 170 ~38.8
Nitrous oxide (f) 734" 179 ~75.6
Carbon dioxide equivalent (Gt) 7.1% 43 -394
AFAQ (2012).

By alues are taken from Table 3, using estimated data from 2010, where total
CHa= 115 kg/animal year, Nx0 =0.303 kg/animal.y ear, and COs equivalent
= 2965 kg/animal year, and multiplied by animal population.

CEstimations were not realised in Kebreab er al (2008). Manure N.O
emissions were estimated as 0.001 kg of N2O per kg of N excreted (US
EPA 2007). Nitrogen excretion by animal = 0.45 kg/day (ASABE 2005).

2002. Kebreab er al. (2008) compared mechanistic models such
as COWPOLL and empirical models inchiding IPCC and
reported that mechanistic models were superior in their ability
to predict CH4 emissions. The authors reported that statistical
models such as Tier I from IPCC tend to overestimate CH,
emissions becanse CH, predictions depend on the amount of DM
intake and do not respond to the types of nutrients supplied to the
animals.

Other models for calculating GHG inventories have been
developed by Ruiz-Sudrez and Gonzilez-Avalos (1997), but
these authors included only enteric and manure CH, emissions
from dairy and beef cattle. The authors modified [PCC Tier [
model (EEF given for Mexican region) by calculating energy
intake on the basis of bodyweight. Their estimates were not in
agreement with our results; for example, in the year 1995, they
estimated a CH,; emission of 288 Gg for dairy cattle, which was
17 5%, 32.7%, and 69 4% more than the values we obtained in our
study (with [PCC Tier 11, Moe and Tyrrell and COWPOLL,
respectively). These differences are likely due to models used
(IPCC Tier I uses a fixed value) and also differences in thetype of
production system considered. Farming systems based on high-
forage diets produce higher enteric emissions and lower milk
yield per cow than do modem intensive systems (Haaseral 2001,
Hagemann ef al. 2011).

The geneml trend observed in the present study was similar to
thatfound forwestern Canada, which washeavily affected by cow
numbers and improvement in milk production (Alemu ef al.
2011). There was a downward trend in CH, emissions and
carbon footprint during 1990-1998, most probably due to a
decrease in cow numbers. Losada et al. (2000) reported such
reduction to be due to national economic crisis and the high cost of
production in the 1990s. For example, in the town of Tizayuca,
Estado de Mexico, producers were forced to sell their herds or
at least reduce the number of animals; however, after 1998, a
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tendency toincrease the numberofanimal was~15-20% per year,
in the same area of Tizayuca.

In the current study, the higher CH, emissions and low milk
yield per cow in the 1970s are attdbuted to more extensive
systerns with higher F:C ratio in the diet than in modern
production systems, where intensification has been going on
for at least two decades. Similar results have been described
by Capper et al. (2009), who reported that an improvement in
the management practices in intensive dairy production systems
is an important way to reduce the environmental impact. This
could be achieved through better crop vields, higher-quality
feedstuffs, improvements in genetic and diet composition and
greater milk yields (Boadi er al. 2004). This would then reduce
GHG emissions and the number of cows required to produce
a comparable amount of milk. Eastridge (2006) and LeBlanc
et al. (2006) also pointed out that advances in dairy production
in the past six decades have resulted in remarkable increases
in production efficiency granted by genetic selection, ration
formulation, preventative health programs, improved cows’
performance and better management practices.

For a complete life-cycle analysis, data on, for example, fuel
and electricity use, water consumption, crop and feedstuff
production, land required, ration formulation, herd distribution
and manure management will be required. Such a system-wide
analysis will be able to assess GHG mitigation options to
improve environmental sustainability of the Mexican livestock
production system.

Conclusions

All three models used in the study were in agreement with the
trend of emissions, which were generally rising as the years
progressed but were heavily influenced when cow numbers
changed during the study period. Enteric CH,; emissions have
been identified to be the major source of GHG emissions in
Mexican livestock production systems; therefore, any mitigation
strategy to reduce carbon footprint should include strategies to
reduce enteric fermentation. Emission intensity is likely to
decrease in the future as cow productivity and management
practices are expected to follow trends similar to those in other
Morth American countries. Any policy change to reduce
emissions should use quantification methods that take into
account diet composition and intake rather than fixed emission
factors such those currently used in the Mexican national
inventory.
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Capitulo I11. Comparison of greenhouse gas emissions by intensive and semi-intensive

dairy systems in México: an approach to Life Cycle Analysis (LCA)

Resumen general. Con el objetivo de comparar el impacto ambiental de sistemas
estabulados de produccion de leche con distintos grados de intensidad, se estimaron las
emisiones de metano (entérico-estiércol), 6xido nitroso (estiércol) y bidoxido de carbono
(uso de electricidad y quema de combustibles fosiles), eficiencia de produccion, uso de
recursos naturales como agua y suelo, y por ultimo por la excrecion de nutrientes en el
estiércol. La diferenciacion del grado de intensidad entre sistemas se realizé con un analisis
multivariable cluster, donde las variables analizadas fueron, el nimero de animales en
produccion, el uso de combustibles fosiles y electricidad, el consumo de agua y el uso de
suelo. Asi, resultaron tres grados de intensidad (bajo, medio y alto). Siendo estos ultimos
los que mostraron ser méas eficientes e impactar en menor medida al ambiente. La
generacion de metano entérico resulto la mayor fuente de gases de efecto invernadero. El
manuscrito se enviard para su revision a una revista indexada en el Journal Citation

Reports.
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Comparison of greenhouse gas emissions by intensive and semi-intensive dairy

systems in México: an approach to Life Cycle Analysis (LCA)

Abstract

The objective of this study was to compare estimations of CH4 (enteric-manure), N,O
(manure) and CO, (fuel and energy use) emissions in intensive and semi-intensive dairy
farms in México, to compare the use of natural resources as water and soil, efficiency of
production and excretion of nutrient in manure as N, P and K in these systems of milk
production. Mechanical-Dynamic and empiric mathematical model were used to estimate
greenhouse gas emissions in different type of intensive systems of milk production in
Mexico. Three kinds of intensive systems were identified through a multivariable cluster
analysis (low, medium and high). Feed efficiency kg milk per kg DMI was better in high
intensive production systems. Enteric methane was identified as the major source of
greenhouse gases in all type of intensity systems. High intensive dairies generated the
lowest emissions of CH,; N,O and CO, equivalent by unit of product, 18.6, 0.12 and 827.6
g, respectively. Thus, water footprint was lower in low intensive dairies 426.7 L of water/L
of milk, cropland was highest in intensive systems but milk yield per area was better
(30,938 kg/ha). Nutrient excretion N, P and K were lower in intensive dairies by unit of
product, 13.2, 2.4 and 6.4 g. In conclusion, better feed efficiency decreases GHGs
emissions, natural resources use and nutrient excretion by unit of product, Thus better

manure management practices could mitigate carbon footprint as well.

Keywords: dairy intensive systems, milk production, environmental impact, methane
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Introduction

In México, milk production is developed in technological, socioeconomic and
agroecological heterogeneous conditions with four different kinds of systems: intensive,
semi-intensive, familiar and double purpose (SIAP-SAGARPA, 2005). Livestock
production is recognized to contribute significantly to emission of greenhouse gases
(GHGs) mainly through emission of carbon dioxide (CO,), methane (CH,4) and nitrous
oxide (N20) (Steinfeld et al., 2006). In the last two decades, gas emissions by dairy cattle
have been increased in 52% (Methane to Markets, 2008). Efficiency of production into
systems is defined as the minimum quantity of inputs (feed, fossil fuels) and emissions of
GHGs and nutrients in order to produce a considerable quantity of milk (Place and
Mitloehner, 2010). The variety of milk production systems but mainly intensive systems
make use of better nutritional feeds produced with inorganic and organic fertilizers (Smith,
1991), where in many scenarios losses of nutrient in manure (feces and urine) can occur,
mainly; nitrogen, phosphorus and potassium, when they are present in excess all of them
can have a negative impact in the environment (atmosphere, soil and water), human health
and wild animals (Kojima et al., 2005). Thus, milk production systems require other kind
of inputs as fuels and electric energy, CO, is released from combustion of fossil fuels to
power machinery, or electric energy generation (Pimentel and Pimentel, 1996; Rotz et al.,
2010). Gas measurements such as CH4, N,O and CO, are complex and require expensive
equipment, one alternative has been the development and use of mathematical models to
estimate greenhouse gas (GHG) emissions (Kebreab et al., 2008). Mathematical models
allow to predict the maximum amount of GHG production as CH, and N,O by ruminants

related to the intake of nutrients without perform costly experiments (Kebreab et al., 2006).
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At the same time, another concept that applies to animal production is the water footprint,
which it is analogue to the ecological and the carbon footprint, but indicates fresh water use
instead of land or fossil energy use and GHGs emissions (Hoekstra, 2003). Therefore the
object of this study was 1) to compare estimations of CH, (enteric-manure), N,O (manure)
and CO, (fuel and energy use) emissions in intensive and semi-intensive dairy farms in
Mexico, 2) to collate the use of natural resources as water and soil, efficiency of production
and through excretion of nutrient in manure as N, P and K in these systems of milk

production.

Material and methods

Animal Care and Use Committee approval was not required by this study because any
contact with the animals was not done.

A face-to-face, on-dairy questionnaire was conducted by the primary author (JARH). The
same questionnaire was used on each dairy. Data on animal performance, diet composition,
manure and soil samples from lactating, dry heifers and bulls, were collected from 26 dairy
farms and Central and North of México (Queretaro, Jalisco, Guanajuato and
Aguascalientes); ration and manure samples were kept frozen at -20 °C until they were
analyzed. For feed and manure samples, analysis of dry matter contend, crude protein,
NDF, ADF, fat and ash where done in order to fit the COWPOLL model and analyze

nutrient losses, respectively.

Greenhouse gas emissions

Mathematical models
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To estimate enteric fermentation, manure CH,4 and N,O, a mechanistic COWPOLL (based
on Dijkstra et al. 1992), and two empirical models (IPCC, 2006) were selected based on
input data requirement, their ease of application, and widespread use to predict CH4 and
N0 emissions and also their potential relevance to Mexican dairy production system.

As is described in Rendon-Huerta et al. (2013), enteric and manure CH,4 emissions were
estimated with COWPOLL (Dijkstra et al.,1992) and IPCC (2006), respectively, and then
they were sumarized. Manure N,O emissions were calculated as 0.001 kg of N,O per kg of
N excreted (IPCC, 2006); however, the estimations did not include N,O emissions from
inorganic fertilizers. Carbon dioxide emissions from animal respiration were not considered

due to CO, sequestration by plants in the photosynthesis process.

Carbon footprint

The global warming potential of CO,, CH, and N,O were 1, 25 and 298, respectively, on
the basis of IPCC (2007) recommendations. Carbon dioxide from fuels and electric energy
utilization were obtained through a questionnaire, where according with IPCC (2007) and
the US EPA (2012), emissions by 1 kWh, 1 L gasoline and 1 L of diesel burned are

equivalent to 0.73, 2.33 and 2.83 kg of CO..

Land, crops growing and hydric footprint
Land for pens, milk facility and cropland were asked in the questionnaire, main crops and
yields per ha were asked as well.

Water consumption for irrigation crops, cleaning and drinking water from wells was
calculated according to Bernoulli equation according with pumping time and seasons

during the year.
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Q=Av Eq.[1]
Where Q is the water flow rate in m%/s, A is the pipe section area in m?, and v is the

average flux velocity in m/s (Mott, 1996).

Nutrient excretion
Efficiency of nitrogen (N), phosphorus (P) and potassium (K) utilization were analyzed in
feed, and manure samples, through analysis of dry matter content, nitrogen, phosphorus and

potassium.

Data Analysis

In order to classify between degrees of intensive confinement based livestock systems, a
multivariable cluster analysis was made with the Cluster function of R Development Core
Team, where variables as cow population, cropland, electricity use, fossil fuels and water
consumption were used. Comparison of GHGs emissions, water footprint and nutrient
excretion were analyzed with a completely randomized design through an analysis of
variance (ANOVA). Comparison of GHG, milk production, DMI and efficiency of
production were performance through a Pearson correlation. Finally the average scores

were compared using the Tukey test (p < 0.05) (R Development Core Team, 2012).

Results and discussion

According with the Cluster analysis, three kind of intensive systems were identified as low,
medium and high intensive, total populations including all categories of production into the
system were 285, 588 and 1940 animals, respectively, where 128, 281 and 786 are lactating

cows, respectively (Table 1). Highest milk yield values by cow per day was obtained in
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high intensive dairies compared with medium and low intensive dairies, 31.4, 29.6 and 25.9
kg, respectively (P=0.0014). Total milk production values per year were highest in high
intensive systems compared to low intensive, 7610709 and 1058533 kg milk, respectively
(P<0.0001). Efficiency was found highest as well in big dairies in contrast to small dairies,
1.31 and 1.07 kg milk/kg of DMI (P=0.0312). This effect is mainly due to the diet
composition, where in high intensive dairies forage:concentrate ratio (F:C) average is 45:55
and in medium and low intensive dairies is in average 52:48 and 60:40, respectively. Silage
corn and alfalfa were the main forage in diets, while commercial concentrate and corn

(TMR) were in the concentrate proportion.

Greenhouse gas emissions
Greenhouse gases estimated in this trial were enteric CH4, manure CH4 and N2O and CO;
due to electric energy and fuels combustion (Table 2). Enteric methane estimation by total
population is bigger in high intensive dairies followed by medium and low intensive
dairies, 379380, 147589 and 70652 g/d (P<0.0001), statistical differences is due mainly to
the herd size, same occurs in manure methane, manure nitrous oxide, carbon dioxide
emissions for energy and fuel consumption, and finally in total carbon dioxide equivalent.
Estimated GHGs emissions by cow were significant in manure CH4 (P<0.0001), highest
values were obtained in low intensive systems compared to medium and high intensive
systems, 55.4, 49.4 and 41 g/d, respectively. Enteric CH4 emissions were not significantly
different (P=0.8096), even if differences are not significant, enteric CH, was identified as
the highest source of GHG in CO.e followed by energy and fuels consumption. Results of
total CH,4 by cow, are similar with those found by Aguerre et al. (2011), they point that

cows fed with diets with forage-to-concentrate ratio equal to 47:53, produce a total of 538 g
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CHy/d and, such as forage ratio increases CH4 emissions increases as well, this value is
higher compared with those obtained in our study, but at the meantime same authors
mention that their values in general are higher with those reported when measurements are
done in chambers.

Emissions by unit of product (Table 2) were statistical significant in enteric CHg, highest
values were estimated in the low intensive dairy systems, followed by medium and high
intensive dairy systems, 21.7, 18.6 and 15 g/L of milk, our results from intensive farms are
similar with those found by Aguerre et al. (2011), they pointed out that diets with 47:53
forage-to-concentrate ratio and intake of 21 kg of DM, cows produce 14.0 g of CH4/kg of
milk, even if there is a difference in DMI between our study and their trial, main
differences may be attributed to more crops variety in diet composition like extract
soybean, roasted soybeans, etc. On the other hand, according with Hristov et al. (2013),
there are some practices that could be reflected in increase milk production and as second
benefit an enteric methane reduction, these practices are mainly, to improve forage quality,
optimizing rumen function for higher microbial protein synthesis through feeding of a
balanced diet.

Manure (Feces and urine) are mainly storage in solid between the farm and the
croplands for months (4-6), and then spray in the field as fertilizer. Manure CHj,, and total
CH, were statistical significant as well. Nitrous oxide estimations were highest in low
intensive dairy systems 0.16 g/L of milk (P=0.0006). Even if high intensive systems use
great quantity of energies (electric and fuels) in order to produce milk, emissions of CO,
were highest in low intensive dairies compared to medium and high intensive dairies
(P=0.0042). Finally total CO, equivalent (CO.e) emissions by liter of milk were found

significant different (P=0.0116), highest values were obtained in low intensive dairies,
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followed by medium and high intensive dairies, 1172, 833 and 827 g CO.e/L of milk.
Where CH, was the highest source of GHG, followed by energy and fuel consumption,
these results agree with those found by Rotz el at. (2010). Thus, our results are quite similar
to those reported by Hortenhuber et al. (2010) ,found emissions up to the farm gate ranged
from 0.90 to 1.17 kg COe/kg milk, respectively. Phetteplace et al. (2001), pointed out that
for a cow producing 7880 kg milk per year, carbon footprint was 1.09 kg CO.e/kg of milk,
respectively; another studies made by Capper et al. (2008), mention that a lactating cow
producing 9050 kg of milk, generate 1.5 kg CO,e/kg of milk, the difference between this
last value and our values may be due that the farms that we visited do not produce the total
feeds.

A Pearson correlation (Table 3), indicates that increasing efficiency of production
(Milk kg/DMI kg), decreases CH4, N,O and CO; by unit of product (P= 0.0566, 0.0048,

0.0037, respectively).

Land, crops growing and hydric footprint

Area designated to growth crops and dairy facilities is showed in table 4, where low,
medium and high intensive dairies presented 52, 114 and 246 ha, respectively. Main
growing crops in the Spring-Summer cycle was corn, alfalfa sorghum, triticale and grasses,
for the Autumn-Winter cycle oats is growth. Corn has the highest yield in tons/ha between
crops, between systems, yield values were highest in high intensive dairies followed by
medium and low intensive systems, 51, 58 and 61, respectively. Second crop with high
yield was triticale, 17, 40 and 40 tons/ha for low, medium and high intensive systems,
respectively. Alfalfa presented the lowest yield, 4 tons/ha each one without significant

differences.
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Consumption water for irrigation, cleaning and drink is presented in table 4. Highest use
of water was done by high intensive systems, followed by medium and low intensive
systems. Main water use is due to irrigation crops, then for drinking water and finally for
cleaning (milk facility and pens that use flushing systems), it is important to mention that
farms have permissions to extract water from subsoil at least 9 months a year or till the
whole year. Water footprint did not present statistical differences by unit of product, our
results showed that in order to produce one liter of milk, 426.7, 635.7 and 485.7 L of water
are required in low, medium and high intensive systems, respectively. Our results show
lower values compared with those made by Hoekstra and Chapagain (2007), worldwide
water footprint per liter of milk is equivalent to 990 L of water; Thus, same authors
mention that water required to produce one liter of milk in Mexico is about 2382 L, but
they do not mention if calculations comes from an intensive Holstein dairy system or from
a double purpose system (meat and milk production system) or both, which is important
because, double purpose systems have very low milk production by cow, 4561 kg/cow/yr
or 15 kg/d (Espinoza-Ortega et al., 2005). The low water footprint got in this study must be
due to that farms that were visited just produce around 40 to 50% of crops required in the

diets, the rest have to be purchased or imported.

Nutrient excretion

Results of nutrient excretion are showed in table 5. Obviously nutrient excretion (nitrogen,
phosphorus and potassium) in manure by total population were higher in intensive systems,
due to they present the largest animal concentrations. When we look at nutrient excretion
by animal, our results shows that animals whit higher concentrate ratio (high intensive

dairies) excreted higher quantities of nitrogen compared to low concentrate ratio (low
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intensive dairies) 415.4 and 392 g/d, respectively (P=0.0014), but when we compared
nitrogen excretion by unit of product, losses are lower in high intensive systems (13.2 g
N/L of milk, P=0.0010); Our results are close to those found by Brito and Broderick
(2006), they mention that with diets containing 51:50 forage-to-concentrate ratio, 25.4 kg
of DMI and crude protein in percentage of 16.6, nitrogen excretion in manure is around 431
g N/d and 10.5 g N/L of milk. On the other hand, Groff and Wu (2005) found that when fed
lactating cows with diets containing 50:50 forage-to-concentrate ratio, 16.25% CP and 24.7
kg of DMI, presents a nitrogen excretion of 484 g/cow and 13.5 g N/L of milk. Finally
Hristov et al. (2004) mention that dairy cows fed with 48:52 forage-to-concentrate ratio,
15.8 % CP and 23.5 kg DM, shows nitrogen losses in manure of 437 g/cow/d.

Results for phosphorus (P) excretion are present in Table 5. Highest values by cow
were obtained in high intensive systems (74.9 g of P/d) compared with low and medium
intensive systems (P=0.0021). But when phosphorus excretion are contrasted by unit of
product, high intensive systems shows lower losses, 2.4 g/L of milk (P=0.0154). Our
results are higher in contrast to those made by Weiss and Wyatt (2004) where they show
that cows with DMI of 21 kg/d, milk yield of 30.4 kg/d and P intake of 79 g/d, presents a P
excretion in manure of 47.7 g/d. Other studies with results similar to us, show excretion of
phosphorus in manure about 59.3 g of P/d per cow when P intake was 84.8 g/d (Arriaga et
al. 2009).

Finally results for potassium (K) excretion in manure are showed in Table 5. Highest
values by cow were found in high intensive dairies compared with medium and low
systems, 200.3, 197.6 and 192.1 g/d, respectively; these results agree with those found by
Van Horn et al. (1994) and Nennich et al. (2005), for a lactating cow producing 31.8 and

31.4 kg of milk/d, K excretion is equal to 204 and 200 g/d, respectively; other studies made
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by Kojima et al. (2005) reported high K excretion (282 g/d) in cows producing 29.5 kg of
milk/d.

Significant differences were found in K excretion to the environment by unit of product
as well (P=0.0021), highest values were presented in low intensive dairies, 7.5 g/L of milk
compared with high intensive dairies (6.4 g of K/L of milk). Cows in high intensive milk

production systems made better use of potassium.

Conclusions

Low GHGs emissions were estimated lower by unit of product in high intensive dairy
farms, mainly due to diet composition and efficiency of production. Enteric methane was
identified as the major source of GHGs emissions; therefore any mitigation strategy to
reduce carbon footprint specially in low intensive milk production systems, should be
focused in reduce enteric methane through increasing efficiency of production; Second
source of GHGs was energy consumption, manure management could be another practice
to mitigate carbon footprint through anaerobic digesters in order to produce electric energy
and low use of fertilizers on croplands, these practices could made a more sustainable
production system. Emission intensity is likely to decrease in the future as cow productivity
and management practices are expected to follow trends similar to those in intensive

systems.
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Table 1. Animal population distribution by category and milk production in three different

intensive systems

Level of intensification

Low Medium High SEM  P-value
intensive  intensive  intensive

Category
Early lactation cows 115 237 590 29.2 <0.0001
Midlactation cows 15 35 154  46.7 0.0181
Late lactation cows 4 9 42 165 0.3636
Dry cows 28 38 135 16.8 0.0012
Heifers 88 153 400 9.17 <0.0001
Calves 43 93 589 55.8 0.0002
Bulls 2 23 31 238 0.2679
Total 295 588 1941  67.5 <0.0001
Milk yield, kg/cow.d 25.9 29.6 314 105 0.0014
Milk yield, kg/cow.yr x 10° 7.89 9.02 957 031 0.0016
Total milk production, kg/yr x 10° 1.05 2.53 752 0.49 <0.0001
DMI, kg/d 24.1 23.2 239 084 0.9764
Efficiency, kg milk /kg DMI 1.07 1.27 131 0.05 0.0312

SEM= Standard error of the mean.
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Table 2. Greenhouse gas emissions by three different intensive systems

Low Medium High SEM  P-value
intensive intensive intensive
Total cows 285 588 1940 136 <0.0001
Lactating cows 134 281 786 51 <0.0001
Total milk production, kg/d 3470.6 8317.6 24680 1197 <0.0001
GHG emissions from whole system, g/d
Enteric CH, x 10° 70.6 147.5 379.3 20.3 <0.0001
Manure CH, x 10° 15.8 29 79.5 4.8 <0.0001
Total CH4 x 10° 86.4 176.6 458.9 25 <0.0001
Manure N,O x 10° 0.56 1.01 3.05 0.18 <0.0001
Energy & Fuel CO,eq x 10° 1.74 2.22 8.06  0.19 <0.0001
Total CO,eq x 10° 4.07 6.93 20.45 0.76  0.0002
GHG emissions for lactating cow, g/d
Enteric CH,4 469 459 456 12.3  0.8096
Manure CH4 55.4 49.4 41 2.3 <0.0001
Total CH, 524.4 507.4 497 4.3 <0.0001
Manure N,O 4.21 5.38 3.83 0.77 0.5264
Energy & Fuel CO,eq x 10° 8.29 5.70 6.13  1.38  0.4297
Total CO, eq x 10° 22.6 19.9 19.7 44  0.6343
¥GHG emissions for unit product, g/L
Enteric CH,4 20.4 17.7 154 1.35 0.0112
Manure CH,4 4.5 3.5 3.2 0.28  0.0007
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Total CH,4 24.9 21.2 18.6 1.80 0.0068

Manure N,O 0.16 0.12 0.12 0.008 0.0006
Energy & Fuel CO;eq 501.7 267 327 55.3 0.1142
Total CO-eq 1172 833 827.6 77.3 0.0116

¥Include the whole system

SEM= Standard error of the mean.
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Table 3. Significant (P < 0.05) Pearson correlation coefficients for efficiency, lactating

cows, milk production and GHG

Efficiency Lactating cows Milk production/d

Efficiency 1.00000 0.38284 0.47965

0.0648 0.0177

Lactating cows 0.38284 1.00000 0.95148

0.0648 <.0001

Dairy milk production 0.47965 0.95148 1.00000
0.0177 <.0001

CH, per cow 0.06270 -0.19864 -0.04914

0.7710 0.3521 0.8196

N,O per cow 0.18762 -0.25656 -0.06442

0.3800 0.2262 0.7649

CO; per cow 0.07249 -0.35132 -0.14806

0.7364 0.0923 0.4899

CH, per L of milk -0.39429 -0.58271 -0.59812

0.0566 0.0028 0.0020

N2O per L of milk -0.55534 -0.57879 -0.64581

0.0048 0.0030 0.0007

CO; per L of milk -0.56895 -0.53776 -0.55525

0.0037 0.0067 0.0049
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Table 4. Energy, land, and water use for growing crops in three different intensive systems

Less Medium High SEM  P-value
intensive intensive intensive
Electricity”, kWh/mo x 10° 64.9 81.1 288.1 13 <0.0001
Gasoline, L/mo x 10° 0.413 0.712 2.029 0.18 0.0036
Diesel, L/mo x 10° 1.36 2.26 9.88 1.70 0.0119
Area for growing crops, milk facility and pens
Land, ha 52 114 246 21.2 <0.0001
Milk yield, kg/ha x 10° 19.6 25.6 30.9 449 0.0054
Main crops, yield (tons/ha)
Corn 51 58 61
Alfalfa 4 4 4
Triticale 37 40 40
Oats 10 23 15
Barley - - 8
Sorghum 6 8 -
Wheat - - 2
Grass - 32 30
Water, L/yr x 10° 0.41 1.63 340 021 <0.0001
Water, L/L of milk 426.7 635.7 485.7 78  0.2446

*Electricity for the dairy facility and for irrigation (water pumps), - crops are not growing in

these systems, SEM = Standard error of the mean.
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Table 5. Nutrient excretion in manure by total system population, cow and unit of product

Issue Less Medium High SEM P-value
intensive intensive intensive

Nutrient excretion by total population, g/d

Nitrogen 52926 115155 327475 19709 <0.0001

Phosphorus 6110 14190 43151 3560 <0.0001

Potassium 25887 55732 157806 9415 <0.0001

Nutrient excretion by cow, g/d

Nitrogen 392 407.5 415.4 3.63 0.0014

Phosphorus 70.6 73.5 74.9 0.68 0.0021

Potassium 192 197.6 200.3 1.28 0.0016

Nutrient excretion by unit product, g/d

Nitrogen 15.2 13.9 13.2 0.32 0.0010

Phosphorus 2.74 25 2.4 0.05 0.0054

Potassium 7.5 6.7 6.4 0.03 0.0021

SEM= Standard error of the mean.

66



Cluster dendrogram

6000
!

Height

2000
|

salniusian

— O\ J—
—aNT Poycnooon Y < Wn|g
-— - T

o

m
|
ol
_F

10
23

Dairy production systems
%clust *, "ward")

Figure 1. Schematic distribution of dairies by type of production intensity derived from the

multivariable cluster analysis.
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Capitulo 1V. Feasibility and Environmental Impact of Generating Electricity with

Solar Panels and Anaerobic Digesters in Dairies

Resumen General. Con el objetivo de evaluar la rentabilidad y el impacto ambiental
producido por paneles solares y digestores anaerobios en establos lecheros, se realizd una
simulacion con un fermentador tipo laguna y un motogenerador de 60 kWh, ademas de
paneles solares de 10.34 kWh con establos de entre 300 y 1600 vacas lecheras. La
generacion maxima de electricidad estimada (combinando los dos tipos) fue de 52937 kW
para establos pequefios (de 300 a 500 vacas) y de 208998 kW para establos grandes (de
1150 a 1600 vacas) al bimestre, disminuyendo el consumo directo a la CFE en 66,4% y en
el impacto ambiental del 63%. La amortizacion estimada oscilé entre US$ 2642 y US$
10316 al bimestre para establos pequefios y grandes, respectivamente; recuperandose la
inversion en un plazo de 11 afios para establos pequefios y de 5 para establos grandes y de
10 o 4 afios, si se toma en cuenta la venta de bonos de carbono. EI manuscrito se envio a la

Journal of Sustainable Agriculture (ISSN: 1044-0046) para su revision.
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Abstract

This study was conducted to simulate the feasibility and environmental impact of solar
panels and anaerobic digesters in dairies. The study included dairies with 300-1600 cows,
considering a maximum daily methane generation of 156 g CHs/cow under anaerobic
conditions of a covered lagoon digester with a 60 kWh motor generator and 10,34 kWh
solar panels. Maximum bi-monthly generation of electricity (combining the two types of

alternative sources) would be 52937 kW for small dairies (300-400 cows) and 208998 kW
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for large dairies (1150-1600 cows). This would reduce direct consumption of electricity
produced by the CFE by 66,4 % and environmental impact by 63 %. Estimated
amortization oscillated between US$ 2642 and US$ 10316 bi-monthly for small and large
dairies, respectively, allowing recovery of the investment over a period of 11 years for
small dairies and 5 years for large dairies. If sale of carbon bonds is taken into account, this

time would be reduced 10 or 4 years.

Key words: Alternative energy for dairies, clean energy, environmental impact, bioenergy,

digesters.

Introduction

Large quantities of organic waste are generated in dairies by stabled cows (Dungan 2010).
These wastes, mainly manure, can be economically and environmentally beneficial when
treated in anaerobic fermenters to produce biogas for fueling electric generators (Lansing et
al. 2010). Anaerobic fermentation of manure is a biochemical process in which
microorganisms (archea) breakdown organic matter and produce flammable gas, mainly
methane (CH,) (Sanders et al. 2010; Montes et al. 2013) as well as other gases as by-
products (Table 1). It has been demonstrated that methane is able to absorb 25 times more
heat than CO, (IPCC 2007). When CHy is collected and used as an energy source, it can
substitute combusted fossil fuels reducing emissions of greenhouse gases (GHG),
hydrocarbons, and particulate matter (Borjesson and Berglund 2006). In recent years
several Mexican government organs have shown interest in reducing GHG generated by

hog farms and dairies through adoption of technology for producing electricity and
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reducing costs (FIRCO-SAGARPA 2012). According to FIRCO-SAGARPA, by 2009 there
were 142 manure fermentation systems, of which 54 are located in dairies and the rest are
on hog farms. Also sunlight is converted to electric energy by solar panels. These
technologies, also called clean energy, require capital investment with long term recovery.
The objective of this study was to simulate the feasibility of generating electric energy
combining solar panels and fermenters for generating electricity and their environmental

impact in dairies.

Methodology

The feasibility study on generation of electric energy in dairy stables was conducted with
information collected with a survey of ten dairy ranches. The objective of the
questionnaires was to determine herd size and composition by productive stage as well as
production and management of manure and consumption of electric energy for dairy
operation. The factor of methane production from manure was calculated with the method
proposed for different categories of animals by the Intergovernmental Panel on Climate
Change, tier 1l (IPCC 2006). This is in function of the amount of volatile excreted solids,
maximum potential for methane production equal to 0,24 m* per kg of volatile solids, and a
methane conversion factor of 78 and 4 % for anaerobic and aerobic systems, respectively

(equation 1).

FE = (SV)):(Bo*0,67x (MCFs*MSs j)) [1]
Where FE = daily factor of CH, emission of the livestock population, kg CH4/animal/day;

SV = volatile solids excreted per day, kg dry matter/animal/day; Bo = maximum capacity
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for methane production of the produced manure, m®> CH, /kg SV excreted; 0,67 =
conversion factor of m® CH, to kg CH4; MCF = methane conversion factor for each manure
management system S by climate region, %; MS = fraction of livestock manure managed
under the system of waste management in the climate region, without dimension. The
values of SV, Bo and MCF for dairy cattle were taken from the IPCC guide (2006) and the
American Society of Agricultural Engineers (ASAE 2005) (Table 2).

Once the maximum methane production in a covered lagoon digester (Figure 1) was
calculated, generation of electric energy was calculated for a reference generator

Econogas™ biogas 60 in kW and power factor of 0,8 (www.mopesa.com.mx). CO;

emissions (Equation 2) were also estimated from the methane combustion chemical

formula (Brown et al. 2003).

CH4(g) +20, — COz(g) + 2 H,0 [2]

To determine generation of electric energy by solar panels with connection to the power

line network, technological data from ERDM Solar (http://www.edrm-solar.com) were

used. Maximum power generation is 10,34 kWh. Later, the maximum electric power
production was estimated based on average daily insolation in the study area (NMSU

1999).

Also, daily CO, equivalent emissions (CO, eq) with and without use of alternative energy
were compared, where generation of N,O, according to IPCC, is reduced to zero under
anaerobic conditions or as 0.001 kg of N,O per kg of N excreted in aerobic conditions
(IPCC 2006). Carbon dioxide from electric energy utilization according to IPCC (2007) and

Cai et al. (2013) emissions for 1 kWh is equivalent to 0,73 kg of CO,. The global warming
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potentials (GWP) of CO,, CH4 and N,O were 1, 25 and 298, respectively, based on IPCC
(2007) recommendations.

Finally, the feasibility analysis included cost analysis of starting up the two types of
alternative energy, anaerobic digesters and solar panels, and their associated benefits in
dairy stables connected to the Federal Commission of Electricity (CFE) power lines; the

price is US$ 0,18 per kWh (CFE 2013).

For the descriptive statistical analysis, the dairies were grouped by herd size, since
management practices were similar, to facilitate simulation. Four size categories resulted:
300-500; 600-750; 800-1000 and 1150-1600 cows. For the economic and financial study,
the following was taken into account: 1) bi-monthly energy demand, that is, energy
consumption in the dairy installations (milking room, office and corral lighting, water
pumps), 2) investment in fixed actives, and 3) difference between electricity consumed

from the CFE network with and without the use of biogas and solar panels.

Results and Discussion
According to the Fideicomiso Instituido de Riesgo Compartido (FIRCO-Instituted Shared
Risk Fund), support for acquisition of fermenters and generators for converting organic
wastes into electricity is granted in areas with greater concentrations of animals (more than
300 animals for milk-producing ranches), where manure management facilitates production
of biogas and installation of the fermenter does not affect bio-safety of the dairy (FIRCO-
SAGARPA 2013). Aid for acquiring a motor generator is justified if the production unit has
a monthly demand above 10000 kwWh.

Investment in the construction of a covered lagoon digester, acquisition of an electric

generator and solar panels is approximately US$ 150107,5 (Table 3). It should be
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mentioned that there is aid from SAGARPA (Secretaria de Agricultura, Ganaderia,
Desarrollo Rural, Pesca y Alimentacion- Ministry of Agriculture, Livestock, Rural
Development, Fishing and Food) through FIRCO of up to US$ 76923,10 to buy fermenters
with the aim of sustainable management of organic wastes in dairy stables. Moreover, aid
of up to US$ 19230,70 is offered for acquisition of electric generators with capacity to
generate 60 kWh (Milenio 2011; ASERCA 2007) and of up to 50 % of the cost of solar
panels whose total cost is no more than US$ 307692,30 (ASERCA 2008). It is important to
mention that for this type of technology to function, the cooperation of government
programs and other organizations is needed to obtain environmental and economic benefits
(Bond and Templeton 2011; Wang et al. 2011).

The study of feasibility of acquiring alternative energy, also called “mechanism of
clean development” is represented in Figure 2. Here, it is estimated that the investment is
recovered over a period of approximately 11 years in small dairies (300-500 cows) and 5
years in large dairies (1150-1600 cows), under the assumption that herd size and
consumption of electricity do not change during this period. Bi-monthly amortization
calculated with the generation of alternative energy sources was estimated at US$ 2642 and
US$ 10316 for small and large dairies, respectively. Moreover, reduction of GHG in the
stables could be sold to other regions or countries that emit quantities of GHG above those
established by the Kyoto Protocol, through so-called certificates of emissions reduction
(CER) or carbon bonds promoted by World Bank (ECOFYS 2013). In California, USA,
these bonds have a cost of US$10/tCO, equivalent (tCO, eq). We calculate that with the use
of alternative energy sources, GHG emissions would decrease bi-monthly by between 41,4

and 91,2 tCO; equivalent. Selling bonds could thus increase incomes by US$ 414 and US$
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912 for small and large dairies, respectively. Together with the savings in energy, the new

period of amortization is estimated at 10 years for small dairies and 4 for large (Figure 2).

Total electric energy consumption from CFE was on average 121945 and 356565 kW
bi-monthly in small and large dairies, respectively. The maximum amount of electricity
produced by using CHj4 as fuel is on average 965 and 3069 kW/d in small and large dairies,
respectively, while solar panels generate an average of 57,9 kW/d in this region that has 4,3
kWh/m? insolation in December and 6,9 kWh/m? in May, reaching a production of 44,4
kW/d and 71,3 kW/d, respectively. Combining the two forms of generating electric energy
could achieve a production of 368431 and 1141318,5 kW/year, coinciding with other
studies (Casas-Prieto et al. 2009; Rivas-Lucero et al. 2012) in which a maximum of 353429
and 1325350 kW per year is produced in dairies with 300-500 and 1500 cows, like our

classification of small and large dairies.

Emissions of CO, equivalent were compared with traditional use of electricity from the
CFE network and with open-air management of manure. Use of the combination fermenters
and solar panels resulted in 61 % lower emissions. According to Dhingra et al. (2011), this
type of digester reduced GHG emissions from 23 to 53% when compared with households
without biogas, depending on the condition of the digester, technical assistance, and
operator ability. The total CO, equivalent estimated in dairies without the use of electricity
generating technologies was 3733 kg/d CO, equivalent, 62 %, 17,7 % and 20,3 %,
corresponding to consumption of electricity, CH4 and NO, respectively. With the use of
alternative sources of energy, total emissions of CO, equivalent was estimated at 1472
kg/d, of which 88,3 % was electricity used and 11,7 % to fuel the motor transformer
(Figure 3).
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Other studies have shown that use of prickly pear cladodes can increase biogas
generation in fermenters to more than 70 % methane when mixed in a 3:1 proportion of
prickly pear to cattle manure (Méndez-Gallegos et al. 2010). Moreover, prolonged
anaerobic digestion of manure in anaerobic digesters decreases odors up to 91 % by
decreasing the concentration of the chemical oxygen demand (Van Horn et al. 1994; Massé
et al. 2010), especially those produced in places with temperatures above 25 °C. Moreover,
application of digester effluent, commonly called digestate, on crop field soil increases
organic matter content (Dungan 2010), favors soil segregate formation, improves water
infiltration and helps eliminate pathogenic microorganisms from the effluent (Massé et al.

2010).

Generation and burning of methane leads to emission of nitrogen oxide (NOXx) because
biogas contains ammonium (NHs;), which when burned produces NOx (Burch and
Southward 2001). McCarty (2000) proposes the use of catalyzers in CH4, among which he
highlights platinum and palladium oxide. Their use, however, could increase initial

investment.

Conclusions

With the sale of certificates of emissions reduction (CERs), dairies with more than 1600
cows in production can reduce the amortization period of their investment in
implementation of alternative energy sources in stabled dairy ranches.

The use of alternative energy sources is an option for contributing to mitigate the
greenhouse effect by putting organic matter decomposition and sunlight to use generating

electricity for dairies.
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Once the investment is amortized, operation costs of the dairies decrease by producing

the electricity consumed and by using the manure.
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Table 1. Composition of gases generated by bovine manure fermentation

Component

Concentration

Methane (CHy)

Carbon dioxide (CO,)
Water steam (H,0)
Hydrogen sulfide (H2S)
Nitrogen (N2)

Oxigen (O,)

Hidrogen (H,)

55-65 %(vol)
25-45 %(vol)
2-7 %(vol)
20-20000 ppm
< 2 %(vol)
< 2 %(vol)

< 1 %(vol)

Abbasi et al. (2012)
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Table 2. Manure generation and methane production from solid stored manure

Animal category Manure generation, kg/d" Maximum methane production in

manure, kg/d®

Lactating cows 68 0,087
Dry cows 38 0,067
Bulls 38 0,067
Heifers 22 0,051
Calves 8,5 0
T ASAE (2005)

€ Estimated with IPCC (2006) tier 11, methodology
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Table 3. Estimation of the initial investment and federal grants to acquire technology for

generating electricity

Issue Investment, US$ Maximum grants, US$
Lagoon digester 168259" 76923°

Digester installation 7615,4¢ -
Electric generator, 60 kW-h 46153,8" 19230,7°

Generator installation 13846° -
Solar panels, 10,34 kW 20774 10387F
Total 256648,2 106540,7
Total with grants 150107,5 -

A(Finanzas Carbono 2013)
B(FIRCO-SAGARPA 2013) up to 50% of the equipment cost or a maximum of US$ 76923
“(ASERCA 2007)

P(FIRCO-SAGARPA 2013) up to 50% of the equipment cost or a maximum of US$

38461,5

E(ASERCA 2008) up to 50% of the equipment cost
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Figure 1. Graphic scheme of a covered lagoon digester (AgSTAR 2011).
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Figure 2. Investment amortization time for acquisition of a covered lagoon digester-
generator and solar panels to generate electricity in dairies: 300-500 cows ( [l ), 600-750
cows ( [ ] ), 800-1000 cows ( |i]), and 1150-1600 cows ( [ ). A) Simulated time of

investment recovery with electricity generation only and, B) Simulated time of investment
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recovery with electricity generation and sale of certificates of emission reduction, US

$10/tCOzeq, exchange rate, $13 Mexican pesos/US dollar (BANXICO 2013).
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Figure 3. CO; equivalent emissions from consumption of electricity, with and without

digester and solar panels, where main sources are electricity ( ] ), methane ( [] ), and

nitrous oxide ().
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Conclusiones generales

La produccion de proteina de origen animal, como es el caso de la leche bovina, no
estd exenta de generar impactos negativos al ambiente. Los rumiantes por sus
caracteristicas digestivas generan gases de efecto invernadero (GEI). En paises como el
nuestro, donde el desarrollo de tecnologia para la cuantificacion de GEI es escaso, se puede
recurrir al uso de modelos matemaéticos especificos que nos den un aproximado de la
energia y nutrientes (N, P y K) que no son aprovechados por las vacas y que son excretados
hacia el ambiente (suelo, agua y atmdsfera).

En los Gltimos 40 afios, la mejora en la eficiencia de produccion de leche bovina en
México ha permitido disminuir la huella de carbono por litro de leche producido. Esta
disminucion podria llegar a ser mas importante en el futuro, tan pronto y los distintos
sistemas de produccion incrementen la eficiencia de produccion por vaca y se modifiquen
las practicas de manejo de estiércol para el aprovechamiento de energia.

Aun cuando el tamafio, el consumo de materia seca y por ende la excrecién de
residuos organicos por vacas en produccion se ha incrementado en los Gltimos afios, la
produccion de leche por vaca lo ha hecho de la misma manera y esto se ha logrado
mejorando la calidad de forrajes, los alimentos, la genética de las vacas y al confort animal.
Aun cuando los sistemas de produccion de leche con mayor grado de intensidad hacen un
mayor uso de fuentes de energia externa como combustibles fdsiles, electricidad y
fertilizantes, éstos resultan ser menos contaminantes por unidad de producto.

La utilizacion de energia alterna como paneles solares y digestores anaerobios,
contribuyen de manera importante en la mitigacion de GEI generados en las granjas

lecheras.
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Implicaciones

El estudio integral de la comparacion de sistemas con distintos grados de intensidad
sobre las emisiones de gases de efecto invernadero y posibles estrategias de mitigacion de
los mismos por establos lecheros estabulados, podria generar un modelo més completo de
prediccion con enfoque a un analisis de ciclo de vida. Ademas, con infraestructura y
equipos se podrén validar los datos para desarrollar el modelo nivel 11l (mecéanico-

dinamico) para nuestro pais, tal como lo propone el IPCC.
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ANEXO

V‘, Programa Multidisciplinario en Posgrado en Ciencias Ambientales,
-\ Universidad Auténoma de San Luis Potosi (UASLP)

Cuestionario

Presentacion: A los productores de ganado lechero, se les hace una atenta invitacién a
participar en el estudio titulado impacto ambiental de la ganaderia lechera. La
finalidad es llevar un control de las emisiones y mitigar las mismas a través de
mejores practicas de manejo, los resultados se trataran con confidencialidad y se

entregaran a los participantes.

1.- ;NUmero de animales con que cuenta?
Vacas lactando Vacas secas Novillas Toros
2.- ¢NUmero de animales en produccion por categoria?

Super altas Altas Medias Bajas
Peso promedio

Super altas Altas Medias Bajas Consumo
de materia seca dia™

Superaltas. ~~ Altas Medias_ Bajas__ Secas_

Composicion de las raciones (Ingredientes)

Super altas  Altas Medias Bajas Secas
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3.- ¢Cantidad de leche producida, animal/dia?
4.- ;Cual es el tamafio de las instalaciones?
Con cuantos corrales cuenta?
Cuéntos animales existen por corral?

5.- ¢ Producen sus propios alimentos? si no

En caso de ser positiva la respuesta, ¢Podria mencionarlos?

Cultivo Area de siembra

Rendimiento, Hectarea

6.- ¢ Cantidad de agua que se gasta al dia en,
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Bebederos :
Limpieza de corrales
Limpieza de sala ordefio
Irrigacion
7.- ¢ Cantidad de energia eléctrica que se consume, bimestre?

Sala de ordefio

Irrigacion (pozos)

lluminacion oficinas-casa

8.- ¢ Cuentan con tractores, camiones y/o camionetas? Si No
¢NUmero de camionetas? Consumo, gasolina/semana
¢Numero de Tractores? Consumo, Diesel/semana

9.- ¢ Cantidad de estiércol que se produce al dia?

10.- ¢ Qué se le hace al estiércol?

Almacena al aire libre Vende Separa Liquidos Digestor Anaerobio

11.- ;/Si se almacena, cuanto tiempo permanece en almacén?
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