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Resumen 

 

La presente Tesis Doctoral está enfocada a la caracterización de las emisiones potenciales 

de amoniaco (NH3) y metano (CH4) a partir de purines porcinos. En concreto, estudia la 

relación entre el consumo y la excreción de nutrientes, la composición de los purines y las 

emisiones potenciales de NH3 y CH4 y el valor agrícola potencial de los purines. Además, 

evalúa las metodologías de medición de las emisiones potenciales de NH3 y CH4 in vitro y 

propone estrategias para su optimización. 

Los objetivos de la presente Tesis Doctoral son: i) Caracterizar la composición, el potencial 

de emisión de NH3 y CH4 y el valor agrícola potencial de purines de granjas comerciales de 

España, ii) Evaluar la influencia de la inclusión en el pienso de una fuente de grasa (jabón 

cálcico de palma) y una fuente de fibra (pulpa de naranja) sobre la composición del purín y 

emisiones potenciales de NH3 y CH4 en cerdos en crecimiento y iii) Optimizar las técnicas 

de medición de las emisiones potenciales de NH3 y CH4 in vitro de purines de cerdo.  

Los resultados de esta Tesis indican que las características fisicoquímicas de purines de 

granjas comerciales de España varían ampliamente y el tipo de animal (madres vs. animales 

en crecimiento) afecta de forma relevante a los contenidos de nitrógeno total, nitrógeno 

amoniacal, potasio, calcio, cobre, sodio, zinc, ácidos grasos volátiles y el pH de los purines, 

y en consecuencia afectan también sus emisiones potenciales de NH3 y CH4. Por lo tanto, la 

utilización óptima de purines de granjas comerciales como fertilizante agrícola o como 

insumo para la producción de biogás requiere su previa caracterización. Por otra parte, es 

probable que factores de manejo y el desperdicio del pienso por los cerdos en granjas 

comerciales influyan de forma relevante sobre las características de los purines y como tal 

sobre sus emisiones de NH3 y CH4.  

La inclusión de jabón cálcico de palma (como fuente de grasa) y pulpa de naranja (como 

fuente de fibra) en dietas de cerdo de engorde produjo cambios significativos en la 

composición de purín. La inclusión de jabón cálcico de palma provocó mayores 

excreciones de extracto etéreo y proteína bruta, así mismo causó mayores emisiones de CH4 

y menores emisiones de NH3. La inclusión de pulpa de naranja alteró la composición fecal, 
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pero no afectó significativamente a las emisiones de NH3 y CH4. Por otro lado, se encontró 

evidencias de que menores consumos de proteína bruta (PB) (-14% de PB) permitiría 

reducir proporcionalmente mayores cantidades de emisiones de NH3 (-66%). Esta misma 

tendencia se encontró entre la ingesta de energía bruta y las emisiones de CH4, de forma 

que reducciones de -20% en la ingesta de energía bruta permitiría reducciones de -46% de 

emisiones de CH4.  

Por otra parte, los resultados de la evaluación de las metodologías de mediciones de las 

emisiones potenciales de NH3 y CH4 in vitro de purines de cerdo sugieren la posibilidad de 

reducir hasta en un 50% los recursos (tiempo y reactivos) dedicados a la medición de las 

emisiones potenciales de NH3 y CH4 in vitro. Adicionalmente, se proponen modelos de 

predicción de las emisiones potenciales de NH3 y CH4 basados en las características 

fisicoquímicas de purines y en las dinámicas de emisión in vitro. 

En su conjunto, la presente Tesis Doctoral proporciona información que permitirá mejorar 

la utilización de los purines de cerdos, mitigar las emisiones de NH3 y CH4, optimizar las 

mediciones de las emisiones de NH3 y CH4 in vitro. Al mismo tiempo se encontraron 

evidencias que indican la posibilidad de optimizar la utilización de la proteína y la energía 

en la alimentación de cerdos de engorde con una perspectiva sostenible económica y 

ambientalmente.   
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Abstract 

 

This PhD Thesis focuses on characterizing potential emissions of ammonia (NH3) and 

methane (CH4) from pig slurries. In particular, it analyses the relationships between nutrient 

consumption and excretion, slurry composition and potential NH3 and CH4 emissions, as 

well as the potential fertilizer value of slurries. Besides, the methodologies to determine in 

vitro potential NH3 and CH4 emissions are analysed and optimization alternatives are 

proposed. 

The objectives of this PhD Thesis are to: i) Characterize the composition, potential NH3 and 

CH4 emissions, and potential fertilizer value of slurries from Spanish commercial farms, ii) 

Evaluate the influence of incorporating to feedstuffs a fat source (calcium soap of palm 

fatty acid distillate, CSP) and fibre source (citrus pulp, CP) on slurry composition and 

potential NH3 and CH4 emissions in growing pigs, and iii) Optimize the in vitro 

measurement techniques of potential NH3 and CH4 emissions from pig slurries. 

The results of this Thesis show that physicochemical characteristics of slurries from 

Spanish commercial farms vary widely, and the type of animal (e.g. sows against growing 

animals) affect in a relevant way the contents of total nitrogen, ammonia nitrogen, 

potassium, calcium, cupper, sodium, zinc, volatile fatty acids, as well as the pH of slurries. 

Consequently, the type of animal also affected potential NH3 and CH4 emissions. 

Therefore, the optimum utilization of slurries from commercial farms, either as fertilizer or 

as feedstock for biogas production, requires a previous characterization. On the other hand, 

it was found that management factors and feedstuff waste probably influenced the slurry 

characteristics and potential NH3 and CH4 emissions. 

Including CSP as fat source and CP as fibre source in growing pig diets changed 

significantly slurry composition. Including CSP increased the excretion of ether extract and 

crude protein. Regarding gaseous emissions from slurries, including CSP increased 

potential CH4 emissions and reduced NH3 emissions. Including CP affected faecal 

composition, but potential emissions were not affected. On the other hand, evidences were 

found that lower crude protein consumptions (-14% CP) could be associated to higher 
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reductions of NH3 emissions (-66%). The same tendency was found regarding the effect of 

crude energy intake on CH4 emissions: a 20% reduction of crude energy would be 

associated to 46% reductions of CH4 emissions. 

Additionally, the evaluation of in vitro measurement techniques for potential NH3 and CH4 

emissions from pig slurries suggest that it could be possible to reduce up to 50% the 

resources (time and material) which are used following the standard procedures, without 

significant effects on the results. Additionally, prediction models of potential NH3 and CH4 

emissions are proposed, based on the physicochemical characteristics of slurries and the 

dynamics of in vitro emissions. 

In overall, this PhD Thesis provides valuable information to improve the use of pig slurries, 

to mitigate the associated NH3 and CH4 emissions, and to optimize in vitro measurement 

methods for potential NH3 and CH4 emissions. Additionally, evidences were found on how 

to optimize the use of protein and energy in growing pigs from a sustainable perspective 

both in economic and environmental terms.  
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Resum 

 

La present Tesi Doctoral està enfocada en la caracterització de les emissions potencials 

d’amoníac (NH3) i metà (CH4) a partir de purins porcins. En concret, estudia la relació entre 

el consum i l'excreció de nutrients, la composició dels purins i les emissions potencials de 

NH3 i CH4 i el valor agrícola potencial dels purins. A més, avalua les metodologies de 

mesurament de les emissions potencials de NH3 i CH4 in vitro i proposa estratègies per a la 

seua optimització. 

Els objectius de la present Tesi Doctoral són: i) Caracteritzar la composició, el potencial 

d'emissió de NH3 i CH4 i el valor agrícola potencial de purins de granges comercials 

d'Espanya, ii) Avaluar la influència de la inclusió en el pinso d'una font de greix (sabó 

càlcic de palma) i una font de fibra (polpa de taronja) sobre la composició del purí i 

emissions potencials de NH3 i CH4 en porcs en creixement i, iii) Optimitzar les tècniques de 

mesurament de les emissions potencials de NH3 i CH4 in vitro de purins de porc.  

Els resultats d'aquesta Tesi indiquen que les característiques fisicoquímiques de purins de 

granges comercials d'Espanya varien àmpliament i el tipus d'animal (mares vs. animals en 

creixement) afecta de forma rellevant als continguts de nitrogen total, nitrogen amoniacal, 

potassi, calci, coure, sodi, zinc, àcids grassos volàtils i el pH dels purins, i en conseqüència 

afecten també les seues emissions potencials de NH3 i CH4. Per tant, la utilització òptima de 

purins de granges comercials com a fertilitzant agrícola o com entrada per a la producció de 

biogàs requereix una caracterització prèvia. D'altra banda, és probable que factors de 

maneig i el desaprofitament del pinso pels porcs en granges comercials influïxen de forma 

rellevant sobre les característiques dels purins i com a tal sobre les seues emissions de NH3 

i CH4.  

La inclusió de sabó càlcic de palma (com a font de greix) i polpa de taronja (com a font de 

fibra) en dietes de porc d'engreix va produir canvis significatius en la composició del purí. 

La inclusió de sabó càlcic de palma va provocar majors excrecions d'extracte eteri i 

proteïna bruta, així mateix va causar majors emissions de CH4 i menors emissions de NH3. 

La inclusió de polpa de taronja va alterar la composició fecal, però no va afectar 
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significativament les emissions de NH3 i CH4. D'altra banda, es van trobar evidències que 

menors consums de proteïna bruta (PB) (-14% de PB) permetria reduir proporcionalment 

majors quantitats d'emissions de NH3 (-66%). Aquesta mateixa tendència es va trobar entre 

la ingesta d'energia bruta i les emissions de CH4, de manera que reduccions de -20% en la 

ingesta d'energia bruta permetria reduccions de -46% d'emissions de CH4.  

D'altra banda, els resultats de l'avaluació de les metodologies de mesuraments de les 

emissions potencials de NH3 i CH4 in vitro de purins de porc suggereixen la possibilitat de 

reduir fins un 50% els recursos (temps i reactius) dedicats al mesurament de les emissions 

potencials de NH3 i CH4 in vitro. Addicionalment, es proposen models de predicció de les 

emissions potencials de NH3 i CH4 basats en les característiques fisicoquímiques de purins i 

en les dinàmiques d'emissió in vitro. 

En el seu conjunt, la present Tesi Doctoral proporciona informació que permetrà millorar la 

utilització dels purins de porcs, mitigar les emissions de NH3 i CH4, optimitzar els 

mesuraments de les emissions de NH3 i CH4 in vitro. Al mateix temps es van trobar 

evidències que indiquen la possibilitat d'optimitzar la utilització de la proteïna i l'energia en 

l'alimentació de porcs d'engreix amb una perspectiva sostenible econòmica i 

ambientalment. 

  

Comentario [PFR1]: El menos hace falta?. 
Si hablas de reducciones se supone que va 
implícito 
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Abreviaturas utilizadas en español 

 

AGV, ácidos grasos volátiles;  

BMP, potencial bioquímico de producción de metano; 

CH4, metano;  

EB, energía bruta; 

EE, extracto etéreo; 

FAD, fibra ácido detergente; 

FND, fibra neutro detergente; 

FS, fibra soluble; 

GEI, gases de efecto invernadero; 

LAD, lignina ácido detergente; 

MO, materia orgánica; 

MS, materia seca; 

N-NH3, nitrógeno amoniacal; 

N, nitrógeno; 

NH3, amoniaco; 

NH4
+, amonio; 

PB, proteína bruta;  

PB IDN, proteína indigestible en detergente neutro; 

PV, peso vivo; 

ST, sólidos totales; 

SV, sólidos volátiles;  
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List of abbreviations used in English 

 

ADFom, acid detergent fibre without residual ash;  

ADL, acid detergent lignin;  

AOAC, Association of Official Analytical Chemists;  

BEDN, bacterial and endogenous debris nitrogen;  

BMP, biochemical methane potential; 

CEL, cellulose;  

CH4, methane;  

CP, crude protein;  

CSP, calcium soap of palm fatty acid distillate.  

CV, coefficient of variation, 

DE, digestible energy;  

CTTAD, coefficient of total tract apparent digestibility;  

DE-UE/DE proportion of digestible energy not loss in urine;  

DM, dry matter;  

EC, electrical conductivity; 

F, frequent;  

HEM, hemicellulose;  

HNO3, nitric acid;  

H2SO4, sulfuric acid;  

H3PO4, ortophosphoric acid;  

LF, less frequent;  

NH3, ammonia;  

N-NH3, ammonia nitrogen; 

N2O, nitrous oxide;  

OM, organic matter;  

OP, orange pulp;  

R2, coefficient of determination;  

rAE, relative absolute error;  
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rRMSE, relative root mean squared error of prediction;  

SF, soluble fibre;  

SV, volatile solids; 

TAN, total ammonia nitrogen;  

TKN, total Kjeldahl N;  

UDN, undigested dietary nitrogen; 

VFA, volatile fatty acids.  
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1.1 Perspectivas generales de la producción porcina en un contexto de 
sostenibilidad 

La población mundial es de unos 7300 millones de habitantes, y para los próximos diez 

años se prevé un incremento con una tasa anual de 1.24% (United Nations, 2015). Este 

aumento de la población mundial implicará una mayor demanda de alimentos en general, y 

entre ellos de productos de origen animal.  

La carne de cerdo es la principal fuente de carne en el mundo y cubre el 37% de la demanda 

global. En 2014 se produjeron 113 millones de toneladas de carne de cerdo y España se 

constituyó en el quinto productor mundial con 3.5 millones de toneladas (FAOSTAT, 

2015). 

En los últimos 10 años, la producción mundial de carne de cerdo ha crecido a una tasa 

anual de 1.5% (FAO, 2013) y en Europa se prevé, para los próximos 10 años, un 

crecimiento del 2%. Sin embargo, a nivel mundial para el año 2025, se espera un 

incremento del consumo de carne del 15% con respecto al actual (European Commission, 

2014; EUROSTAT, 2015), por lo que el crecimiento del sector porcino a nivel global 

podría ser mayor. 

El incremento de la producción mundial de carne de cerdo y crecimiento del sector ha 

implicado la concentración y la intensificación de la crianza de cerdos (EUROSTAT, 

2015), conllevando modificaciones en los sistemas de abastecimiento de insumos, de 

alojamiento, de alimentación y de manejo de los animales, así como de la gestión de los 

desechos generados por esta actividad. Al respecto, la producción porcina genera 

aproximadamente 6000 millones de toneladas de purines al año, y su gestión constituye el 

principal riesgo ambiental de contaminación y de emisión de gases efecto invernadero 

(GEI) del sector porcino (FAO, 2009). 

Por otra parte, la ganadería porcina consume cantidades importantes de recursos, entre ellos 

materias primas más o menos nobles para la elaboración de los piensos. En ocasiones, la 

producción de estas materias primas entra en competencia con el uso de suelos para 

cultivos destinados a alimentación humana o la fabricación de bioenergía (Westhoek et al., 

2011). El suministro de las materias primas y piensos necesarios para hacer frente al 
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aumento de la producción mundial de cerdo constituye uno de los más importantes desafíos 

a medio plazo para la ganadería. 

Por lo tanto, uno de los principales retos del sector porcino es aumentar la producción 

reduciendo los riesgos y problemas ambientales que genera, tales como las emisiones de 

GEI o la deposición de nutrientes y materia orgánica al medio ambiente. Esto requerirá la 

adopción de medidas que posibiliten incrementar la eficiencia de los sistemas productivos 

incluyendo la alimentación de los propios animales, además de mejorar las estrategias de 

manejo, gestión y reutilización de las deyecciones. 

En la actualidad se estima que la producción de cerdos contribuye con el 9.5% de las 

emisiones de GEI de la ganadería mundial (Hristov et al., 2013). Por otra parte el 7.1% de 

las emisiones de la ganadería se derivan de la gestión del estiércol y de esta el 30% 

corresponden a la gestión de purines de cerdo (FAOSTAT, 2015). Como tal, los purines 

constituyen la principal carga ambiental de la producción de porcina. 

En la práctica, el impacto ambiental global de la producción de cerdos deriva de dos 

aspectos importantes relacionados a los purines que son la carga mineral y la carga gaseosa. 

Por un lado, un desequilibrio entre el volumen de purín aplicado al suelo y la demanda de 

nutrientes del sistema suelo-planta puede generar un exceso en las aportaciones de 

nitrógeno (N), fósforo (P) y metales pesados al suelo. Los excesos de N podrían provocar la 

contaminación por nitratos de las aguas subterráneas, mientras que la escorrentía del P 

podría contribuir a la eutrofización de las aguas superficiales (Aarnink y Verstegen, 2007; 

Webb et al., 2014). Por último, los metales pesados podrían acumularse en el suelo y 

constituirse en problemas ambientales de toxicidad a largo plazo (Krupa, 2003; Nicholson 

et al., 1999; Villamar et al., 2012). 

Por otro lado, la carga gaseosa de los purines está dada por las emisiones de amoniaco 

(NH3), metano (CH4), óxido nitroso (N2O) y olores. Las emisiones de NH3 y su posterior 

deposición afectan a los ecosistemas naturales al causar procesos de acidificación de suelos 

y eutrofización de las aguas que la sustentan (Krupa, 2003). De igual manera, el CH4 

generado en el almacenamiento y la aplicación a campo de purines no puede dejarse de 

lado, ya que su potencial de calentamiento global es 23 veces mayor al del dióxido de 
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carbono (CO2) por lo que es considerado es el gas de efecto invernadero más importante 

después del CO2 (Rodhe et al., 2012) Además, contribuye al smog fotoquímico al ser 

precursor del ozono troposférico (Fiore et al., 2002). Finalmente, el olor asociado a la 

crianza de cerdos se constituye en una molestia cuando las granjas se encuentran 

adyacentes a zonas urbanas (Webb et al., 2014). 

A pesar de esto, desde hace siglos, los estiércoles han sido utilizados como abono ya que 

por su composición deben ser considerados una importante fuente de nutrientes para la 

agricultura si son gestionados adecuadamente (Lobera et al., 1998; Penha et al., 2015). 

Adicionalmente, los purines son sustratos potencialmente utilizables para producir biogás. 

Esta última alternativa puede implicar beneficios ambientales, agrícolas y socio-

económicos como son la producción de energía renovable, la inactivación de patógenos, la 

reducción de los olores y la mejora de la calidad del digestato resultante como abono 

(Holm-Nielsen et al., 2009). En Europa, la producción de biogás se ha incrementado 

sustancialmente en los últimos años con un aumento de 3.8 millones de toneladas de 

equivalente de petróleo en 2003 a 13.5 millones de toneladas de equivalente de petróleo en 

2013 (EurObserv’ER, 2005, 2014). Por lo tanto en los últimos años se vienen estudiando la 

co-digestión de purines con diferentes sustratos orgánicos como estrategia para optimizar el 

proceso de obtención de biogás, constituyéndose en una alternativa sostenible para la 

gestión de las deyecciones ganaderas (Braun et al., 2008; Ferrer et al., 2014; Flotats et al., 

2001). 

1.2 Los purines y las emisiones de NH3 y CH4 
Los purines son una mezcla líquida compuesta por las heces y orina excretadas por los 

cerdos, así como otros restos orgánicos (pienso, pelos, descamaciones de piel, entre otros) y 

agua de limpieza y desperdiciada por los animales (Babot et al., 2011). La composición de 

los purines de granjas comerciales es muy variable y depende de múltiples factores 

asociados a cada sistema productivo (Moral et al., 2005; Parera i Pous et al., 2010; Teira, 

2007). La composición de las heces y la orina puede variar en función de la composición de 

la dieta, la edad del animal y su metabolismo, principalmente. Adicionalmente, la 

composición del purín está también condicionada por el sistema de alojamiento (que puede 
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variar según la orientación productiva), el sistema de alimentación, las prácticas de gestión 

de estiércol, las condiciones ambientales e incluso la raza y la categoría animal (Lorimor et 

al., 2000; Conn et al., 2007; Martínez-Suller et al., 2010; Morazán et al., 2015; Sánchez y 

González, 2005). 

En general, los purines contienen entre 1.8% y 6.1% de materia seca (MS), de la cual un 60 

a 70% es materia orgánica (MO) y entre 2% y 5 % es N (Abubaker et al., 2015; Moral 

et al., 2005; Olusegun, 2014; Parera i Pous et al., 2010; Suresh et al., 2009). Además de 

esto, los purines se caracterizan por producir compuestos fácilmente volatilizables que 

conllevan a la emisión de gases como el NH3, CO2, CH4 y N2O (Lorimor et al., 2000). Por 

ello, como se ha comentado anteriormente, existe una relación directa entre la composición 

de los purines y la emisión final de gases (Beccaccia et al., 2015c; Fangueiro et al., 2012; 

Møller et al., 2004). 

1.2.1 Emisiones de NH3 

En los purines, el N se encuentra en dos formas, N orgánico (proteína y aminoácidos no 

digeridos ligados a los componentes de la pared celular, proteína de los piensos 

desperdiciados por los cerdos y proteína endógena del sistema digestivo) y N inorgánico 

(urea y nitrógeno amoniacal principalmente). Las emisiones de NH3 dependen 

principalmente de la concentración de N mineral disponible en los purines y del pH (Snoek 

et al., 2014). 

El N excretado por los cerdos es el resultado de la diferencia entre el N consumido y el N 

retenido. El N es excretado de forma orgánica por las heces y de forma inorgánica 

(principalmente urea) por la orina. Los cerdos de crecimiento y acabado excretan entre un 

63% y un 70% del N consumido, y entre un 18% y un 35% del N consumido termina 

siendo emitido a la atmósfera, principalmente en forma de NH3 (Van der Peet-Schwering et 

al.,1999; IPCC, 2003; Aarnink, 1997). Estas pérdidas suponen ineficiencias en el proceso 

productivo y hacen evidente la necesidad de mejorar la eficiencia de utilización del N en el 

sistema de alimentación y de gestión de purines. 

En la bibliografía se encuentran valores de emisiones diarias de NH3 que van desde 20 a 

222 mg de NH3 por litro de purín, y la mayoría de estudios indican relaciones directas entre 
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las emisiones y el contenido de N amoniacal total (TAN) de los purines (Beccaccia et al., 

2015; Canh et al., 1998; Hernández et al., 2011; Portejoie et al., 2004). 

El proceso de emisión de NH3 se origina principalmente en la descomposición de la urea 

excretada en la orina (Figura 1.1), y sólo una pequeña parte proviene de la descomposición 

de la proteína de las heces (Chowdhury et al., 2014). La descomposición de la urea es un 

proceso rápido, que se puede completar en cuestión de pocas horas. La velocidad a la que la 

urea se convierte en NH3 dependerá de la actividad de la enzima ureasa, producida por 

bacterias presentes en las heces y en las fosas del purín (Aarnink y Verstegen, 2007). Una 

vez actúa la ureasa, el NH3 es liberado a la solución acuosa de purín y se mantiene en 

equilibrio ácido-base con la forma ionizada (ion amonio, NH4
+).  

 

Figura 1.1. Proceso de generación y emisión de NH3 en purines de cerdo                            
(Fuente: Elaboración propia, adaptado de varios autores) 
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Las emisiones potenciales de NH3 están determinadas por el equilibrio ácido-base entre 

NH4
+ y NH3, y consecuentemente están condicionadas por el pH. Así, una disminución en 

el pH desplaza el equilibrio hacia NH4
+, reduciéndose la tasa de volatilización de NH3 

(Chowdhury et al., 2014). Adicionalmente, otros factores como la temperatura, la velocidad 

del aire y la humedad del purín influyen en la tasa de emisión. De forma orientativa, cada 

disminución de 0.1 puntos de pH puede disminuir la emisión de amoniaco entre un 5 y un 

20% en función de la temperatura (Philippe et al., 2011). Adicionalmente, el diferencial de 

concentraciones de NH3 del purín y del aire circundante podrían influir en las emisiones 

(Snoek et al., 2014). 

Del mismo modo, la superficie de purín expuesta a emisión y los parámetros físicos de esa 

superficie también influye en las emisiones de NH3. Mayores superficies permiten mayores 

potenciales de volatilización, y por tanto una mayor emisión. Sin embargo, las costras que 

se producen en la superficie de los purines pueden reducir la difusión del NH3 a la 

atmósfera, lo cual las convierte en posibles técnicas de mitigación en granja (Webb et al., 

2014). 

1.2.2 Emisiones de CH4: factores que afectan y usos 

El CH4 emitido de los purines de cerdo es el resultado la fermentación anaeróbica de los 

mismos. Este proceso se puede dar de manera espontánea durante el almacenamiento del 

purín en la propia granja (emitiéndose CH4 y CO2 a la atmósfera), pero también de manera 

controlada en biodigestores. En este último caso se puede valorizar el CH4 producido como 

fuente de energía renovable, y el digestato como un fertilizante más estabilizado. 

La formación de CH4 a partir de los purines (Figura 1.2), se inicia con la hidrólisis de la 

materia orgánica (lípidos, proteínas y carbohidratos) por acción de enzimas hidrolíticas 

producidas por microorganismos hidrolíticos-acetogénicos. De esta hidrólisis inicial 

resultan compuestos solubles como aminoácidos, alcoholes, azúcares y ácidos grasos que 

son atacados por los microorganismos acidogénicos degradándolos a productos intermedios 

como son el acetato, ácidos grasos volátiles de cadena corta (propiónico y butírico), etanol, 

lactato, CO2 y H2. A continuación los microorganismos acetogénicos oxidan los ácidos 
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grasos de cadena corta a acetato, H2 y CO2. Finalmente por acción de las bacterias 

metanogénicas y acetoclásticas se genera el CH4 y CO2 (Mao et al., 2015; Weiland, 2010). 

 

Figura 1.2. Proceso de conversión de la materia orgánica en CH4                                         
(Fuente: Elaboración propia, adaptado de varios autores) 

 

De acuerdo con IPCC (2006), la emisión de metano en la producción ganadera depende del 

potencial de emisión específico de cada sustrato (conocido como BMP a partir de sus siglas 

en inglés, biochemical methane potential (Labatut et al., 2011; Strömberg et al., 2014)) y 

del factor de conversión de metano (methane conversion factor, MCF), que a su vez está 

condicionado por la temperatura ambiente y del sistema de gestión del estiércol. El BMP de 

purines de cerdo se encuentra, generalmente, entre 390 y 480 mL de CH4 por g de sólido 

volátil (SV) (Jarret et al., 2012, 2011; Strömberg et al., 2014). Las estrategias de reducción 
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de estas emisiones pasan por reducir la cantidad de MO o SV excretados, reducir el BMP o 

actuar sobre el MCF a través de cambios en la gestión (p.ej. utilizar sistemas de estiércol 

sólido). 

En cambio, la digestión anaerobia del purín persigue maximizar la generación de CH4 a 

partir de la fermentación de la materia orgánica, de forma que se obtiene biogás con la 

siguiente composición aproximada: CH4 (40% a 70%), CO2 (30% a 60%) y otros gases (1% 

de N2, CO, O2, NH3, H2 y H2S). Además de producirse estos gases, el sustrato resultante o 

digestato es una mezcla compuesta por residuos minerales (50% a 70%) y orgánicos (30% a 

50%). Los productos finales de este proceso y sus proporciones variarán en función de las 

características de los purines utilizados (Cepero et al., 2012). 

En el proceso de digestión anaerobia del purín intervienen diversos factores que influyen en 

su rendimiento final y, por tanto, en la emisión de CH4. Estos factores pueden ser 

clasificados en factores intrínsecos del purín y factores operacionales del proceso de 

fermentación. 

Los factores intrínsecos más relevantes son la composición fisicoquímica de los purines y 

en especial la disponibilidad de MO y el pH. En este caso el equilibrio de nutrientes 

contenidos en los purines permitirá que se desarrollen más o menos las distintas 

poblaciones microbianas que intervienen en el proceso y el pH condiciona el crecimiento 

microbiano, siendo ambos determinantes en la producción de CH4. El crecimiento y acción 

de las bacterias hidrolíticas se da en pH entre 7.2 y 7.4, las bacterias acetogénicas 

necesitarán pH entre 7 y 7.2 y las metanogénicas 6.5 y 7.5 (Chen et al., 2008). Otro factor 

intrínseco que puede inferir en el proceso metanogénico es el contenido de nitrógeno 

amoniacal (N-NH3), ya que concentraciones mayores a 200 mg L-1 de N-NH3 en el purín 

inhiben el crecimiento microbial y con ello la metanogénesis (Angelidaki y Ahring, 1994; 

Hansen et al., 1998; Mata-Alvarez et al., 2000). 

Los principales factores operacionales que influyen en la producción de CH4 son la 

temperatura, el tiempo de retención en los digestores anaerobios y la agitación del sustrato. 

El incremento de la temperatura implica una mayor velocidad del crecimiento de las 

poblaciones bacterianas y como consecuencia se acelera la producción de CH4 y CO2 
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(biogás). Temperaturas entre 35ºC y 37ºC son reportadas como ideales para el proceso 

(Parkin y Owen, 1987; van Lier et al., 1993). Del mismo modo otro factor importante del 

proceso es la mezcla y agitación del purín en fermentación. Esta acción mejora la 

uniformidad de la densidad de la población bacteriana y el contacto con la materia orgánica 

en fermentación. En el caso de purines colectados y almacenados en fosas o balsas (en 

granja), la temperatura, el tiempo de almacenamiento y los niveles de agitación son 

variables y como tal afectarán el proceso. 

1.3 El uso agrícola de purines 
Desde hace siglos la aplicación de estiércoles en los campos de cultivo ha constituido la 

forma principal en la que el ser humano ha sido capaz de restituir la fertilidad de los suelos. 

En las últimas décadas, como consecuencia de la intensificación de la producción porcina, 

se han generado grandes cantidades de purines, en ocasiones aplicadas a campos de cultivo 

en dosis excesivas. Los purines, por su naturaleza y composición fisicoquímica, pueden ser 

considerados fertilizantes, dado que contienen la mayoría de los nutrientes requeridos por 

los cultivos (Villar et al., 2004). Sin embargo, no siempre existen terrenos agrícolas 

adyacentes disponibles para recibir los grandes volúmenes generados por las granjas 

comerciales convirtiéndose su deposición final en un problema ambiental. Por lo tanto los 

purines deben ser gestionados eficientemente para evitar impactos negativos al medio 

ambiente. Una buena gestión implica que sean almacenados, transportados y aplicados a 

suelos agrícolas disponibles o destinados a la generación de biogás o a plantas de 

tratamiento, minimizando al máximo la pérdida de nutrientes y las emisiones de GEI.  

Diversos ensayos de fertilización de suelos de uso agrícola utilizando purines de cerdo 

indican buenos resultados productivos, sin alterar negativamente las condiciones del suelo, 

siempre que su utilización se ajuste a las necesidades de los cultivos y a la capacidad de 

aporte de macro y micro nutrientes de los purines (Bosch-Serra et al., 2014; Cavanagh 

et al., 2011; Gomez-Garrido et al., 2014). Al respecto, la Unión Europea ha reglamentado el 

uso de los purines en agricultura con el objetivo de reducir la contaminación por nitratos de 

las aguas subterráneas, y ha establecido como límite máximo la aplicación de 170 kg N ha-1 

(Directiva de 91/676 / CEE). La misma disposición recomienda que se sigan códigos de 
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buenas prácticas agrarias, de forma que en función de cada cultivo deben seguirse las 

recomendaciones agronómicas considerando las extracciones de los cultivos y las distintas 

aportaciones de nutrientes. 

Una aplicación excesiva de purines a los suelos puede resultar en la saturación de nutrientes 

(por ejemplo, N, P, potasio (K)), así como en la acumulación de metales pesados (por 

ejemplo, cobre (Cu) y zinc (Zn)), sales o incluso residuos de antibióticos, pudiendo llegar a 

contaminar las aguas subterráneas (Burton y Turner, 2003; Moral et al., 2008; Villamar et 

al., 2012). Por otro lado, las aplicaciones continuas de purines ricos en sales podrían 

aumentar la salinidad del suelo e inhibir el crecimiento de las plantas (Alburquerque et al., 

2012). En cualquier caso, para usar correctamente los purines como fertilizantes en los 

campos y evitar problemas ambientales derivados se requiere una monitorización periódica 

de su contenido de nutrientes (Gomez-Garrido et al., 2014).  

Por lo tanto, resulta evidente la necesidad de tener información precisa de la composición 

de los purines y de sus principales características fisicoquímicas, antes de su utilización. 

1.4 Estrategias de alimentación de cerdos para reducir las emisiones 
gaseosas 

En los últimos años se vienen desarrollado alternativas tecnológicas tendientes a mitigar y 

reducir las emisiones de GEI y NH3 procedentes de la producción porcina. Estas 

alternativas implican mejoras en el diseño de las instalaciones productivas como por 

ejemplo los sistemas de ventilación y captura de las emisiones, los tipos de alojamientos y 

materiales utilizados, o el diseño y manejo de las fosas de almacenamiento de purines 

(Cabaraux et al., 2009; Groot Koerkamp et al., 1998). También existen alternativas ligadas 

al manejo, la gestión y tratamiento de purines, como por ejemplo la acidificación, la 

separación solido-líquido, o las cubiertas de las balsas de purines, entre otras (Chadwick 

et al., 2011; Dai y Blanes-Vidal, 2013; Fangueiro et al., 2015; Hjorth et al., 2010; Petersen 

et al., 2013).  

Del mismo modo, se vienen desarrollando alternativas de mitigación de las emisiones con 

un enfoque nutricional. Estas buscan modificar la composición de las heces y orina 

(constituyentes principales de los purines) y, como consecuencia, alterar el potencial de 
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emisión de GEI de los purines (Hristov et al., 2013; Kebreab et al., 2006; Philippe and 

Nicks, 2015).  

En cuanto a las alternativas nutricionales estudiadas para la reducción de las emisiones de 

NH3, existe un gran número de trabajos que indican una relación positiva entre el contenido 

de proteína bruta (PB) de los piensos y las emisiones de NH3. En este sentido, una 

reducción del contenido de PB en el pienso de cerdos reduciría las emisiones de NH3 

(Beccaccia et al., 2015b; Canh et al., 1998; Hernández et al., 2011; Portejoie et al., 2004). 

Al respecto, Aarnink et al. (1993) estimó que la reducción de 10 g kg-1 de PB produciría 

una reducción de 9% en el contenido de N-NH3 del purín. Por otra parte, Canh et al. (1998) 

sugieren que la reducción en hasta 4 puntos porcentuales en el contenido de PB del pienso 

(de un 16.5% a un 12.5%) no afecta a la tasa de crecimiento ni la eficiencia alimentaria en 

cerdos, siempre y cuando se tengan satisfechos sus requerimientos en aminoácidos 

esenciales. Por lo tanto, la reducción de la proteína del pienso, contemplando el uso de 

materias primas proteicas con mayor digestibilidad y la adición de aminoácidos sintéticos 

podrían mejorar la eficiencia de la utilización del N, reduciéndose su excreción y con ello 

disminuyendo sus emisiones de NH3 (Moughan et al., 2003). Del mismo modo Bakker et 

al. (1996) sugiere que la fermentación de fibra en el intestino grueso de los cerdos podría 

inducir a que se incorpore urea de la sangre en el intestino grueso. Esa incorporación 

serviría para promover la fermentación bacteriana, y el N se incorporaría como proteína 

bacteriana, reduciéndose la excreción de N en la orina e incrementándose la excreción de N 

en heces. 

Adicionalmente, es probable que otros factores como el contenido de extracto etéreo (EE), 

fibra detergente neutro (FDN), fibra detergente ácido (FDA) en los piensos puedan afectar 

la composición y el pH de los purines y como consecuencia las emisiones de NH3 y CH4 

(Canh et al., 1998; Dinuccio et al., 2008; Jarret et al., 2012; Mroz et al., 2000). Al respecto 

Aarnink y  Verstegen (2007) sugieren que el incremento en la proporción de carbohidratos 

fermentables en los piensos de cerdos provocan la reducción del pH de las excretas y como 

consecuencia la disminución de la emisión de NH3, y contrariamente se incrementan las 

emisiones de CH4. 
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Tal y como se ha comentado con anterioridad, las emisiones de CH4, se generan a partir de 

la degradación de la materia orgánica de los purines y, por lo tanto, el potencial de 

producción de CH4 de purines podría influirse por la elección de las materias primas y sus 

proporciones en los piensos. Al respecto Jarret et al. (2012) reporta que el purín resultante 

del pienso con alto contenido de fibra (4.9% de fibra bruta) produjo mayores emisiones 

potenciales de CH4 (126 L animal-1 d-1) que los resultantes de la dieta control (2.9% de fibra 

cruda con emisiones de 76 L animal-1 d-1). Contrariamente, las emisiones acumuladas de 

NH3 fueron menores en los cerdos alimentados con alto contenido de fibra (3.36 g animal-1 

d-1) que los alimentados con la dieta control (4.92 g animal-1 d-1). Tomando en cuenta estos 

trabajos, aparentemente existiría un efecto antagónico del contenido de fibra fermentable de 

los piensos en las emisiones de NH3 y CH4 de los purines. 

Otros factores dietéticos como la cantidad y la fuente de grasas y aceites también pueden 

afectar la composición del purín. Sin embargo, aún son escasos los estudios al respecto. Los 

altos niveles de grasa o aceite en la dieta pueden limitar la disponibilidad de sustratos 

fermentables a la microflora intestinal (Jørgensen et al., 2011; Patridge y Gill, 2001). Estos 

elevados niveles de grasa también podrían inhibir la microflora responsable de la emisión 

de NH3 (Leek et al., 2004), y la producción de CH4 (Christensen y Thorberck, 1987).  

Por lo tanto, aún se requiere conocer en mayor detalle los efectos de la modificación de las 

dietas sobre las emisiones potenciales de NH3 y CH4, particularmente el efecto del EE, para 

poder establecer medidas nutricionales de mitigación de las emisiones y mejorar la 

sostenibilidad de la producción porcina. 

1.5 Sistemas de medición de las emisiones de CH4 y NH3, en purines 
de cerdo 

Las mediciones de las emisiones de gases de purines de cerdo se han venido realizando en 

sistemas de cámara estática y de cámara dinámica (Greatorex, 2000). El sistema de cámara 

estática delimita herméticamente una superficie de emisión por un periodo de tiempo, y las 

muestras de aire son tomadas del interior de la cámara para la determinación de la 

concentración de CH4 y NH3. En el sistema de cámara dinámica la superficie de emisión es 
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sometida a un flujo controlado de aire a partir del cual se determina la concentración de 

CH4 y NH3.  

La determinación de la concentración de CH4 y NH3, se realiza por diferentes metodologías 

de medición como la cromatografía de gases (Clemens et al., 2006), la espectroscopía 

infrarroja, laser y fotoacústica (Fukumoto et al., 2003; Haeussermann et al., 2006; Kebreab 

et al., 2006; Moller et al., 2004) o por sensores electroquímicos (Ni et al., 2000).  

En la práctica, para la mitigación de las emisiones de NH3 y CH4, resulta esencial poder 

determinar de manera precisa y eficaz las emisiones de gases procedentes de los 

alojamientos ganaderos. Sin embargo, como ha sido descrito en los párrafos anteriores, las 

emisiones de NH3 y CH4 de purines dependen de varios factores como son las 

características fisicoquímicas de los purines y las condiciones ambientales y de 

almacenamiento. La combinación de estas características resultaría en condiciones 

particulares para cada establecimiento productivo. Ante esta amplia variación en los 

factores que afectan a las emisiones, resulta complejo establecer valores absolutos de 

emisiones y distinguir como afectan los diferentes factores de forma individual para 

proponer medidas de mitigación.  

Por otro lado, en los últimos años se vienen realizando mediciones de las emisiones de NH3 

y CH4 de purines en condiciones controladas en laboratorio (in vitro). Estas técnicas han 

permitido determinar la emisión potencial de NH3 y CH4 de purines de diferentes orígenes 

en condiciones estandarizadas permitiendo tener una referencia de la capacidad de emisión 

de un determinado purín. Hasta la actualidad la mayor parte de estudios que reportan el uso 

de estas metodologías se refieren al efecto de ensayos nutricionales sobre las emisiones 

(Aarnink y Verstegen, 2007; Hansen et al., 2014; Jarret et al., 2012). Sin embargo estas 

metodologías, podrían ser usadas para estudiar el efecto de la modificación de los demás 

factores determinantes de las emisiones, en condiciones controladas y estandarizadas. 

La emisión potencial de NH3 puede ser definida como el NH3 emitido por unidad de 

superficie de purín, en condiciones controladas (temperatura, flujo de aire y tiempo). Con 

frecuencia, esta ha sido determinada utilizando el método de la cámara dinámica con 

trampas acidas húmedas (Canh et al., 1998) y su aplicación ha estado orientada a establecer 
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diferencias de emisión de purines resultantes de ensayos de nutrición (Galassi et al., 2010; 

Jarret et al., 2012; Portejoie et al., 2004). Este método permite estandarizar las variables que 

intervienen en la emisión de NH3 (por ejemplo, temperatura, flujo de aire o ratio de emisión 

por superficie o volumen de purín), y por lo tanto sus resultados son interpretables en 

términos comparativos, pero no en términos absolutos.  

En lo que respecta al potencial de emisión de CH4 es definido como la producción 

acumulada de CH4 por g de MO o SV de sustrato, en condiciones estándar (Angelidaki 

et al., 2009). La determinación del potencial de emisión de CH4 de purines se realiza 

siguiendo la metodología de digestión anaeróbica in vitro descrita por Hansen et al. (2004). 

Dicho potencial se corresponde con el BMP descrito anteriormente, de forma que esta 

determinación no indica el nivel real de emisión de CH4, sino que, será posteriormente 

modificado por el MCF en función de las condiciones ambientales y el sistema de gestión 

del purín (IPCC, 2006). La aplicación de esta metodología no solo ha estado orientada al 

estudio de purines resultantes de ensayos nutricionales, sino que, principalmente ha estado 

orientada a establecer el BMP de purines de diversos orígenes solos y en co-digestión con 

otros sustratos (Ferrer et al., 2014; Nielfa et al., 2015). 

En cualquier caso, la determinación del potencial de emisión de NH3 y CH4 in vitro en 

condiciones estandarizadas, permitiría atribuir los cambios en los potenciales de emisión a 

las variaciones de las características fisicoquímicas del purín o de algún otro factor 

determinante. Como tal, la aplicación de estas técnicas permitirá referenciar los efectos 

positivos o negativos de las estrategias de mitigación de emisiones de NH3 y CH4.  
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2 
Objetivos y estructura de la tesis 
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El presente trabajo se enmarca en un proyecto mayor financiado por el Ministerio de 

Ciencia e Innovación que lleva por título “Emisiones de NH3 y gases efecto invernadero en 

purín porcino y potencial para producción de biogás o valor fertilizante: variabilidad 

inducida por estrategias de alimentación (GASPORC-AGL2011-30023).  

La presente Tesis está enfocada a la caracterización de las emisiones potenciales de 

amoniaco (NH3) y metano (CH4) a partir de purines porcinos. En concreto, estudia la 

relación entre el consumo, la excreción de nutrientes, la composición del purín y las 

emisiones potenciales de NH3 y CH4 y el valor agrícola de los purines. Además, evalúa y 

propone la optimización de las metodologías de medición de las emisiones potenciales de 

NH3 y CH4 in vitro.  

Los objetivos generales de esta tesis son: 

• Caracterizar la composición, el potencial de emisión de CH4 y NH3 y el valor 

agrícola de purines comerciales de España (Capítulo 3). 

• Evaluar la influencia de la inclusión en el pienso de una fuente de grasa (jabón 

cálcico de palma) y una fuente de fibra (pulpa de naranja) sobre la composición 

del purín y emisiones potenciales de NH3 y CH4 en cerdos en crecimiento 

(Capítulo 4). 

• Optimizar las mediciones de las emisiones potenciales de CH4 y NH3 in vitro de 

purines de cerdo (Capítulos 5 y 6). 

Con el presente trabajo de tesis se pretende contribuir a incrementar la sostenibilidad de la 

producción porcina, aportando un mayor conocimiento sobre las características de los 

purines, las relaciones pienso-purín-emisión y sobre la capacidad predictiva de las 

metodologías de medición de emisiones de NH3 y CH4. 

En respuesta al primer objetivo, en el tercer capítulo de la tesis “Composition, potential 

emissions and agricultural value of pig slurry from Spanish commercial farms” se estudia 

la composición/caracterización de los purines de granjas comerciales de España, su 

potencial de emisiones CH4 y NH3 y su aptitud para el uso agrícola. 
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En relación con el segundo objetivo, en el cuarto capítulo “Effects of nutrition on digestion 

efficiency and gaseous emissions from slurry in growing pigs: III Influence of varying the 

dietary level of calcium soap of palm fatty acids distillate with or without orange pulp 

supplementation” se estudia los efectos de la inclusión de jabón cálcico de palma (como 

fuente de grasa) y pulpa de naranja (como fuente de fibra fermentable) en dietas de cerdos 

de engorde sobre las emisiones potenciales de CH4 y NH3 de los purines resultantes.  

El tercer objetivo se desarrolla en el quinto y sexto capítulo (“Ammonia emission 

quantification from pig slurry using acid wet traps: evaluation and optimization” y 

“Kinetics and prediction of methane production in pig slurry”). En el capítulo quinto se 

evalúa la medición de las emisiones potenciales de NH3 por el método de trampas ácidas y 

en el capítulo sexto se estudia la cinética de producción de CH4 de purines in vitro. En 

ambos casos se plantean posibilidades de optimización de las mediciones y modelos de 

predicción.  

En el séptimo capítulo, con la finalidad de analizar el efecto de factores como el origen y la 

ingesta de nutrientes sobre la composición de los purines y las emisiones de NH3 y CH4, se 

pone en común los datos obtenidos en los estudios llevados a cabo en el marco de esta tesis 

y del Proyecto “GASPORC-AGL2011-30023”. Adicionalmente, las técnicas de 

determinación de estas emisiones in vitro son analizadas en detalle en cuanto a su 

aplicabilidad y posibilidades de optimización.  
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Abstract. Pig slurry is a valuable fertilizer for crop production but at the same time its 

management may pose environmental risks. Slurry samples were collected from 77 

commercial farms of four animal categories (gestating and lactating sows, nursery piglets 

and growing pigs) and analyzed for macronutrients, micronutrients, heavy metals and 

volatile fatty acids. Emissions of ammonia (NH3) and biochemical methane potential 

(BMP) were quantified. Slurry electrical conductivity, pH, dry matter content and ash 

content were also determined. Data analysis included an analysis of correlations among 

variables, the development of prediction models for gaseous emissions and the analysis of 

nutritional content of slurries for crop production. Descriptive information is provided in 

this work and shows a wide range of variability in all studied variables. Animal category 

affected some physicochemical parameters, probably as a consequence of different slurry 

management and use of cleaning water. Slurries from gestating sows and growing pigs 

tended to be more concentrated in nutrients, whereas the slurry from lactating sows and 

nursery piglets tended to be more diluted. Relevant relationships were found among slurry 

characteristics expressed in fresh basis and gas emissions. Predictive models using on-farm 

measurable parameters were obtained for NH3 (R2 = 0.51) and CH4 (R2 = 0.76), which 

suggests that BMP may be estimated in commercial farms from easily determined slurry 

characteristics. Finally, slurry nutrient composition was highly variable. Therefore, 

complete analyses of slurries should be performed for an effective and environmental 

friendly land application. 

Keywords: ammonia emission, methane emission, fertilizer value, prediction model, slurry 

characterization. 

Abbreviations: BMP, biochemical methane potential; CH4, methane; DM, dry matter; EC, 

electrical conductivity; CV, coefficient of variation; NH3, ammonia; OM, organic matter; 

SV, volatile solids; TKN, total Kjeldahl nitrogen; TAN, total ammonia nitrogen; VFA, 

volatile fatty acids.  
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3.1 Introduction 

At present, there is an increasing concern about the environmental impacts associated with 

intensive and concentrated livestock production. This is especially the case for pig 

production which currently has a global population of over 1 billion heads, mainly 

concentrated in intensive producing areas. Spain is the second largest pig producer in 

Europe and the sixth in the world, with about 26 million animal places (EUROSTAT 2015). 

Slurry management is influencing emissions of atmospheric pollutants such as ammonia 

(NH3), nitrous oxide (N2O) and methane (CH4) (Hristov et al. 2013; Viguria et al. 2015) 

and it is also linked to potentially harmful effects for soil and water (Aarnink and 

Verstegen, 2007). 

Nevertheless, slurry should be considered a valuable resource as fertilizer because it 

contains significant amounts of most nutrients required by crops (Penha et al., 2015; Villar 

et al., 2004) plus organic substance which is important for soil fertility. The positive or 

negative effects of land application of slurry may depend on slurry characteristics (Villamar 

et al. 2013), dosing (Iguácel et al. 2011) or environmental conditions during application and 

hereafter (Webb et al. 2014). Moreover, pig slurry is used as a renewable source of energy 

due to its potential to produce CH4 under anaerobic conditions (Ferrer et al. 2014; Zhang et 

al. 2014).  

The composition of pig slurry from commercial farms is highly variable due to differences 

among housing systems, feed composition, climate or farm management (Beccaccia et al. 

2015; Moral et al. 2008; Moral et al. 2005b; Sánchez et al. 2005). In recent years, several 

studies have been published either characterizing physicochemical composition of slurries 

from commercial pig farms (Parera i Pous et al., 2010; Suresh et al., 2009), or evaluating 

the potential to emit NH3 and greenhouse gases (GHG) form slurries obtained under 

experimental conditions (Antezana et al. 2015; Galassi et al. 2010; Hernández et al. 2013; 

Jarret et al. 2012 among others). However, there is scarce information on the potential 

emissions of GHG and NH3 of slurries from commercial pig farms. 

Understanding the relationships between physicochemical properties of slurry can provide a 

basis for estimating the fertilizer value of slurry, thus facilitating its more efficient use in 
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agriculture and reducing the potential risks to the environment (Scotford et al. 1998; Díez et 

al. 2006; Thygesen et al. 2012). 

It is therefore necessary to evaluate in detail the physicochemical characteristics of slurries 

in commercial farms, to analyze their relationships with the emission of CH4 and NH3 and 

to examine the potential fertilizer value of slurries. A previous study (Amanda Beccaccia et 

al., 2015) analyzed relationships among different feed and slurry characteristics and 

potential gaseous emissions. The aim of this study was to analyze in depth the variability in 

mineral composition and gas emission of pig slurry samples from commercial pig farms, to 

predict potential NH3 emissions and the biochemical methane potential (BMP) in 

commercial farms and to explore limitations when using commercial slurries as fertilizers. 

3.2 Materials and methods 

3.2.1 Description of the selected farms and sample collection 

A total of 77 samples of pig slurry from farms located in the Center and East of Spain were 

analyzed in order to account for potential variations in composition and emissions. A 

detailed description of the survey protocol and analysis can be found in Beccaccia et al. 

(2015). Samples were classified according to the animal category: 15 samples from 

gestating sows, 14 from lactating sows, 14 from nursery piglets and 34 from growing pigs. 

Table 3.1 summarizes the most relevant characteristics of the surveyed farms.  

Sampling was designed to be representative of the slurry extracted from the pits under 

commercial conditions. A minimum of five aliquots (2 L each) were taken during the pit 

discharge at equidistant time intervals. Composite samples were then thoroughly mixed in a 

15 L container and subsamples were conditioned for the corresponding analyses. All 

samples were kept in sealed containers at 5ºC until laboratory processing, which was made 

within 24h. 
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Table 3.1 Main operation and installation characteristics of the farms surveyed 

    Gestating 
sows 

Lactating 
sows 

Nursery 
piglets 

Growing 
pigs 

Number of farms 15 14 14 34 
Animal places per farm 
(average) 

770 162 2319 3132 

Type of housing Group Individual Group Group 
Feeding type Dry Dry (71%) Dry Dry 

Wet (29%) 
Feed restriction Yes No (79%) No No 

Yes (21%) 
Slurry accumulation     
 < 1 month 21% 93% 50% 41% 
 1-3 months 7% 7% 50% 24% 
 > 3 months 71% 0% 0% 35% 
Slat      
 Partial 64% 21% 21% 41% 
 Total 36% 79% 79% 59% 
Ventilation type     
 Natural 86% 57% 43% 78% 
  Mechanical 14% 43% 57% 16% 

 

3.2.2 Physicochemical analysis 

All pig slurry samples were analyzed to determine dry matter (DM), organic matter (OM) 

and total Kjeldahl nitrogen (TKN) according to APHA (2005). Also, pH, electric 

conductivity (EC), total ammonia nitrogen (TAN) (4500 NH3-B and 4500 NH3-C 

procedures) (APHA, 2005), and volatile fatty acids (VFA) (Jouany, 1982) were determined. 

Volatile fatty acids were analyzed using a Focus Gas Chromatograph (Thermo, Milan, 

Italy) equipped with a split/splitless injector and a flame ionization detector with the 

addition of an internal standard (4-metil valeric).  

Macronutrients, micronutrients and heavy metal concentrations (P, K, Ca, Mg, S, Al, B, Cd, 

Co, Cr, Cu, Fe, Li, Mn, Mo, Na, Ni, Pb and Zn) were determined after acid digestion by 
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inductive-optical coupled plasma spectrophotometry (ICP-OES, ICAP 6500 Duo, Thermo 

Scientific, Walthamm, MA, USA). 

3.2.3 Ammonia emissions 

Ammonia emissions assays were performed with an ammonia trap system similar to that 

described by Ndegwa et al. (2009). Slurry subsamples of 0.6 kg with a volume: surface 

ratio of 0.0952 m3/m2 were placed in duplicate in 1-L closed containers maintained at 25ºC 

in a thermostatic water bath (Selecta, Spain). Containers were connected to an air pump 

which extracted air at a constant airflow rate of 1.2 L min-1. During 11 consecutive days, 

the air was forced to pass through two absorption flasks (impingers) in serial containing 

100 mL of sulphuric acid 0.1 N each. The acid solution was replaced daily during the first 5 

days, and every 48 h until the end of the assay (day 11). The NH3 trapped in the impingers 

was quantified following 4500 NH3-D procedure (APHA, 2005) using a detection electrode 

(Orion High Performance NH3 Electrode, model 9512HPBNWP, Thermo Scientific, USA).  

3.2.4 Biochemical methane potential (BMP) 

The BMP was determined in a batch assay using 120 mL bottles following the 

methodology described by Angelidaki et al. (2009). Inoculum from a mesophilic pig slurry 

anaerobic digester reactor was used. The inoculum was pre-incubated during 15 days at 

35ºC in order to deplete the residual biodegradable organic material. Pig slurry and 

inoculum were mixed to obtain an inoculum to substrate ratio of 1 in OM basis. Each 

sample was tested out by triplicate. Additionally, three blank bottles containing degasified 

inoculum were included in the measurements in order to determine the inoculum 

endogenous CH4 production. The endogenous CH4 production from the inoculum was 

subtracted from the CH4 produced by the pig slurry on each biogas sampling day. After 

filling, each bottle was sealed with butyl rubber stoppers and aluminum crimps and the 

headspace was flushed with pure N2 for two minutes. Bottles were then incubated at 

35°±1ºC for 100 days. During incubation, biogas volume in each bottle was regularly 

monitored (from 1 to 10 days depending on biogas production) by pressure measurement of 

the headspace using a manometer (Delta Ohm, HD 9220, Italy). Methane concentration in 
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the biogas was further analyzed using a Focus Gas Chromatograph (Thermo, Milan, Italy) 

equipped with a split/splitless injector and a flame ionization detector. Finally, the BMP 

was expressed per volume of slurry considering the OM content. 

3.2.5 Statistical analyses 

All slurry components were expressed and analyzed in wet basis. The descriptive statistical 

analysis of the results of the variables in this study was made by animal category through 

PROC MEANS of SAS Institute (2008). The effect of the animal type in the studied 

variables was analyzed using PROC GLM and PROC T TEST of SAS Institute (2008). The 

Correlation analysis among physicochemical slurry characteristics, as well as NH3 and 

BMP, was done using PROC CORR of SAS Institute (2008). A multiple regression 

analysis was also conducted with a stepwise variable selection process using the  PROC 

REG of SAS Institute (2008) to establish prediction models of potential emissions from 

easily measurable slurry characteristics (i.e. EC, pH and DM).  

From the results of the physicochemical characterization of slurry, potential scenarios of 

nutrient loads associated to land application were obtained. These scenarios corresponded 

to limitations of organic manure application according to international regulations, in 

particular the European Union Directive 91/676/CE which specifies that the livestock 

manure applied to land each year shall not exceed the amount containing 170 kg N per 

hectare. 

3.3 Results and discussion 

3.3.1 Physicochemical slurry characterization 

Summary statistics for the physicochemical characterization of slurry for the different 

animal categories are presented in Table 3.2. As shown in this table, slurry characteristics 

varied considerably among and within animal categories. Only for some characteristics the 

category of animal was found to have a statistically significant effect. Correlations among 

the main physicochemical characteristics are shown in Table 3.3. 
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The main results of this study are in agreement with those reported for pig slurries from 

commercial pig farms in Spain (Moral et al. 2005b; Moral et al. 2005a; Parera i Pous et al., 

2010; Sánchez et al. 2005, among others) and other countries (Abubaker et al. 2015; 

Martínez-Suller et al. 2008; Olusegun 2014; Suresh et al. 2009; Villamar et al. 2012). The 

EC in pig slurry ranged from 2.65 to 53.46 mS cm-1, and was higher for growing pigs and 

gestating sows than for lactating sows and nursery piglets (P < 0.05). This difference may 

be attributed to the housing system and management practices such as slurry removal 

frequency and use of cleaning water. In fact, animal categories showing higher EC are 

those in which slurries tend to be stored for a longer time in slurry pits (see Table 3.1), thus 

enhancing drying and mineralization of slurry. On the contrary, lactating sows and weaners 

are those with shorter slurry accumulation time and tend to use higher volumes of cleaning 

water. Therefore, slurries from lactating sows and weaners tend to be more diluted, with 

lower DM contents. Differences in the concentration of protein and minerals in the diet of 

pigs among animal types (Amanda Beccaccia et al., 2015; Moral et al., 2008) may also be 

contributing to differences in EC. As shown in Table 3.3 and evidenced by previous studies 

(Provolo et al. 2007; Yagüe et al. 2012), both DM and EC are significantly correlated with 

most slurry characteristics. These relationships support the idea of dilution as a main factor 

affecting nutrient composition of slurries, and thus they have been used to propose 

prediction models for nutrients (Martínez-Suller et al. 2008). The pH ranged from 6.3 to 8.0 

with low variation among animal categories. Slurry pH from gestating sows was on average 

7.78 and it was higher than in slurries from other animal categories (P <0.01). This value 

could probably be associated to lower concentrations of VFA (Table 2). 

Regarding macronutrients (N, P, K, Ca, Mg and S) their concentration in the slurry tends to 

be higher for growing pigs and gestating sows, which is statistically significant in the case 

of N, K and Ca. In this regard, Sánchez et al. (2005) and Moral et al. (2005a) also found 

higher N concentrations in slurries from growing pigs and gestating sows. It must be 

considered that nutrient excretion is a consequence of the inefficiency in their use by the 

animals and therefore it is affected by nutritional factors (Bai et al., 2014; Morazán et al., 

2015; Patience et al., 2015), which may differ among animal categories. 
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A major part of the slurry nitrogen is in inorganic form, mainly as TAN, which represented 

65% of the total nitrogen. These values are similar to those obtained by previous studies 

(Sánchez et al. 2005), which reported values of 57% of TAN. As shown in Figure 1, both N 

and TAN were positively correlated with EC (R2 = 0.65 and 0.79, respectively), which 

supports the conclusions of Martínez-Suller et al. (2008) and Moral et al. (2005b) that these 

components can be predicted in practice.  

In relation to the P content in the slurry, a wide variation was found (ranging from 0.06 to 

4.58 kg m-3). The average content was 0.86 kg m-3, but no statistical differences were found 

among animal categories. In the case of K, the slurry from lactating sows (1.07 kg m-3) had 

a lower content than for the other categories (P < 0.05). Regarding the Ca content, the 

slurry from gestating sows (on average 1.97 kg m-3) had a higher content than for the other 

categories (P < 0.05). Finally in the case of Mg the average content was 0.56 kg m-3, but no 

statistical differences were found among animal categories. This is in accordance with 

previous studies (Moral et al. 2008; Sánchez et al. 2005; Abubaker et al. 2015).  

The content of micronutrients and heavy metals in the slurry was not statistically affected 

by animal category in the case of Al, B, Cd, Co, Cr, Fe, Li, Mn, Mo, Ni and Pb. However, 

the content of Cu, Zn and Na were affected by the animal category. Particularly, the content 

of Cu and Zn, which are commonly used as promotors, were highest for nursery piglets 

(32.8 and 316.8 g m-3 respectively, which is about 3 to 6 times higher than other animal 

category; P < 0.001). On the contrary, the Na content was highest (P < 0.05) for growing 

animals (0.53 kg m-3). The content of heavy metals expressed per dry matter basis is within 

the range reported by Nicholson et al. (1999). These authors reported average 

concentrations of Cu, Ni, Pb and Cd (351, 10.4, 2.48, 0.30 mg kg-1 DM, respectively), 

which is very similar to this study (297, 8.27, 2.97 and 0.32 mg kg-1 DM, respectively). On 

the contrary, the concentration of Zn and Cr was from 3 to 5 times higher in our study 

(2540 vs. 575 mg kg-1 DM for Zn and 10.7 vs. 2.82 mg kg-1 DM for Cr, respectively).  
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Finally, the content in VFA in the slurry was higher for growing animals than for sows (p = 

0.019). These results are coherent with those obtained by Conn et al. (2007), who found 

higher nutrient and VFA contents for finishing animals and attributed these differences to 

the dilution of slurry. Storage time and temperature have also been reported to reduce the 

VFA content (Moset et al., 2012; Popovic and Jensen, 2012), while a dependency between 

animal nutrition and the VFA content of pig slurry was reported Aarnink and Verstegen 

(2007). 

3.3.2 Gaseous emissions 

The measured NH3 emission of slurry was on average 10 g m-2 d-1, ranging from 1.47 to 

22.7 g m-2 d-1 (Table 3.2). The emissions were higher for slurries from growing pigs (11.6 g 

m-2 d-1), gestating sows (9.37 g m-2 d-1) and nursery piglets (8.43 g m-2 d-1), compared to 

lactating sows (7.29 g m-2 d-1) (p = 0.05). These results are apparently associated with the 

amount of TKN (r = 0.51) and TAN (r = 0.65) in slurries, which in turn is affected by the 

level of protein used in the diet (Amanda Beccaccia et al., 2015). As mentioned before, the 

TKN present in slurries is mainly in form of TAN (65% in our slurry), which is the main 

source of NH3 emission to the atmosphere. The content of TAN in pig slurries from 

growing pigs and gestating sows (3.94 and 2.87 kg m3, respectively) were higher than for 

lactating sows and nursery piglets (1.94 and 2.32 kg m3, respectively), which would 

indicate a greater availability for volatilization of NH3 in slurry from growing pigs and 

gestating sows. A positive correlation was also found between NH3 emissions and EC, but 

not with slurry pH (Table 3.2 and Figure 3.1). This finding is relevant because pH has been 

mentioned as an essential factor affecting NH3 emissions (Snoek et al., 2014), but the 

results of this study do not reflect a direct effect of pH in a univariate analysis. Considering 

the variable nature of the samples from commercial farms used in this study, this suggests 

that the effect of pH may be partially confounded with the effect of TAN. Therefore, the 

relevance of these factors under commercial management should be further explored. 

The BMP showed a wide variation, from 0.22 to 51 m3 of CH4 per m3 of slurry (Table 3.2). 

The emissions of slurries from growing pigs and nursery piglets had a significantly higher 

BMP (14.4 and 7.33 m3of CH4 per m3 of slurry respectively) than those from gestating and 
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lactating sows (4.09 and 4.45 m3of CH4 per m3 of slurry respectively). As indicated by 

Gopalan et al. (2013) and Beccaccia et al. (2015), changes in management practices and 

nutrition may be responsible for these differences between animal categories. The BMP 

was positively related with EC (r = 0.798; Figure 3.1 and Table 3.3) as well as acetic, 

propionic, butyric acids (Table 3.3; r = 0.737, 0.561 and 0.581, respectively). As indicated 

by Adekunle et al. (2015), these VFA are precursors of methanogenic activity and therefore 

may be potential indicators of BMP. Although accumulation of VFA may inhibit 

methanogenesis (Weiland 2010), in the conditions reported in this study, it seems that no 

inhibition was produced. The VFA content showed similar differences among animal 

categories as the BMP, and was higher for growing animals than for sows (Table 3.2). As 

indicated by Beccaccia et al. (2015), different animal categories are fed with different 

contents and types of fibers, which can influence the VFA contents in slurry.  

The relationships described above can be used to predict potential emissions from slurry 

characteristics, as suggested by Yagüe et al. (2012) for other slurry physicochemical 

characteristics. Prediction equations for emission CH4 and NH3 were obtained, from easily 

measurable characteristics such as EC, pH and DM (Table 3.4). It can be observed that 

equations for predicting CH4 emissions had higher coefficients of determination than those 

for NH3 emissions (R2 from 0.64 to 0.76 for CH4 and from 0.30 to 0.51 for NH3). However, 

the prediction equations improved when the models incorporated additional characteristics 

of the slurry (TKN, OM and TAN). Coefficients of determination including these variables 

reached 0.9 and 0.8 for CH4 and NH3, respectively. Other authors such as (Triolo et al., 

2011) proposed prediction equations of BMP based on the content of different fiber 

fractions. However, the equations presented here can be of highest interest when estimating 

or comparing potential emissions per volume of slurry at farm level because easily 

measurable variables have been considered in the prediction models. 

  



44 
 

 

 

 

 

 



45 
 



46 
 

 

 



47 
 

3.3.3 Potential fertilizer use 

Considering the maximum permissible application rate of livestock manure to land 

specified in European regulations (170 kg N ha-1 year-1), Table 3.5 shows nutrient inputs 

per hectare for land application using the slurries analyzed in this study. The volume of 

slurry necessary to achieve a supply of 170 kg N ha-1 was on average about 52 m3 ha-1, but 

was highly variable among farms (from 11 to 236 m3 ha-1) because of the variation in the 

concentration of N in the slurries. The corresponding application of OM ranged from 259 to 

3520 kg ha-1. As evidenced by previous studies (Fangueiro et al. 2012b; Hernández et al. 

2007), the input of OM to soil through pig slurry is relatively low compared with other 

manure categories due to the relatively small content of organic carbon and the labile nature 

of the organic compounds. Therefore, according to these authors, the application of pig 

slurry does not significantly contribute to soil OM but it has been suggested that in the short 

term it can induce a reactivation of soil microbial activity. 

The amount of mineral N incorporated as TAN also varied considerably among animal 

categories, with different implications. As indicated by Fangueiro et al. (2012a) and 

evidenced in this study, pig slurry contributes high proportions of TAN, and therefore it 

may be a valuable fertilizer for supplying N to plants. However, land application of 

livestock manures is associated to pollution risks related to NH3 emissions (Krupa, 2003) 

and N leaching (Mantovi et al., 2006). As mentioned before, due to the high TAN content 

found in commercial slurries, there is a high potential of NH3 emission to the atmosphere. 

For this reason, abatement techniques during land application of pig slurry (e.g. surface 

application or injection) are of highest relevance (Webb et al., 2005). 

The application of P and K varied by a factor 22 and 4, respectively among slurries. The 

variation in P load was particularly relevant for gestating sows (from 5.6 to 120.6 kg ha-1). 

Agriculture uses about 80% of global P flows, and an efficient use of this nutrient is 

essential due to its non-renewable nature and the potential environmental impacts (Schröder 

et al., 2010). As described by Schoumans et al. (2014) and Dourmad and Jondreville (2007) 

adopting feeding strategies (use of highly digestible mineral P supplements, use of phytase 

and phase feeding) may considerably change the absorption and excretion balance of the 



48 
 

animals. Therefore, different implementation of these techniques in commercial farms may 

be also contributing to the wide variation in the P content of pig slurry.  

As indicated before, the concentration of macro nutrients expressed on a wet basis was 

higher for growing pigs and gestating sows than for nursery piglets and lactating sows. 

Furthermore, the ratio of major nutrients N:P:K in manure varied between animal 

categories (growing pigs 1:0.13:0.34; gestating sows 1:0.30:0.34; lactating sows 

1:0.20:0.31; and nursery piglets 1:0.16:0.38). Variable ratios of these nutrients in pig slurry 

have been reported in the literature, particularly those corresponding to N:P ratios. Whereas 

some authors (Martínez-Suller et al. 2008; Parera i Pous et al. 2010) found relatively high 

contents of P in pig slurries (N:P ratios 1:0.51 and 1:0.59, respectively), other authors 

(Abubaker et al. 2015; 31 Sánchez et al. 2005) detected slurries with relatively less P 

compared to N (N:P ratios 1:0.26, in both cases). In our study, the average N:P ratio was 

1:0.18, which means relatively lower P compared to N than the ratios found in the literature 

for pig slurries. Differences in N:P ratios among studies could be attributed to factors 

affecting the efficiency in the use of P by the animals (e.g. nutritional factors), but could be 

also influenced by different slurry storage and sampling strategies among studies. The N:K 

ratios in the literature vary from 1:0.3 to 1:0.9 (Sánchez et al. 2005; Martínez-Suller et al. 

2008), which is consistent with the average ratio found in our study (1:0.3). 

These ratios, however, do not necessarily correspond to the crop needs. For example, using 

the information provided by Van Duivenbooden et al. (1996) for cereals, it can be 

calculated that the required N:P:K ratio of fertilizer required is 1:0.39:1.34. According to 

our results, the average slurry would provide insufficient amounts of P and K. Although 

some particular samples were equilibrated in terms of N and P, most samples (particularly 

those from growing pigs) would be short of P. In all cases, for cereal production the K 

content of slurry would be insufficient to cover crop requirements. In this case, the lack of 

other nutrients in the slurry could be easily complemented with mineral fertilizers to obtain 

the optimal fertilization ratio. However, in practice fertilization ratios differ widely among 

crops, cropping systems and soil conditions (Penha et al. 2015) and as discussed here slurry 

composition is also very variable. Therefore, slurry characterization is required to avoid 
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oversupply of nutrients and the corresponding environmental consequences, as well as to 

optimize the efficiency in the use of nutrients. 

As regards heavy metals, loading rates were in accordance to those obtained by (Nicholson 

et al., 1999). Our study also evidences that the variability found in heavy metal 

concentrations involves variable loading rates of these elements when slurry is applied to 

soils. Therefore, although evident effects of heavy metals from organic substrates on crop 

production may not be noticeable (Diacono and Montemurro 2010), it is likely that heavy 

metal accumulates in areas where pig slurry is continuously applied for years (Nicholson et 

al., 1999). Regarding the potential effects of heavy metal accumulation, it must be 

considered that they also depend on their mobility. In fact, long term studies have 

demonstrated the accumulation of Cu, Zn and Pb in soils (Diacono and Montemurro, 2010), 

but this did not affect soil productivity. According to these authors, soil properties such as 

cation exchange capacity, the presence of humic substances or the water and thermic 

regime are key factors affecting the mobility and thus the effects of heavy metals. The 

analysis of these properties is however beyond the scope of this study.  
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3.4 Conclusions 

The composition of pig slurries from commercial farms has a wide range of variation in the 

main physicochemical characteristics. Some of these characteristics (pH, N, TAN, K, Ca, 

Cu, Na, Zn and VFA) were significantly affected by the animal category. 

Emissions of NH3 and CH4 from pig slurries of commercial farms were highly related with 

the physicochemical composition, and were significantly affected by the animal categories. 

Potential emissions could be predicted using easily measurable slurry characteristics. 

The direct application of pig slurries to cropland require characterization of the slurry, due 

to the wide variation found in its composition. Supplementation with nutrients or slurry 

treatment techniques may be necessary depending on slurry composition and crop needs. 
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Abstract. The aim of this study was to establish the relationships between faecal fat 

concentration and gaseous emissions from pig slurry. Five diets were designed to meet 

essential nutrient requirements: a control and four experimental feeds including two levels 

(35 or 70 g/kg) of calcium soap fatty acids distillate (CSP) and 0 or 200 g/kg of orange pulp 

(OP) combined in a 2x2 factorial structure. Thirty growing pigs (six per treatment) were 

used to measure dry matter (DM) and N balance, coefficients of total tract apparent 

digestibility (CTTAD) of nutrients, faecal and urine composition and potential emissions of 

ammonia (NH3) and methane (CH4). Increasing dietary CSP level decreased DM, ether 

extract (EE) and crude protein (CP) CTTAD (by 4.0, 11.1 and 3.5%, respectively, P <0.05), 

but did not influence those of fibrous constituents. It also led to a decrease (from 475 to 412 

g/kg DM, P <0.001) of faecal concentration of neutral detergent fibre (aNDFom) and to an 

increment (from 138 to 204 g/kg, P <0.001) of EE in faecal DM that was related to greater 

CH4 emissions, both per g of organic matter (P=0.021) or on daily basis (P <0.001). Level 

of CSP did not affect N content in faeces or urine, but increased daily DM (P <0.001), and 

N (P=0.031) faecal excretion with no effect on urine N excretion. This resulted in lesser 

(P=0.036) NH3 potential emission per kg of slurry. Addition of OP decreased CTTAD of 

EE (by 7.9%, P=0.044), but increased (P <0.05) those of all the fibrous fractions. As a 

consequence, faecal content of EE increased (from 165 to 177 g/kg DM; P=0.012), whereas 

that of aNDFom decreased greatly (from 483 to 404 g/kg DM, P <0.001), which in all 

resulted in a lack of effect of OP on CH4 potential emission. Inclusion of OP in the diet also 

led to a significant decrease of CP CTTAD (by 6.85%, P <0.001), and then to an increase 

of faecal CP concentration (from 174 to 226 g/kg DM, P <0.001), with no significant 

influence on urine N content. These effects resulted in higher N faecal losses, especially 

those of the undigested dietary origin, without significant effects on potential NH3 

emission. No significant interactions between CSP and OP supplementation were observed 

for the gaseous emissions measured.   
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4.1 Introduction 

Intensive pig production is a major contributor to gaseous pollutant emissions. It has been 

estimated that in the EU it is responsible for 15 and 25% of the total ammonia (NH3) and 

methane (CH4) emissions (EAA; 2014a,b). It is widely recognized that pig slurry 

characteristics are heterogeneous depending on a number of factors including nutrition. 

Changes in slurry composition have been associated to gaseous emissions in previous 

research with modifications of dietary factors, as source and level of fibre (Canh et al., 

1998b; Jarret et al., 2012), type of fibre (Triolo et al., 2011; Beccaccia et al., 2015a), level 

of protein (Canh et al., 1998a; Portejoie et al., 2004; Hernández et al., 2011) and source of 

protein (Beccaccia et al., 2015b). 

Ether extract (EE) is by far the nutrient with the highest potential to generate CH4 from the 

slurry through microbial fermentation (Angelidakis and Sanders, 2004). Beccaccia et al. 

(2015c) reported that EE content in slurry samples from commercial farms increased CH4 

emission potential, but reduced that of NH3. However, little is known about the 

relationships among feed composition, faecal fat concentration and gaseous emissions. Fat 

content in faeces has two origins: indigestible dietary EE, which is mainly related to the 

source of fat used in the feed as recognized in several research studies (Cera et al., 1989; 

Wiseman et al., 1990; Kil et al., 2010) and feeding tables (INRA, 2002; CVB, 2004; 

FEDNA 2010), and endogenous losses that are generally associated to microbial synthesis 

in the gut. Previous studies (Kreuzer, 1999; Heimendahl et al., 2010) have found an 

increment of bacterial content in faeces when including a source of fermentable fibre in the 

diet, although the effects seem to be lesser when diets were compared at the same dietary 

neutral detergent fibre (NDF) content (Kreuzer et al., 1999; Beccaccia et al., 2015a). 

Otherwise, fat addition to the diet might hypothetically affect intestinal microbial activity 

and digestion efficiency of other dietary constituents. 

The aim of the current research was to investigate changes in faecal fat concentration 

induced through supplementation with two industrial food by-products:  calcium soap of 

palm fatty acids distillate and orange pulp, supplying respectively low digestible fat and 

fermentable fibre, and how these changes affect gaseous emissions from pig slurry. 
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4.2 Material and methods 

4.2.1 Animals, diets and experimental design  

Thirty growing male pigs, progeny of Pietrain x (Landrace x Large White) were divided 

into three series (batches) of 10 animals each and used subsequently in this study. Average 

and standard deviation of body weight of pigs in batches 1, 2 and 3 at allocation in 

metabolism pens were 54.0 (±1.46), 61.4 (±1.44) and 72.5 (±3.16) kg, respectively. A 

control diet (C) was formulated using the most common ingredients used at present in 

commercial diets for growing-finishing pigs (wheat grain, barley grain, wheat bran and 

soybean meal). Another four experimental feeds were designed by substituting a mixture of 

wheat grain and calcium carbonate in the control diet (C) with increasing amounts (35 and 

70 g/kg) of calcium soap of palm fatty acids distillate (CSP), alone or with further 

supplementation of 200 g/kg orange pulp (OP) at each level of fat supplementation. The 

proportions of the other ingredients were also slightly modified to keep essential nutrient 

composition of diets above the recommendations of FEDNA (2006) for growing fattening 

pigs. In particular, levels of essential amino acids per unit of net energy (NE) were 

maintained as similar as possible among the experimental feeds. The analytical composition 

of the sample used of orange pulp was described in a companion paper (Beccaccia et al., 

2015a); the sample of CSP contained 790 g/kg of EE, 190 g/kg of ash and 90 g/kg of Ca, 

with an estimated NE concentration of 24.5 MJ/kg (FEDNA, 2010). The ingredient and 

chemical composition of the experimental diets is presented in Tables 4.1 and 4.2, 

respectively. As shown, all diets had similar levels of crude protein (CP) and NDF, but the 

inclusion of CSP was parallel to a slight increase of the dietary concentration of NE, and 

that of OP to an increment of soluble fibre (SF) content.  
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Table 4.1. Ingredient composition of the experimental diets (g/kg, as fed basis) 

Ingredients Dietsa 
Control 35CSP 70CSP 35CSPOP 70CSPOP 

Barley grain 250 250 250 250 250 
Wheat grain 468 423 379 301 260 
Wheat bran 100 110 120 0 0 
Cane molasses 20 20 20 20 20 
Soybean meal 45 132 137 141 176 182 
Orange pulp 0 0 0 200 200 
CSPa 0 35 70 35 70 
Calcium carbonate 14.5 8.11 1.75 2.36 0 
Sodium chloride 1.11 1.5 1.89 1.27 1.23 
Monosodium phosphate 6.18 6.25 6.31 7.05 7.18 
DL-methionine 0.24 0.48 0.71 0.51 0.83 
L-lysine HCL 1.96 2.42 2.88 1.67 2.06 
L-threonine 0.43 0.71 0.98 0.45 0.7 
L-tryptophan 0 0.09 0.19 0.07 0.17 
L-valine 0 0.36 0.72 0.12 0.48 
Premixb 5 5 5 5 5 

a CSP = calcium soap of palm fatty acid distillate; OP = orange pulp.  
b Vitamin and mineral premix supplied per kg complete diet: 5000 IU of vitamin A; 1000 IU of vitamin D3; 3 mg of 
vitamin B2; 20 mg of vitamin B12; 10 mg of niacin; 4 mg of pantothenic acid; 48 mg of betaine; 30 mg of manganese 
oxide; 110 mg of zinc oxide; 10 mg of copper sulphate; 0.75 mg of potassium iodide; 0.1 mg sodium selenite; 90 mg of 
iron carbonate. 
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Table 4.2. Chemical composition of the experimental diets (g/kg, as fed basis) 

  Dietsa 

 
Control 35CSP 70CSP 35CSPOP 70CSPOP 

Dry matter 905 905 909 899 889 
Ash 45 46.4 47.8 49.4 52.1 
Crude protein 146 145 147 146 144 
NDICPb 16.1 15.8 21 20.9 26.3 
Ether extract 31.2 51.5 83.6 54.6 75.5 
Soluble fibrec 28.4 44 37.7 95.6 106 
aNDFom 167 157 163 169 166 
ADFom 50.8 44.7 48 60.3 59.7 
ADL 11 8.2 9.4 7.9 8.1 
Calciumd 6.6 7.3 8 8 10.2 
Digestible phosphorousd 2.5 2.5 2.5 2.5 2.5 
Sodiumd 1.7 1.9 2 2 2 
Chlorined 2.1 2.4 2.7 2.1 2.1 
Gross energy (MJ/kg) 16.3 16.8 17.7 16.7 17.2 
Net energy (MJ/kg)d 9.2 9.75 10.3 9.41 9.91 
Ileal digestible amino acidsd 
Lysine 7.1 7.5 7.9 7.2 7.6 
Methionine 2.2 2.4 2.6 2.3 2.6 
Total sulphur 4.6 4.7 4.9 4.5 4.7 
Threonine 4.6 4.8 5.1 4.7 4.9 
Tryptophan 1.5 1.6 1.7 1.6 1.7 
Isoleucine 4.9 4.9 4.9 5 5 
Valine 5.57 6.1 6.4 5.8 6.2 

a CSP = calcium soap of palm fatty acid distillate; OP =orange pulp. b Neutral detergent insoluble crude protein.  
c Calculated as total dietary fibre minus aNDFom corrected for NDICP. d Values calculated according to FEDNA 
(2010). 

4.2.2 Experimental procedures, sample preparation, chemical analyses and emissions 

measurements  

The experimental period consisted in a 14-day adaptation period to diets followed by a 

period of 7 consecutive days in which faeces and urine were collected individually (21 days 

in total). At the beginning of each trial, pigs were blocked according to live weight, 

assigned to one of five dietary treatments and placed in conventional pens until Day 9 of 

the adaptation period. After this period, animals were individually housed in metabolism 

pens (1.2 × 2 m2) until the end of the experiment. These pens allowed the measurement of 

individual feed intake and total and separate collection of faeces and urine. The collection 

period was divided in two parts to facilitate collections for energy and nutrient balance 

(Days 1–4) and gaseous emission study (Days 5–7). Feed and water were provided ad 
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libitum during the adaptation and collecting periods. Feed was provided in dry form 

(pelleted). Pigs were individually weighed at the beginning of the adaptation period, at 

allocation in metabolism pens (Day 9 of experiment) and at the end of the experiment. Feed 

consumption was measured per pen until Day 9 of the experimental period and individually 

until the end of the experiment. Water consumption was measured individually during the 

collection period. Water was supplied by individual tanks and water spillage was collected 

and considered to calculate real water consumption. 

4.2.3 Nutrient balance trial and sample preparation 

During the energy and nutrient balance (4 days), total urine and faeces excreted per animal 

were collected daily in separate buckets, weighed and stored in a chamber at 4◦C until the 

end of the collection period. To avoid nitrogen losses due to NH3 volatilization, urine was 

collected under sulphuric acid (120 mL of H2SO4 at 10% per bucket and day). Upon final 

collection the faeces and urine were pooled per pig, mixed, subsampled and stored at −20◦C 

until laboratory analyses were performed. During the next 3 days, urine and faeces were 

collected in a similar way, but without any addition of sulphuric acid to urine. At the end of 

the collection period slurries were reconstituted by mixing urine and faeces from each 

animal in the same proportion as excreted. A part of these slurries was used in fresh for pH 

and NH3 emission measurements and another one was subsampled and frozen (-20 ◦C) for 

biochemical methane potential (BMP) and slurry characteristics determination. 

4.2.4 Feed and effluents’ chemical analysis  

Feeds and faeces from the nutrient balance period were analyzed for dry matter (DM), ash, 

total dietary fibre (TDF), aNDFom, ADFom and ADL, EE, gross energy (GE), nitrogen (N) 

and neutral detergent insoluble crude protein (NDICP) concentration. Additionally, faecal 

N fractionation into undigested and soluble N was determined. Dry matter (930.15), ash 

(923.03), and TDF (985.29) contents of feeds and faeces were carried out according to 

AOAC (2000) procedures. Concentration of aNDFom, ADFom and ADL were determined 

sequentially by using the filter bag system (Ankom Technology Corp., Macedon, NY, 

USA) according to Mertens (2002), AOAC (2000; procedure 973.187) and Van Soest et al. 
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(1991), using heat stable amylase (A3306, Sigma–Aldrich, Tres Cantos, Spain), and 

expressed without residual ash. The contents in soluble fibre were estimated from 

difference between TDF and aNDFom corrected by CP content in the residue. The contents 

in hemi- celluloses and cellulose were estimated, respectively, from the differences between 

aNDFom and ADFom and ADFom–ADL concentrations. Feed and faeces were defatted 

with petroleum ether prior to fibre analysis. Ether extract content was determined by 

AOAC methods (920.39). Gross energy concentration was measured in an isoperibol bomb 

calorimeter (Parr 1356, Parr Instruments Co., Moline, IL, USA). Total N was measured by 

combustion (method 986.06; AOAC, 2000) using a Leco equipment (model FP-528, Leco 

Corporation, St. Joseph, MI, USA) and crude protein (CP) estimated as N content × 6.25. 

The proportion of NDICP in feed and faeces samples was determined following the 

standardized procedures of Licitra et al. (1996), by analysing the N content (combustion 

method) in the NDF residues. Nitrogen fractionation of faecal samples was carried out 

according to the procedure suggested by Kreuzer et al. (1989), by steam distillation 

(APHA, 2005) using an automatic analyser (2300 Kjeltec, Foss Analytical, Hilleroed, 

Denmark). In this procedure, total faecal N content is separated after centrifugation 

between soluble (WSN) and sedimented N, and the bacterial and endogenous debris 

(BEDN) calculated from the difference between the N sedimented and the undigested N 

(UDN) estimated from NDICP values. Urine was analyzed for DM, N and GE content. The 

urine was freeze-dried to obtain its DM content and mixed with benzoic acid before GE 

analysis to make sure that all sample was burned. Total N was determined by steam 

distillation (APHA, 2005) using an automatic analyser (2300 Kjeltec, Foss Analytical, 

Hilleroed, Denmark). Immediately after reconstitution, slurry pH was measured by 

duplicate with a glass electrode (Crison Basic 20+, Crison, Barcelona, Spain) and samples 

were taken to analyze DM, ash, total ammonia N (TAN), total Kjeldahl N (TKN) and VFA 

con- centration. The DM and ash content was analyzed using the same equipment and 

following the same methodology than that used in faeces analyses. The TAN and TKN 

were determined by steam distillation (APHA, 2005) using an automatic analyser (2300 

Kjeltec, Foss Analytical, Hilleroed, Denmark). To avoid N volatilization, the subsample 

used for TAN analyses was acidified with HCl immediately after reconstitution. Volatile 
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fatty acids concentration was determined by gas chromatography equipped with a flame 

ionization detector (HP 68050 series Hewlet Packard, USA) following the method 

described by Jouany (1982) with the addition of an internal standard (4-metil valeric). 

4.2.5 Gaseous emissions monitoring  

Ammonia emission was measured from fresh samples of reconstituted slurry over 11 days 

using an ammonia trap system similar to that described by Ndegwa et al. (2009). Slurry 

samples of 0.5 kg from each animal + 50 mL of distilled water to prevent surface crust 

formation, were placed in a 1 L closed container and maintained at 25◦C in a thermostatic 

water bath (Selecta, Spain). Containers were connected to an air pump which extracted air 

at a constant airflow rate of 1.2 L/min. During 11 consecutive days, the air was forced to 

pass through two absorption flasks (impingers) in serial containing 100 mL of sulphuric 

acid 0.1 N. The acid solution was replaced daily during the first 5 days, and every 48 h until 

the end of the assay (Day 11). The NH3 trapped in the impingers was analyzed following 

4500 NH3-D procedure (APHA, 2005) using a detection electrode (Orion High 

Performance NH3 Electrode, model 9512HPBNWP, Thermo Scientific, USA). The 

cumulative NH3 emission for each sample was calculated by adding the amount retained 

daily in the flasks during the experimental test. 

Biochemical CH4 potential from slurry was measured as the cumulative CH4 production per 

gram of OM in a batch assay, using 120 mL glass bottles incubated at a mesophilic range 

(35 ± 1◦C) for 100 days, following the methodology described by Angelidaki et al. (2009). 

Anaerobic inoculum was collected from an anaerobic digester of the Universitat Politècnica 

de València that treated pig slurry, and pre-incubated during 15 days at 35◦C in order to 

deplete the residual biodegradable organic material (degasification). A mixture of pooled 

slurry and inoculum was made to obtain an inoculum to substrate ratio of 1 on OM basis. 

Slurry samples from each animal were tested by triplicate. Additionally, three blank bottles 

containing only anaerobic inoculum were also used in order to determine its endogenous 

CH4 production. This was subtracted from the CH4 produced by the slurry on each biogas 

sampling day. After filling, each bottle was sealed with butyl rubber stoppers and 

aluminium crimps and the headspace was flushed with pure N2 for 2 min. During 
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incubation, biogas volume in each bottle was regularly monitored (from 1 to 10 days 

depending on biogas production) by pressure measurement of the headspace using a 

manometer (Delta Ohm, HD 9220, Italy). Methane concentration in the biogas was further 

analyzed using a Focus Gas Chromatograph (Thermo, Milan, Italy) equipped with a 

split/splitless injector and a flame ionization detector. 

4.2.6 Statistical analysis 

Animal was the experimental unit for all the traits studied.  The whole data set derived from 

the five dietary treatments was analyzed in a one factor analysis of variance as a completely 

randomized design with trial series, type of diet and its interaction as main effects by using 

PROC GLM of SAS (2008). The effects of diet were analysed as a factorial arrangement by 

using orthogonal contrasts with level of CSP (35 or 70 g/kg) and inclusion of OP (0 or 200 

g/kg) and its interaction as main effects. Contrasts of each of the experimental treatments 

against the control diet were done by using a Dunnett test. Specific contrasts among means 

were done when needed. Cumulated CH4 evolution was analysed by a repeated measures 

model using PROC MIXED of SAS (2008). Sources of variation included treatment, time, 

and the treatment × time interaction. The random variable was pig within treatment. 

Variables were analyzed subjected to 3 covariance structures: compound symmetry, 

compound symmetry heterogeneous and autoregressive order 1. Using the largest Akaike 

information criterion and Schwarz Bayesian criterion, the compound symmetry was the 

structure that fitted the model best.  

4.3 Results 

4.3.1 Coefficient of total tract apparent digestibility (CTTAD) 

Trial series had little influence on any of the traits studied, so that the influence of this 

factor was excluded from the model. Results in Table 4.3 show that EE digestibility 

decreased (by 11.1%, P=0.006) when dietary level of CSP increased from 35 to 70 g/kg. 

This effect was parallel to a decrease of DM, OM and gross energy (GE) digestibility (by 

respectively 3.89, 3.76 and 3.98%, P <0.001). Level of CSP also decreased digestion 
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efficiency of CP (by 3.48%, P=0.026), but did not affect those of SF, hemicelluloses 

(HEM) and cellulose (CEL). The inclusion of 200 g/kg of OP in the experimental feed also 

led to a decrease of EE digestibility (by 7.9%, P=0.044) and CP (by 6.85%, P <0.001), but 

did not affect those of DM, OM or GE because of a simultaneous increment of the digestion 

efficiency of SF, HEM and CEL (by 12.0, 8.11 and 42.3%, respectively, P <0.05). In the 

case of SF digestibility, a significant interaction was observed (P=0.006), as the improved 

efficiency observed with OP was greater at the highest level of CSP. In whole, when 

comparing with C diet, all the treatments increased SF CTTAD values and those of CP and 

EE only in the case of the diet 35CSP. Otherwise, SF and CEL digestibility improved with 

respect to diet C with OP addition at any level of CSP. Energy losses in urine expressed as 

a proportion of digestible energy were not affected by treatments and averaged 0.968.  

4.3.2 Composition of effluents  

The effect of treatments on the excreta composition is shown in Table 4.4. An increment of 

CSP level from 35 to 70 g/kg greatly increased (by 48.9%, P <0.001) faecal EE content, but 

decreased those of aNDFom, ADL, HEM and CEL (by15.1, 15.0, 12.0 and 14.5%, P 

<0.003). The degree of lignification of NDF in the faecal output was close to 0.108 at both 

CSP levels. Addition of 200 g/kg of OP to the diet increased (P=0.012) faecal content of EE 

(by 7.27%) and CP (by 29.6%, P <0.001) and decreased (P <0.001) HEM, CEL and 

aNDFom contents (by 19.5, 11.9 and 16.3%). A lesser effect was observed on ADL faecal 

concentration (P=0.057), so that the degree of lignification of NDF tended to increase with 

OP addition (from 0.104 to 0.113). Treatments did not affect faecal concentration of SF 

(that was low, averaging 53.6 g/kg DM), neither those of DM and N in urine (mean values 

of 60.7 g/kg and 121 g/kg DM). Instead, a trend for an interaction (P=0.066) was found on 

faecal pH, as its increase with OP inclusion (P=0.005) was greater at the highest level of 

addition of CSP. With respect to the results obtained with the control diet, faecal 

concentration of EE was higher in all the treatments studied, faecal CP increased in diet 

CSP35OP and those of aNDFom, HEM and CEL decreased both in diet CSP70 and in the 

two OP supplemented feeds. 
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4.3.3 Dry matter and nitrogen flows 

The DM and N daily balances and the separation of faecal N in fractions for each of the 

experimental diets are presented in Table 4.5. Values were expressed per kg of metabolic 

weight to correct slight differences among treatments besides to the general increase of pig 

weight throughout the successive trial series. Treatments did not affect daily DM or N 

intake that averaged 71.4 and 1.85 g/kg0.75, respectively. An increase of dietary CSP level 

from 35 to 70 g/kg increased in parallel faecal DM excretion (from 10.3 to 13.3 g/kg0.75 and 

day, P <0.001) and N excretion in faeces (from 0.333 to 0.389, P=0.034). However, CSP 

level did not affect N excreted in urine or the proportions of faecal N fractions. Inclusion of 

OP in the experimental feeds tended (P=0.057) to increment DM excretion in urine (from 

2.73 to 3.59 g/kg0.75 and day), but not that of faecal DM. Instead, addition of OP had no 

significant influence on N excretion in urine, but increased that of N in faeces (from 0.333 

to 0.428 g/kg0.75 and day, P=0.014). Inclusion of OP in the diet affected the proportion of N 

fractions determined, as that of undigested N (UDN) increased, whereas that of bacterial 

and endogenous debris nitrogen (BEDN) decreased. No significant effects of treatments 

were observed on the proportion of water soluble nitrogen fraction. When comparisons 

were made against the control diet, results show that BEDN proportion on faecal N 

decreased in OP diets, in parallel to an increase in UDN fraction.  

4.3.4 Slurry characteristics and gaseous emissions 

Water intake during the collection period was not affected by treatments, averaging 3.69 ± 

1.14 (SD) kg/d. Neither slurry excretion nor the initial slurry characteristics (DM, OM, total 

ammonia N (TAN), total Kjeldahl N (TKN) and pH did not differ significantly among the 

different treatments tested (Table 4.6). However, total volatile fatty acids increased 

(P=0.020) with CSP. This effect was parallel for acetic, propionic and butyric acid, 

although differences only reached significant levels in the case of acetic acid (P=0.018). 

Ammonia emission from slurry (g NH3/kg) was lower in diets formulated with higher levels 

of CSP (P=0.036) but was not affected by OP inclusion. A trend (P=0.053) was detected for 

an interaction between treatments on this trait, as the effect of CSP was greater when no OP 

was added to diets. When slurry characteristics and the derived gaseous emission were 
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compared with treatment C, a lower pH of diet 70CSP was observed (P <0.05); 

additionally, NH3 emission per kg of slurry was lower (P <0.05) in treatments 70CSP, 

35CSPOP and 70 CSPOP. 

An increment of dietary level of CSP increased potential CH4 emission BMP from the 

slurry (P=0.021) and the volume of CH4 emitted per animal and day (P <0.001), but the 

inclusion of OP did not affect significantly none of these traits. Figure 4.1 shows the 

evolution of the cumulated CH4 emission with time in the BMP assay. At day 17 of study, 

treatments 70CSP and 70CSPOP showed a higher cumulated CH4 production with respect 

to the other treatments (P <0.05). From day 24 until the end of the study, treatment 

70CSPOP led to higher cumulated CH4 values than both 35 CSP treatments, with diet 

70CSP giving intermediate results. On the other hand, treatment C showed the lowest 

cumulated CH4 values, although they were not different from both 35 CSP diets.  
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Figure 4.1. Effect of treatments on cumulated methane emission potential from slurry over 100 
days (SD=20.1 mL/g OM)  

Treatments are: 35CSP = 35 g/kg of calcium soap of palm fatty acid distillate; 70CSP = 70 g/kg 
of calcium soap of palm fatty acid distillate; 35CSPOP = 35 g/kg of calcium soap of palm fatty 
acid distillate and 200g/kg of orange pulp; 70CSPOP = 70 g/kg of calcium soap of palm fatty 
acid distillate and 200 g/kg of orange pulp. At day 17, inclusion of 70 vs 35 g CSP/kg led to 
increasing methane emission (P <0.05). Beyond day 24, treatment 70CSPOP had higher (P 
<0.05) values than both 35CSP diets, with 70CSP diet giving intermediate results. Both 70CSP 
treatments led to higher values (P <0.05) than the control diet from d 17 onwards. 
 

4.4 Discussion 

Changes in dietary nutrient composition and digestibility led to significant modifications of 

faecal composition and then of the substrate for microbial fermentation of slurry. In this 

way, faecal EE content increased (from 85.8 to 138 and 204 g/kg DM) when CSP addition 

to the diet increased from 0 (control diet) to 35 and 70 g/kg, as a consequence of the higher 

EE dietary concentration, but also of a limited digestibility of CSP-fat. This result might be 
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associated to the high proportion of palmitic acid and to the relatively low ratio of 

polyunsaturated/saturated fatty acids in palm oil (0.43 and 1.04, respectively; FEDNA, 

2010). In addition, dietary contents of free fatty acids and calcium, as occurs in CSP, have 

been negatively related to fat digestibility in growing pigs (Wiseman and Cole, 1983; 

Powles et al., 1993). Other studies (Leek et al., 2004 and Cerisuelo et al., 2012) reported no 

differences on EE digestibility and faecal EE output, respectively, when the level of fat 

increased in pig diets, indicating that this effect strongly depends on the level and source of 

fat. Otherwise, inclusion of CSP did not affect CTTAD of fibrous constituents, as also 

observed Leek et al. (2004) when supplementing a control diet with 45 g/kg of unsaturated 

or saturated sources of fat. 

Inclusion of 200 g/kg of OP also led to a significant (although lesser than for CSP) 

increment of faecal EE content (from 165 to 177 g/kg DM), which was parallel to a 

reduction of EE digestibility (from 0.636 to 0.586). This result might be explained by 

higher fat endogenous losses (Kil et al., 2010). Fermentable fibre is an energy source 

available for hindgut flora in the pig, so that an increase of low-lignified cell wall 

constituents in the diet might result in a higher gut microbial growth (Canh et al., 1997; 

Bindelle et al., 2009; Heimendahl et al., 2010). Inclusion of OP in the diet could therefore 

imply an increased faecal excretion of microbial fat, which would reduce its apparent faecal 

digestibility. However, OP inclusion did not affect significantly daily faecal BEDN 

excretion (0.201 vs 0.212 g/kg0.75) in the current study, as the higher faecal N excretion was 

compensated with a lower proportion of BEDN fraction in the faecal N. The present results 

confirm those previously obtained using the same methodology by Kreuzer et al. (1999) 

and Beccaccia et al. (2015a), when inclusion of fermentable fibre was compared in diets 

containing similar levels of NDF. Otherwise, our results agree with those obtained by Bach 

Knudsen and Hansen (1991) who observed a decrease of ileal and faecal digestibility of fat 

when level of soluble fiber in the diet increased; these authors explained this result through 

a depressed absorption of dietary fat and a lower resorption of bile acids. 

Treatments also affected proportion of cell wall constituents in faecal output. In this way, 

increasing dietary level of CSP from 0 (control diet) to 35 and 70 g/kg, led to a parallel 
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decrease of faecal aNDFom (from 521 to 475 and 412 g/kg DM) and ADL (from 50.1 to 

51.9 and 44.1 g/kg DM) concentrations. Also, inclusion of 200 g/kg of OP resulted in a 

decrease in faecal aNDFom concentration (from 483 to 404 g/kg DM), although in this case 

ADL content varied less between dietary OP levels. Treatments had no influence on faecal 

content of SF because of its high digestibility, as also occurred in previous studies (Graham 

et al., 1986; Canibe and Bach Knudsen, 1997; Beccaccia et al., 2015a,b). 

In whole, the increase in faecal EE content and excretion resulted in greater CH4 potential 

emission with CSP dietary level, both per g of OM or on daily basis, despite the parallel 

decrease in aNDFom content. This result can be explained according to the theoretical 

estimations of Angelidakis and Sanders (2004) of CH4 yield of lipids with respect to other 

slurry components, as cell wall constituents or protein (1.014 vs 0.415 and 0.496 L/g, 

respectively). In the same way, Beccaccia et al. (2015c) observed higher potential CH4 

emissions in slurry from nursery pigs, characterized by a higher EE content than in other 

classes of pigs (growing-finishing or adults). Despite causing similar modifications on 

excreta composition than CSP, the increase in CH4 potential emissions with dietary OP 

inclusion observed in the current study did not reach significant levels. This might be 

related to the lower influence of OP with respect to CSP on faecal EE concentration. In the 

literature, the inclusion of different fibre sources such as dry distillers grains with solubles, 

sugar beet pulp or rapeseed meal led to variable effects on faecal or slurry BMP (Jarret et 

al., 2011a; Jarret et al., 2011b; Jarret et al., 2012; Torres-Pitarch et al., 2014; Beccaccia et 

al., 2015a) according to differences in fibre, EE or CP content in the slurry. In most of the 

studies performed, high fibre levels were associated with high levels of fat to obtain 

isoenergetic feeds. The results of the present experiment suggest that, if this is the case, the 

effects frequently associated to fibre supplementation might be confounded with those 

related to a higher dietary and faecal EE content.  

Crude protein concentration in faecal DM increased with dietary OP addition in the current 

study (from 174 to 226 g/kg) in parallel to a decrease of CP digestibility (from 0.818 to 

0.762). These results are in agreement with previous research with OP in pigs (Beccaccia et 

al., 2015a) and might be explained by the synthesis of Maillard compounds because of the 
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high sugar content of this feedstuff and the high temperature reached during the 

dehydration process. Addition of OP also increased N excreted daily in faeces, but did not 

affect significantly N excretion in urine. Consequently, more total N was excreted with OP 

supplementation (0.864 vs 0.673 g/kg0.75, P=0.050), but the increase of the ratio of N 

excreted in faeces: urine (by 5.15%) did not reach a significant level. Otherwise, increasing 

CSP dietary inclusion from 35 to 70 g/kg did not affect N concentration in faeces or urine 

neither daily N urine losses but increased N excretion in faeces, and therefore the ratio 

faecal: urine N (from 0.83 to 1.14, P=0.014). 

Slurry characteristics such as pH, TAN or TKN were not affected by treatments. However, 

NH3 emission per kg of slurry decreased with the inclusion of CSP. This effect could be 

related to an inverse increment in the faecal: urine N ratio, as the urinary N is more easily 

volatilized than organic N. To the authors’ knowledge, processes which may explain the 

effect of dietary fat content reducing NH3 emissions have not been described in the 

literature. Beccaccia et al. (2015c) also reported a negative effect of slurry EE content on 

NH3 emission from commercial pig slurries when expressed per g of OM content. 

However, Leek et al. (2004) did not observe any effect of type or level of dietary oil on N 

balance or NH3 emissions from the slurry, but faecal EE concentration was not provided 

and might not differ as sources of fat used were more digestible than in our study.  

4.5 Conclusions  

In all, inclusion of two industrial by-products, CSP and OP in isonutritive diets induced 

significant changes in slurry composition. However, only CSP influenced gaseous 

emission, increasing BMP and volume of CH4 per animal and day, and decreasing NH3 per 

kg of slurry. These results enhance the interest of modelling characteristics of slurry, as it 

constitutes the substrate for gaseous emissions. This information might then be used as a 

tool to manipulate microbial fermentation in order to minimize CH4 and NH3 losses. 
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Abstract. Standardized measurement protocols are required to reduce ammonia (NH3) 

emissions. In vitro measurement of NH3 emissions consists in trapping the emission from 

an emitting source in an acidic solution under controlled conditions. The objective of this 

study was to assess the in vitro NH3 measurement method from pig slurry with acid wet 

traps, as regards: (i) the variation between replicates of NH3 emissions measured in vitro; 

(ii) the relationships between partial and accumulated emissions; and (iii) the reduction of 

measurement frequency. For this study, a total of 60 pig slurry samples from different 

animal types (sows and growing animals) were collected from commercial farms. The 

coefficient of variation among replicates of accumulated NH3 emission during 15 days was 

6.73%. Emissions tended to decrease with time, and an average reduction of NH3 emissions 

about 16% was found in the period 96 - 240 hours respect to the 0 – 96 hours period. 

However, samples continued emitting considerable amounts of NH3 after 360 hours. Linear 

regression models allowed predicting emissions accumulated for 15 days using only the 

first 8 days (R2 > 0.90). Reducing NH3 measurement frequency (from 24 to 48 hours) did 

not significantly affect measured emissions (P > 0.05). The results of this study confirm 

that replication of measurements is required and a coefficient of variation of 10% may be 

established as quality control requirement. The study also suggests that reducing the 

duration and frequency of measurements is a practice option to simplify this methodology. 

Keywords: ammonia; emissions; impingers; animal slurry, methodology. 

Abbreviations: AOAC, Association of Official Analytical Chemists; CH4 , methane; CV, 

coefficient of variation, (%); DM, dry matter, (%); F, frequent; HNO3, nitric acid; H2SO4, 

sulfuric acid; H3PO4, ortophosphoric acid; LF, less frequent; NH3, ammonia; N-NH3, ammo 

nia nitrogen; N2O, nitrous oxide; OM organic matter, (%); R2, coefficient of determination; 

rAE, relative absolute error; rRMSE, relative root mean squared error of prediction; TKN, 

total Kjeldahl nitrogen, (g L-1); VS, volatile solids (%). 
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5.1 Introduction 

The World Organization for Food and Agriculture (FAO, 2011) recognizes that 

atmospheric emissions of ammonia (NH3), nitrous oxide (N2O) and methane (CH4) 

associated with animal production constitute a global problem. Ammonia emissions are 

directly linked to transboundary air pollution effects such soil acidification, water 

eutrophication, and changes in the ecosystems (Krupa, 2003). Therefore, researchers are 

developing options to mitigate emissions and contribute to the sustainability of animal 

production. To accomplish this aim, accurate, reliable and comparable methods to measure 

emissions are required. 

In recent decades, researchers have used dynamic chambers to measure NH3 emissions in 

field conditions from manure storage and slurry application (Hansen et al. 2006; 

Misselbrook et al. 2005). However, in order to evaluate the effect of animal nutrition 

strategies on NH3 emissions from slurries, in vitro laboratory measurements of NH3 

emissions are common in the literature (e.g. Galassi et al. 2010; Jarret et al. 2012, among 

others). During these in vitro laboratory assays, slurry samples are kept in chambers under 

controlled environmental conditions (e.g. temperature and relative humidity). Air is then 

forced to flow through the headspace of the chamber at a constant airflow (Derikx and 

Aarnink, 1993; Ni and Heber, 2008). To quantify the NH3 emitted from samples, exhaust 

air from the chamber is forced to pass through an acid solution (e.g. using impingers) in 

which NH3 is trapped in an acid-base neutralization reaction. The mass of NH3 captured is 

later analyzed using conventional analytical methods (e.g. APHA, 2005). Several studies 

(Derikx and Aarnink, 1993; Canh et al. 1998a) recommend using two acid wet traps in 

serial. As an indicator of correct operation, these studies suggest that the second trap should 

accumulate less than 5% of the total NH3 captured. Replicate chambers have been 

frequently used as analytical replicates per slurry sample (Derikx and Aarnink, 1993; 

Pereira et al. 2012). Although these measurements are not representative of field emissions, 

they are useful to compare the intrinsic emission potential of different samples (Portejoie et 

al. 2004).  
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There are several factors influencing the results obtained when using this in vitro NH3 

emission measurement method with acid wet traps. The main ones could be classified as 

those related to: i) operational parameters: the mass/volume of slurry sample, chamber 

dimensions, airflow rate, temperature, relative humidity, frequency of replacement of the 

acid solution and measurement period; and ii) the analytical determination of the NH3 

captured by the acid wet traps. In the case of operational parameters, Ndegwa et al. (2009) 

studied how this method may be affected by airflow rate, NH3 concentration, type and size 

of the acid trap and acid volume and concentration. 

Most of these characteristics differ considerably among studies reported in the literature 

(Table 1): amount of slurry in the chamber from 0.5 to 5.7 kg, the acid nature (nitric, 

sulfuric or ortophosphoric), acid concentration from 0.02 to 1 M, acid solution volume from 

50 to 150 mL, and airflow rate from 1 to 5 L min-1. Regarding the measurement period, 

reports from three (Pereira et al., 2011) to 23 days (Vaddella et al. 2011) were found. 

Referring to the frequency of replacement of the acid wet traps, most studies refer to Derikx 

and Aarnink (1993) who reported a daily frequency of replacement for the first impinger. In 

the studies carried out by Galassi et al. (2010) and Canh et al. (1998c) the first impinger 

was replaced daily while the second was replaced after 7 days. However, the most frequent 

management was replacing the first impinger at 48, 96, 144, 192 and 240 h and the second 

impinger at 96 h and 240 h (e.g. O’Shea et al. 2009; Hernández et al., 2011; among others). 

On the contrary, Pereira et al. (2012) replaced the acid solution after 1, 3, 6, 12 h and then 

every 12 h until 120 h, to measure NH3 emissions from an emitting layer of faeces and 

urine of 1 mm thick.  

 

 

 

 

 

 



89 
 

 

Table 5.1. Methodological characteristics of studies using the in vitro method of acid wet traps 
for measuring NH3 emissions from slurry 

Slurry 
Kg 

Acid trap 
Airflow 
(L min-1) 

Measurement 
period 
Days 

Reference Acid Concentration 
M 

Amount 
mL 

2 HNO3 0.5 70 4.2 7o Derikx and Aarnink (1993) 

2 HNO3 1 70 4.2 7 – 16o 

Canh et al. (1998a) 
Canh et al. (1998b) 
Canh et al. (1998c) 
Canh et al. (1998d) 

2 HNO3 0.5 70 4.2 7o Mroz et al. (2000) 
5.7 H2SO4 1 50 5 6o Portejoie et al. (2004) 
2 HNO3 1 N. I. 4.2 10q O'Connell et al. (2005) 
2 HNO3 0.5 70 4.2 10q O’Connell et al. (2006) 
2 HNO3 1 N. I. 4.2 10q Lynch et al. (2007) 
1 HNO3 1 70 N. I. 10q O’Shea et al. (2009) 
2 HNO3 1 N. I. 2.5 10q O’Shea et al. (2010) 
2 HNO3 0.5 140 4.2 14º Galassi et al. (2010) 

0.7 H2SO4 0.05 100 N. I. 10q Hernández et al. (2011) 
5 H2SO4 1 50 5 16o Jarret et al. (2011) 
2 H3PO4 0.02 150 4 3r Pereira et al. (2011) 

1.1–3.3 H2SO4 0.2 150 1 23s Vaddella et al. (2011) 
5 H2SO4 1 50 5 16o Jarret et al. ( 2012) 

0.5 H2SO4 1 100 1.2 15p Beccaccia et al. (2015) 
o first impinger, replaced daily. 
p first and second impingers, replaced daily. 
q first impinger, replaced at 24, 48, 96, 144, 192 and 240 h and the second impinger replaced at 96 and 240 h. 
r single impinger, replaced at 1, 3, 6, 12 h, and  then every 12 h until 72 h. 
s impinger, replaced at 24, 48, 96, 120, 144, 168, 216, 264, 312, 360, 432, 504 and 552h. 
 

The main drawback related with in vitro NH3 emission measurement method with acid wet 

traps is it does not reflect real storage conditions of slurry. Furthermore, there is a lack of 

standardization in the methodology. There is limited available information on the analytical 

performance (Ndegwa et al., 2009; Xue et al. 1998), and also on the variation between 

replicated samples and on the evolution of emissions in time (e.g. Canh et al. 1998a; 

Portejoie et al., 2004). Particularly, there is no information on the minimum duration of 

measurements that may provide accurate results in relation with the aim of the study. It has 

also been reported that minor changes in feed composition influencing nitrogen digestibility 
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may not be detected as influencing the emissions, probably because of the lack of precision 

of the method or the influence of other variables (Hernandez et al., 2011). However, this 

method is widely used and the emission results are considered a reference for understanding 

emission processes, for establishing emission mitigation strategies and for decision-making 

(Bittman et al., 2014). Therefore, efforts should be conducted in order to harmonize 

methodological aspects and to clearly establish the strengths and limitations of this 

methodology. On the other hand, understanding the effect of measurement period and the 

frequency of replacement of the acid solution could contribute to optimize the cost and 

performance of the method.  

In this context, this study aims to evaluate the performance of the acid wet traps in vitro 

method for measuring NH3 emissions from slurry storage in terms of: (i) the variation 

between replicates, (ii) the relationships between partial and accumulated emission, and (iii) 

the effect of reducing the frequency of acid replacement (from 24 h to 48 h) on the emission 

results.  

5.2 Materials and methods  

5.2.1 System configuration and slurry characteristics 

A total of 60 samples of pig slurry from commercial farms in Spain (finishing - growing, 

gestation, lactating sows and nursery piglets) were used. Representative slurry samples 

were collected directly from manure pits, as described by Beccaccia et al. (2015). Samples 

were transported under refrigeration (4 °C) to the laboratory. Samples composition was 

variable for dry matter (DM, ranging from 0.5% to 17.7%), volatile solids (VS, ranging 

from 0.3% to 14.5% in wet basis), total Kjeldahl nitrogen (TKN, ranging from 0.7 g L-1 to 

15.1 g L-1) and ammonia nitrogen (N-NH3, ranging from 0.3 g L-1 to 9.4 g L-1). More details 

on slurry sampling procedures and composition of slurries can be found in Beccaccia et al. 

(2015). 
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Figure 5.1. Configuration of the measurement system for in vitro measurement of NH3 emission 
using acid wet traps 

 

NH3 emissions were determined using an in vitro acid wet trap system similar to that used 

by Derikx and Aarnink (1993) and Ndegwa et al. (2009) which was installed at the 

Laboratory of the Institute of Animal Science and Technology (ICTA) of the Universitat 

Politècnica de València (UPV). One-liter (0.3m diameter and 0.15 m height) closed plastic 

containers (dynamic chambers), were filled with 0.5 kg of pig slurry (Figure 5.1), 

remaining a head space of approximately 0.5 L for ventilation. A total of 16 containers 

were kept in a thermostatic water bath at 25 °C (Precisterm, PJ. Selecta, Spain). Air entered 

the chambers by eight 3-mm diameter holes located on the edge of the lid. An 8-mm 

exhaust tube was connected to two acid wet traps (impingers, containing 100 mL of 0.05 M 

sulfuric acid) in serial and air was drawn from at a constant flow rate of 1.2 L min-1 using a 

suction pump (ZA.32 9,210,003, DVP, Taiwan). Airflow rates were adjusted with 

regulation valves and it was verified daily using a flow-meter (Rota, Yokogawa, Germany). 

The acid solution of the impingers was replaced every 24h or 48 h depending on the study 

as explained below. After this period, NH3 concentration was determined in these solutions 

using a selective ion electrode (Model 9512HPBNWP, Thermo Scientific, USA) following 

method D4500 NH3 (APHA, 2005). Three studies were conducted to achieve the aims of 

the work: Study 1: Variation between replicates, Study 2: Relationships between partial and 

Suction pumpFilterFlow
meter

Inlet air
openings

Air

First acid trap Second acid trap

Air

Slurry sample
(0,6 L)
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accumulated emissions, and Study 3: Effect of reducing the frequency of acid replacement 

(from 24 h to 48 h) on the emission results. 

5.2.2 Study I: Variation between replicates  

Forty-eight pig slurry samples were used to characterize the variation in NH3 emissions 

between replicates of the same sample. In the laboratory, after homogenization, two sub-

samples of 0.5 kg were obtained from each slurry sample. For each sub-sample, NH3 

emission was measured during 15 consecutive days using the methodology described in 

section 2.1. Acid from impingers was replaced each 24 hours. Therefore, two replicate NH3 

emission values were obtained daily for each sample. Data was integrated as follows: daily 

emission corresponded to the emission at a certain day and the accumulated emission was 

calculated as the addition of all daily emissions of a certain slurry sample during 15 days. 

The CV of each pair of replicates (both daily and accumulated for 15 days) was also 

obtained. The distribution frequency of CV between replicates was calculated (both for 

daily measurements and for the accumulated 15-day period). 

5.2.3 Study II: Relationships between partial and accumulated emission 

The NH3 emissions results generated from the slurry samples used in Study I were used to 

explore the temporal evolution of emissions. To this aim, partial emissions were calculated 

and defined as the emission accumulated until a certain day (from day 1 to day 14). Partial 

emissions were expressed in relative terms to the accumulated emissions and the following 

linear regression analysis was conducted to explore the emission dynamics (Eq. 5.1): 

Y% = β0 + β1 D + ε                      (5.1) 

Where Y% is the partial emission at a certain day D, expressed in relative terms to the 

accumulated NH3 emission, β0 and β1 are the model parameters and ε is the model error.  

Then, coefficients of correlation were obtained between partial emissions and accumulated 

emissions in 15-days period. The PROC CORR procedure of SAS (SAS Institute, 2008) 

was used to this aim.  
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With the purpose to establish a model to predict the accumulated emissions in 15 days, 

accumulated and partial emission values were subjected to a regression analysis as a 

function of time. This analysis was performed using PROC REG of SAS software (SAS 

Institute, 2008) using Eq. (5.2): 

Y = β0 + β1 X + ε                       (5.2) 

Where Y is accumulated NH3 emission (mg kg-1 of slurry in 15 days), X is partial emission 

(mg kg-1 of slurry until a certain day), β0 and β1 are the model parameters and ε is the model 

error.  

Predicted and observed emissions were then compared and the following statistical 

parameters were calculated: coefficient of determination (R2), relative root mean squared 

error of prediction (rRMSE), and relative absolute error (rAE). 

5.2.4 Study III: Effect of measurement frequency on in vitro NH3 emission results 

To evaluate the effect of the measurement frequency (acid replacement each 24 h vs 48 h) 

on NH3 emissions estimation, 12 samples of pig slurry were used. NH3 emissions were 

determined during 14 days from two replicates of each sample, following the methodology 

described in section 2.1. For each replicate, two replacement frequencies of the acid 

solution were used: every 24 h (Frequent, F, which was considered the reference method) 

and every 48 h (Less Frequent, LF). The F and LF acid replacements alternated between 

replicates to avoid potential systematic effects of a replicate. 

To evaluate the effect of the sampling frequency (F vs. LF) the results were subjected to an 

analysis of paired data (paired t-test) using the procedure t-test of SAS (SAS Institute, 

2008).  

5.3 Results 

5.3.1 Study I: Variation between replicates 

The emission values (expressed in mg NH3 per kg of slurry and day) and CV between 

replicates measured every 24 hours for 15 days are shown in Table 5.2. The accumulated 
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emissions ranged from 290.9 to 3787 mg kg-1 of slurry for the 15-day period. The average 

CV between daily emissions of replicate samples of slurry along the 15 days of 

measurement varied between 9.78% (day 1) and 16.60% (day 13). For accumulated 

emissions in 15 days, the CV was reduced to 6.73%. 

Table 5.2. Coefficient of variation (CV) of NH3 emission between pairs of replicate samples of 
slurry both daily and in a cumulative period of 15 days (n=48)  

Measurement 
day 

NH3 Emission 
(mg kg-1 of slurry in 24 h) 

CV 
between replicates (%) 

Mean Min Max Mean Min Max 
1 188.1 17.3 611.3 9.78 0.14 50.98 
2 149.1 18.6 336.3 9.85 0.08 36.02 
3 134.3 17.1 277.8 16.57 0.13 89.04 
4 131.9 24.5 341.9 13.73 0.00 70.77 
5 106.5 23.2 229.9 14.24 0.22 83.04 
6 117.8 22.5 232.1 11.05 0.81 45.18 
7 127.9 15.2 316.2 15.34 0.89 61.15 
8 138.8 20.4 298.6 11.95 0.20 64.52 
9 129.8 23.1 292.4 13.65 0.55 59.78 
10 136.6 21.3 315.7 10.93 0.36 51.17 
11 124.5 22.4 255.3 11.96 0.00 66.92 
12 115.6 17.1 241.3 14.03 0.39 103.52 
13 106.0 14.8 330.2 16.60 0.43 115.19 
14 116.5 11.5 255.2 12.27 0.42 74.51 
15 105.9 9.2 283.3 15.05 0.15 107.19 
Accumulated 
emission 
15 days 

1917.4 290.9 3787.3 6.73 0.28 28.89 

 

Regarding daily measurements, it can be observed that 56% of measurements had a CV 

lower than 10%, whereas 21% of measurements had a CV above 20%. In the case of 

accumulated emissions for the 15-day period, 81% of samples had a lower CV than 10% 

and only 5% of samples had a CV higher than 20%. 

5.3.2 Study II: Relationships between partial and accumulated emissions  

The evolution of emission in time is shown in Figure 5.2. A highly significant linear 

relationship (P < 0.001, Y% = 6.48 D + 4.47, R2 = 0.97) was found. All samples continued 

emitting significant amounts of NH3 on day 15 (106 mg L-1 and day, on average). In 
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general, most samples emitted constantly in time except in the first two days when 

emissions were higher.  

 

 
Figure 5.2. Evolution of partial NH3 emissions (expressed in relative terms to the accumulated 

emissions in 15 days) 

Significant correlations (P < 0.001) were obtained between accumulated emissions in 15 

days and partial emissions over the previous 14 days (Table 5.3). Correlation coefficients 

between partial emissions at day 6 and accumulated emissions were above 0.9. Correlation 

coefficient between accumulated and partial emissions was 0.96 at day 9 and higher than 

0.99 at day 11. Predictive models of the accumulated emission (15 days) based on the 

partial emissions were generated.  
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Table 5.3. Correlation coefficients between cumulative NH3 emissions during 15 days and 
partial cumulative emissions of pig slurry measured in vitro. (n=48)  

Partial 
cumulative  
(day) 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 0.95 0.91 0.86 0.84 0.81 0.8 0.78 0.76 0.75 0.75 0.74 0.74 0.73 0.73 
2 1 0.97 0.94 0.92 0.9 0.89 0.87 0.86 0.86 0.85 0.85 0.84 0.84 0.84 
3   1 0.99 0.98 0.96 0.95 0.93 0.92 0.91 0.89 0.89 0.88 0.87 0.86 
4     1 0.99 0.99 0.97 0.96 0.95 0.94 0.93 0.92 0.9 0.9 0.88 
5       1 0.99 0.99 0.98 0.97 0.96 0.94 0.93 0.92 0.91 0.89 
6         1 0.99 0.99 0.97 0.96 0.94 0.94 0.93 0.92 0.90 
7           1 0.99 0.99 0.98 0.97 0.96 0.95 0.94 0.93 
8             1 0.99 0.99 0.98 0.97 0.97 0.96 0.95 
9               1 0.99 0.99 0.98 0.98 0.97 0.96 
10                 1 0.99 0.99 0.99 0.99 0.98 
11                   1 0.99 0.99 0.99 0.99 
12                     1 0.99 0.99 0.99 
13                      1 0.99 0.99 
14                       1 0.99 
15                           1 

 

As shown in the Table 5.4, the coefficient of determination (R2) of the model increases with 

the accumulation of measures, being higher than 0.9 from day 8. The evolution of statistical 

parameters (R2, rRMSE and rAE) of the prediction equations increased as more 

measurement days were considered. When only the first day of measurement is used, a R2 

of 0.53 was obtained. However, R2 increased to more than 0.90 if emissions until day 8 of 

measurement were considered, and more than 0.95 at day 10. In Figure 5.3, the predicted 

and observed NH3 accumulated emissions for 15 days are plotted for days 1, 3, 5 and 10. 

As evidenced in Figure 5.3, the prediction of emissions at 15 days using partial emissions 

improves with the number of measuring days.  
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Table 5.4. Prediction models of NH3 emissions accumulated in 15 days (mg kg-1 of slurry), based 
on the partial emission accumulated at different days (from 1 to 11 days)  

Variable Model equation R2 rRMSE rAE 

Accumulated 
emission for 
15 days 

5.766 x Partial emission in day 1 + 417.7 0.530 0.304 0.240 

4.111 x Partial emission in day 2 + 269.5 0.704 0.241 0.191 

3.326 x Partial emission in day 3 + 176.1 0.771 0.212 0.162 

2.752 x Partial emission in day 4 + 131.4 0.816 0.190 0.148 

2.428 x Partial emission in day 5 + 100.4 0.832 0.182 0.142 

2.129 x Partial emission in day 6 + 81.2 0.839 0.178 0.136 

1.900 x Partial emission in day 7 + 54.8 0.885 0.151 0.116 

1.711 x Partial emission in day 8 + 26.6 0.921 0.125 0.094 

1.545 x Partial emission in day 9 + 17.2 0.944 0.105 0.079 

1.404 x Partial emission in day 10 + 8.0 0.967 0.080 0.060 

1.291 x Partial emission in day 11 + 4.1 0.980 0.066 0.050 
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Figure 5.3. Predicted versus observed values of the NH3 emissions accumulated for 15 days, 
using partial emission measurement accumulated until days 1, 3, 5 and 10 

5.3.3 Study III: Effect of measurement frequency on in vitro NH3 emission results 

For cumulative periods of 48 hours, no statistical difference was found between F (average 

emission 269.2 mg NH3 48 h-1) and LF (average emission 277.1 mg NH3 48 h-1). 

Differences in NH3 emissions between treatments were not statistically significant (P = 

0.124). Figure 5.4 shows the difference, in relative terms, of a reference approach F (two 

consecutive measures of 24 hours each) against one single measurement for 48 hours LF. It 
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can be observed that most of the samples (58%) showed differences between -10% and 

+10% of the average value. Only less than 12% of samples had deviations of more than 

20% (either positive or negative). 

 

Figure 5.4. Frequency histogram of relative differences between measurements frequent F and 
less frequent LF, of the NH3 emission in vitro, for measurement periods of 48 hours 

 

5.4 Discussion 

This study provides information about the performance characteristics of the in vitro NH3 

emission measurement method with acid wet traps using pig slurry samples. To the author’s 

knowledge, there are no published studies about the variation between analytical replicates 

in such measurements, although most published articles use two replicates for 

measurements. In this study, CV between replicates was quantified to be about 7% for 

accumulated emissions in 15 days, whereas for daily measurements CV was higher (mostly 

between 10% and 16%). The lower CV of accumulated emissions for 15 days compared 
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with daily measurements is a logical consequence of the repetition of measurements, since 

each accumulated value includes 15 daily repetitions. Therefore, the variation between 

replicates of a particular sample of slurry may be explained by the intrinsic characteristics 

and heterogeneity of the substrate, which could arise in analytical errors due to the 

replication of samples.  

In our results, samples showing a high CV (e.g. above 20%) in accumulated emissions 

corresponded to those showing systematic differences among replicates during the emission 

period. This suggests that inaccurate replication of samples could add variation factors that 

are not controlled by the method, such as the chemical composition or intrinsic 

microbiological characteristics of slurry. Therefore, evaluating the correspondence between 

replicates is advisable as a quality control of this method.  

In order to standardize the in vitro NH3 emission measurement method with acid wet traps, 

it seems necessary to define the measurement parameters, conditions of the studies, ways to 

present the results and margins of acceptable variation between replicates. Several authors 

recognize the large statistical variation between characteristics associated with biological 

material (Sokal and Rohl, 2002; Kuehl, 2001; Morris, 1999). Considering the CV found in 

our study and the biological nature of samples, the authors consider that a CV below 10% 

between replicates could be an adequate indicator of the analytical precision of 

measurements. However, further analysis should be conducted to explore the sources of 

variation and establish particular thresholds according to different measurement objectives. 

Regarding the evolution of NH3 emission, several studies report the emissions accumulated 

in two periods: 0-96 hours (days 1-4) and 96-240 hours (days 5-10). However, no 

conclusive results on emission patterns are derived from these studies. On the one hand, 

Hernández et al. (2011) and Lynch et al. (2007) report almost a constant emission rate 

among both periods (an average reduction of 2.5% in the 96 – 240 hours accumulation 

period with respect to the 0 – 96 hours period). On the contrary, the results obtained by 

O’Connell et al. (2006) show a 25% reduction of emission rate in the 96 – 240 hours 

period. Considering other experiment durations, Canh et al. (1998c) measured emissions for 

7 days and reported an increase in the emission rate until days 2-4, depending on the diet of 
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the animals, and then a slight decrease until the end of the experiment. However, Portejoie 

et al. (2004), found relatively constant NH3 emission rates during 6 days of measurements. 

In the present study, an average reduction of NH3 emissions of 16% was found in the period 

96-240 hours respect to the 0 – 96 hours period. A further decrease of 10% was measured 

in the subsequent period 240 – 360 hours. A considerable variation of emission trends 

among samples was found. The evolution of pH and slurry N-NH3 content may be crucial 

factors in this tendency, which should be further explored.  

Concerning the measurement period, most studies report variable durations (Table 5.1), 

depending primarily on the objective of each study. The reported values range from 3 days 

(Pereira et al., 2011), to 23 days (Vaddella et al., 2011). As mentioned before, in most 

studies the duration of measurements is 10 days (O’Connell et al. 2005; O’Connell et al., 

2006; O´Shea et al., 2010; Hernández et al., 2011; Vaddella et al., 2011). However, our 

results evidence samples continued emitting relevant amounts of NH3 on day 15 (on 

average 105.9 mg/day per kg of slurry). On the other hand this may raise a critical question 

on the duration of measurements. This in vitro method is normally used for comparisons of 

slurry samples, but the emission potential of samples beyond the duration of experiment is 

unknown. So, it would be convenient to explore longer measurement periods to evaluate the 

evolution of NH3 emissions from the slurry and establish optimal measurement times. 

Considering the high correlations between partial and accumulated emission in 15 days, the 

possibility of reducing the duration of measurements should be explored and recommended. 

In this regard, the emission accumulated until day 8 allows calculating the cumulative 

emissions for 15 days, with a relative error of less than 10% and the coefficient of 

determination (R2) above 0.9. It must be considered that CV among replications of 

accumulated emissions is about 7%, thus increasing measurement time beyond 8 or 10 days 

seems not to be justified. On the contrary, short measurements (e.g. less than 5 days) could 

not provide accurate information of the emission potential of the sample.  

The evolution of emissions with time must not be extrapolated to real farm storage 

conditions but is useful to discuss specific methodological aspects such as sampling 

duration. A number of measurement days are required because of necessary replication, as 
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discussed above. However, long measurement periods may involve slurry changes derived 

from the experimental storage such as drying or fermentation and thus, might not be 

representative of the initial slurry. Container sizes and chamber ventilation rates are 

essential parameters affecting slurry changes. This study shows that using 8 to 10 days of 

measurements provides replicable results and no relevant changes in emissions through 

different days were found. In any case, it seems that the in vitro determination of NH3 

emissions is representative of potential emissions in the short term because in the long term 

the potential emissions are both affected by slurry composition and storage system. 

The frequency of replacement of acid samples is also variable among studies. Particularly, 

some studies propose different replacement frequencies for the first and second impingers 

(e.g. Galassi et al., 2010; Canh et al. 1998c; O’Shea et al., 2009; Hernández et al., 2011; 

among others). However, the potential effects of different acid replacement frequencies 

were not reported in these studies. Although no justification is provided in the literature on 

how the frequency of acid change is selected, it seems to be chosen according to operative 

reasons, because normally only aggregate values are reported. These operative reasons may 

be related mainly to acid saturation. In our study, it was demonstrated that for the range of 

NH3 concentrations in the air entering the impingers (from 5 to 85 mg m-3) no systematic 

effect occurred due to reducing frequency from 24 h to 48 h. However, it is true that 

conducting daily measurements may provide detailed information on the emission 

dynamics and its variation as a function of time. In any case, if the stoichiometric capacity 

of the acid solution is enough to retain the emitted NH3, acid could be replaced less 

frequently without affecting the accuracy of results.  

Finally, the capture efficiency of acid wet traps used in this study was not limited by the 

stoichiometric capacity of the acidic solution. According to Ndegwa et al. (2009), there 

may be other factors involved, such as, the size of air bubbles in the impingers, their 

immersion time in the acid solution or acid concentration. These factors are directly related 

to the impinger characteristics and operation conditions (mainly air flow and amount of 

acid). In this regard, these authors mentioned that airflow rate has a direct effect decreasing 

capture efficiency. They assumed that the air to water exchange of NH3 would increase 

with longer immersion time of bubbles and lower specific surface. In this study only one 
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model of impinger was used and therefore this effect was not tested. However, the first 

impinger retained on average 99.97% of the NH3 captured by the system (first and second 

impingers). Therefore, it seems that operation conditions in this study were adequate. 

5.5 Conclusions 

• The variation in ammonia emissions between replicates of the same sample of pig 

manure indicates the need of at least two replicates. Higher deviations among 

replicates seem to be related to methodological errors and therefore a CV of 10% 

could be established as a precision control of this method. 

• There is a high correlation between total emissions accumulated for 15 days and 

partial emissions accumulated for, at least, 8 days. According to the prediction 

models obtained in this study, 8 to 10 days of measurements might be used.  

• Reducing the measurement frequency of ammonia emissions in vitro from 24 

hours to 48 hours did not affect the results of the accumulated emission 

measurement. Therefore, this is a tangible option to reduce labor requirement of 

this technique. 
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Abstract. Pig slurry is a source of atmospheric pollutants such as methane (CH4). 

However, it is also a valuable resource for the production of biogas under controlled 

conditions. Predicting the biochemical methane potential (BMP) is essential to minimize 

undesired emissions and optimize biogas reactors. In this study, BMP assays of 70 slurry 

samples from commercial farms and 77 samples of reconstituted slurry from experimental 

assays were conducted and analyzed for the CH4 production kinetics. Also, chemical 

composition (total solids, volatile solids, total Kjeldahl nitrogen, ether extract and fiber 

fractions) were determined. The CH4 production kinetics of each sample was adjusted by 

means of three non-linear models: First order, Gompertz and Mitscherlich. Kinetic 

parameters of these curves were determined and related to slurry composition. Despite their 

different origin, both slurries from commercial farms and experimental trials followed a 

similar tendency. The Mitscherlich model adjusted best to the measured CH4 production. 

Ether extract, neutral detergent fiber and volatile fatty acids concentration were found to 

affect CH4 kinetics. Also, partial measurements of BMP were found to be representative of 

the final BMP value. In this regard, measures until day 53 of the BMP assay allowed 

coefficients of determination (R2) over 0.9 with BMP. In conclusion, this study provides 

evidences on the factors affecting the CH4 emission dynamics and explores prediction 

models. 

Abbreviations: BMP, biochemical methane potential; CH4, methane; DM, dry matter; EE, 

ether extract; GHG, greenhouse gasses; OM, organic matter; SV, volatile solids; TKN, total 

Kjeldahl nitrogen; TAN, total ammonia nitrogen; VFA, volatile fatty acids. 

Keywords: methane emission, biochemical methane potential, kinetics of methane 

production, prediction model, slurry characterization, biogas 
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6.1 Introduction 

Animal slurries are considered a valuable source of nutrients for crops, but at the same time 

their management is associated to environmental pollution risks. Excessive or inadequate 

land application may lead to soil and water pollution (Aarnink & Verstegen, 2007), and 

slurries are considered a relevant source of ammonia (NH3) and greenhouse gases (GHG), 

mainly methane (CH4) and nitrous oxide (N2O) (Liu et al., 2013). As a consequence of the 

sustained growth and concentration of the global swine population (FAOSTAT, 2015), in 

recent years there has been a focus on the sustainable use of nutrients in livestock 

production systems (Hou et al., 2016) and on the reduction of the associated emissions of 

atmospheric pollutants (Beccaccia et al., 2015a; Hansen et al., 2014). 

Nevertheless, CH4 can also be produced from slurries under controlled conditions (alone or 

in combination with other organic wastes) to obtain biogas as a renewable source of energy, 

as well as more stable fertilizers for crops (Asam et al., 2011; Holm-Nielsen et al., 2009; 

Molino et al., 2013; Zhang et al., 2014a). The perspectives of scarcity of raw materials, 

particularly in the agricultural sector, encourages us to explore the most efficient ways for 

the valorisation of the livestock by-products (Matassa et al., 2015; Schoumans et al., 2015). 

The potential production of CH4 is a fundamental parameter to estimate potential emissions 

from slurry management and climate change mitigation options (IPCC., 2014), as well as to 

determine the aptitude for biogas production (Angelidaki et al., 2009). The potential 

production of CH4 from a certain substrate is determined by means of the biochemical 

methane potential (BMP). This assay consists in a laboratory batch digestion of the 

substrate in the presence of an anaerobic inoculum, at a certain inoculum to substrate ratio 

(Angelidaki et al., 2009). The mixture is maintained in anaerobic conditions at a certain 

temperature until biogas production becomes negligible, and during the assay biogas 

production and CH4 content of biogas are regularly monitored. As indicated by Strömberg 

et al. (2015), BMP tests provide information not only on the amount of biogas produced, 

but also on the decomposition rates of substrates, which is required information for the 

design and operation of biogas reactors. However, BMP determinations require a long time 
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(usually up to 3 months) which makes this technique inoperative to assess digestion 

substrates in real farm conditions. 

Recent research has focused on predicting BMP in practice using NIRS (Ward, 2016). 

However, this author evidences that there are still some obstacles, and particularly stresses 

that the reference method for BMP is characterized by a low precision. Similar 

considerations can be adopted for BMP prediction based on the substrate chemical 

composition (Labatut et al., 2011; Thomsen et al., 2014). Also, as evidenced by Strömberg 

et al. (2015), these prediction methods do not provide information on the degradation 

kinetics of the substrates, which is essential for decision-making in slurry management 

processes (Chadwick et al., 2011; Mähnert and Linke, 2009; Moody et al., 2009; Pham et 

al., 2013), as well as in the design and operation of real scale biogas reactors (Triolo et al., 

2013). Therefore, recent attempts in research aim to develop accurate kinetic models to 

predict methane emissions from an initial dataset of a BMP assay (Brulé et al., 2014; Kafle 

and Chen, 2016; Strömberg et al., 2015; Sun et al., 2015a). 

To our knowledge, studies reporting the kinetics of CH4 production and BMP prediction of 

pig slurries from commercial origins are scarce and those studies reporting kinetics of CH4 

emission include a relatively poor representation of pig slurries. Previous studies have also 

shown a wide variability in pig slurry composition and emissions, which in turn is affected 

by a multiple factors (Antezana et al., 2016; Triolo et al., 2013; Zhang et al., 2014b). 

Therefore, relevant differences in methane kinetics could also be expected among pig 

slurries. The purpose of this study was to characterize the kinetics of CH4 production in 

order to obtain predictive models of the BMP from a wide dataset of pig slurries from 

commercial farms and nutrition experiments. 

6.2 Materials and methods 

6.2.1 Slurry Samples 

A total of 147 pig slurry samples were evaluated in this study. Slurry samples were 

obtained from two origins: slurries obtained from slurry pits at commercial farms (n=70) 
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and reconstituted slurries obtained from experimental feeding assays of growing pigs 

(n=77). 

Slurry samples from Spanish commercial farms were obtained from different animal types: 

gestating sows (n=30), lactating sows (n=14), nursery piglets (n=13) and growing-finishing 

pigs (n=13) as explained by Antezana et al. (2016). Briefly, representative slurry samples 

were obtained by sampling a minimum of five two-liter aliquots at equidistant intervals 

during the discharge of slurry pits. The composite sample was thoroughly mixed and 

subsamples were taken for the corresponding analyses. 

Reconstituted slurries were obtained from the assays described by Antezana et al. (2015); 

Beccaccia et al. (2015a, b) , which analyzed the effect of different sources of protein 

(n=17), fiber (n=30) and fat (n=30), respectively, on nutrition traits, slurry composition and 

gaseous emissions. All diets tested in these assays were formulated according to 

commercial standards (FEDNA, 2006). Urine and feces were collected separately in 

metabolism pens for three days and then slurry was reconstituted according to the original 

excretion ratio. 

6.2.2 Experimental procedures, sample preparation and chemical analyses 

Slurries were analyzed for dry matter (DM), ash, fiber fractions (neutral detergent fiber 

(NDF) and acid detergent fiber (ADF)), ether extract (EE), and total Kjeldahl nitrogen 

(TKN). Organic matter (OM) was calculated from the difference between dry matter and 

ash contents. Standard procedures were used (APHA, 2005; AOAC, 2000; Van Soest et al., 

1991). All slurry components were expressed and analyzed in dry matter basis. 

Additionally, pH was measured in fresh slurries (from commercial farms) or immediately 

after reconstitution (reconstituted slurries) with a glass electrode (Crison Basic 20+, Crison, 

Barcelona, Spain). More details on the experimental procedures can be found in Beccaccia 

et al. (2015b) and Beccaccia et al. (2015c). 

6.2.3 Biochemical CH4 potential 

For each slurry sample, BMP was determined by triplicate in a batch assay using 120 mL 

glass bottles following the methodology described by Angelidaki et al. (2009). Inoculum 
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from a mesophilic pig slurry anaerobic digester reactor was used. The inoculum was pre-

incubated during 15 days at 35ºC in order to deplete the residual biodegradable organic 

material. A mixture of pig slurry and inoculum was made to obtain an inoculum to substrate 

ratio of 1:1 in OM basis. Additionally, three blank bottles containing only degasified 

inoculum were also used in order to determine the inoculum endogenous CH4 production 

which was subtracted from the CH4 produced by the pig slurry on each biogas sampling 

day. After filling, each bottle was sealed with butyl rubber stoppers and aluminum crimps 

and the headspace was flushed with pure N2 for two minutes. Bottles were then incubated at 

35°±1C for 100 days. During incubation, biogas volume in each bottle was regularly 

monitored (from 1 to 10 days depending on biogas production) by pressure measurement of 

the headspace using a manometer (Delta Ohm, HD 9220, Italy). CH4 concentration in the 

biogas was further analyzed using a Focus Gas Chromatograph (Thermo, Milan, Italy) 

equipped with a split/splitless injector and a flame ionization detector. 

6.2.4 Statistical analysis and model development 

A descriptive analysis of slurry composition and BMP was conducted by type of slurry 

(from commercial farms vs. reconstituted slurries) through PROC MEANS of SAS Institute 

(2008). 

The statistical analysis explored the correspondence between measured CH4 production and 

different models defining the emission kinetics. According to literature, different models 

can be used to describe the evolution of CH4 emission by a substrate (Kafle and Chen, 

2016; Li et al., 2015; Strömberg et al., 2015; Sun et al., 2015a). For agricultural substrates, 

it has been reported that the most adequate are the first order kinetic model, the 

Mitscherlich model and the Gompertz model. Therefore, the suitability of these models was 

analyzed. Other models also described in the literature (e.g. logistic, exponential or 

polynomic) were also preliminarily assessed and discarded due to the lack of 

correspondence with measured data. In the different models, methane yield at a certain day 

(BMP(t)) was expressed in relative terms to BMP according to Table 6.1 
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Table 6.1. Models used to describe methane production as a function of time (t, expressed in 
days) 

Model Equation Model parameters 

 

First order 

 

 

 

 

 

 

k: methane production rate (1/day). 

e: Euler number. 

c: shape factor (duration of the lag 

phase, in days) 

lag: duration of the lag phase (days) 

 

Mitscherlich 

 

 

 

 

 

Gompertz 

 

 

 

 

 
The fitting of each model to the real kinetics of CH4 production was assessed by applying a 

least squares fit to the equations, using PROC NLIN of SAS Institute (2008). For each 

model the kinetic parameters were obtained and statistical adjustment was determined using 

the relative root mean square error of prediction (rRMSE), modeling efficiency (EF) and 

coefficient of residual mass (CRM) according to the following equations (Triolo et al., 

2011).
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Where Oi is the measured value, Ō is the mean of the measured values, Pi is the predicted 

value, and n is the number of data points. 

Furthermore, the kinetic parameters of the three models for each slurry sample (n=147) 

were calculated by non-linear regression using the Solver function of Microsoft Excel. To 

establish potential relationships between the characteristics of the slurry and the kinetic 

parameters of CH4 production, a correlation analysis was done using PROC CORR of SAS 

Institute (2008). 

6.2.5 Kinetic prediction of BMP 

In order to predict BMP from partial datasets of methane yield production including the 

initial days of the assay, two non-linear prediction models were explored, using fixed or 

flexible model parameters. As indicated by Stromberg et al. (2015), preliminary 

information from the BMP assay can be used as a boundary condition to establish a kinetic 

model in order to predict the CH4 production from the remaining part of the assay. First, 

fixed prediction models were developed using the kinetic parameters of the Gompertz and 

Mitscherlich models obtained from the whole dataset, as explained before. Thus, the BMP 

for each slurry sample was calculated according to the general models obtained from all 

available data. On the contrary, flexible non-linear prediction models were calculated 

specifically for each sample, using the Solver function of Microsoft Excel. 

Fixed prediction models aimed to use the average information of a dataset with multiple 

samples, thus trying to obtain more robust model coefficients. On the contrary, the flexible 

models aimed to use the information of each particular curve and therefore it may pose 

potential benefits in the case of heterogeneous samples such as slurries from commercial 

farms. In all cases, the BMP calculated and BMP observed were compared and the 

coefficient of determination (R2), the rRMSE and the relative average error (rAE) were 

determined. 
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6.3 Results and discussion 

6.3.1 Pig slurry characteristics 

Table 6.2 shows the average properties of slurries and their ranges, separately for slurries 

from commercial farms and for reconstituted slurries. It can be appreciated that both types 

of slurries differed in their properties, which is consequence of their different origins. 

It was found that the reconstituted slurry was on average 2.8 times more concentrated in 

total solids than slurries from commercial farms, in which dilution with water occurs as 

discussed in literature (Antezana et al., 2016; Triolo et al., 2013). Also, more variability 

was found in composition and BMP of slurries from commercial farms, which can be 

related to the multiple interrelated and uncontrolled factors under commercial conditions. A 

deep analysis of the differences between both types of slurries lacks of practical interest and 

therefore is not objective of this study. However, some interesting remarks can be made 

here which may affect BMP and CH4 production kinetics. 
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When expressed on dry matter basis, it is remarkable that slurries from commercial farms 

had on average higher contents of TKN (85%) and EE (18%) than reconstituted slurries. 

Contrarily, they had lower amounts of fiber content (30% and 23% lower contents of NDF 

and ADF, respectively) than reconstituted slurries from experimental assays. Regarding 

volatile fatty acids, slurries from commercial farms had on average more than double 

content (expressed as mmol VFA g TS-1) than slurries from experimental studies. This 

greater amount of VFA may be due to hydrolysis processes which may have already started 

in the slurry stored in the pits for several weeks, as indicated by Philippe et al. (2015) and  

Triolo et al. (2013). 

As detailed by Antezana et al. (2016), storage time of slurries at commercial facilities 

varied between 1 and 4 months. Therefore, it may be expected that a proportion of organic 

matter has been degraded already and N content has been reduced due to NH3 emissions. 

On the contrary, our results show higher nutrient contents on dry matter basis in slurries 

obtained from uncontrolled (commercial) conditions than from controlled experiments. 

Therefore, both types of slurries may not only differ due to dilution with spillage or 

cleaning water, but slurries from commercial farms may also have followed an uncontrolled 

stabilization process and might also contain a certain amounts of waste food. This 

contributes to the heterogeneous composition of slurries in commercial conditions 

described in previous studies (Antezana et al., 2016; Martínez-Suller et al., 2008; Suresh et 

al., 2009; Triolo et al., 2013; Yagüe et al., 2012). 

In all cases, composition of slurries used in this study are in the range of other references on 

slurry characterization (Aarnink and Verstegen, 2007; Jarret et al., 2012, 2011; Philippe and 

Nicks, 2015). 

6.3.2 Kinetic analysis of CH4 production 

The kinetics of CH4 production showed on average a similar trend among samples from 

commercial and experimental origins, but the evolution of CH4 production was more 

variable in slurries from commercial farms than in reconstituted slurries (Figure 6.1). On 
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day 6 the range of CH4 production varied from 1.41 to 32% and 3.4 to 25% of BMP in 

commercial and reconstituted slurries, respectively. On day 11 a wider range was found in 

slurries from commercial farms (4.21 to 71.1% of BMP) compared with the reconstituted 

slurry (16.3 to 53.2% of BMP). 

A short initial lag time was observed at the beginning of the BMP tests, which was 

apparently lower in slurries from commercial farms. On day 3, 82% of slurry samples from 

commercial farms and 65% of reconstituted slurry samples produced less than 5% of BMP. 

However, on day 6, 42% of commercial slurry samples and 39% of reconstituted slurry 

samples had already produced more than 10% of the BMP. After this initial period, most 

CH4 was produced between days 15 and 32, when slurries had already produced on average 

more than 80% of the BMP. The time required to achieve a 90% of BMP (T90) also ranged 

widely from 25 days to 74 days in slurries from commercial farms and from 32 to 67 days 

in reconstituted slurries. In general terms, T90 of pig slurry was higher and much more 

variable in this study than in published references, which report T90 values ranging from 17 

to 30 days (Kafle and Chen, 2016; Wall et al., 2013; Zhang et al., 2014b). 
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The model parameters of CH4 production kinetics are presented in Table 6.3. In accordance 

with the initial lag phase previously described, the first order model did not fit to the 

measured CH4 production rates because this model does not account for a lag phase. In this 

regard, several studies agree that the models that best describe the dynamics of CH4 

production from slurries or from co-digested slurries are those who consider initial phases 

of latency. In these studies, kinetic constants and different latency periods are related to the 

composition of the organic matter of the substrates (Ji et al., 2015; Korazbekova et al., 

2015; Li et al., 2015). 

High coefficients of determination for Mitscherlich and Gompertz models (R2> 0.91) were 

found, and therefore these models described more accurately the kinetics of CH4 production 

from pig slurry. Both models consider an inflection point that would represent an initial lag 

phase in the evolution of CH4 production. This is also in accordance with results reported 

by Sun et al. (2015) who evaluated six kinetic models and found lower residual errors in 

models considering initial lag phases. On the other hand, the methane production rate “k” 

obtained for the Mitscherlich and Gompertz models was numerically higher for 

reconstituted slurries than for slurries from commercial farms, but no significant differences 

were detected. Despite the differences in average composition between both types of slurry, 

it seems that ageing of slurry related to accumulation in the pits in commercial farms has 

limited effect on the emission kinetics of pig slurries.  

Given that variation in composition and kinetic parameters among slurry samples were 

detected, we hypothesized that the chemical composition of slurry could affect the kinetic 

parameters of the models. To explore these relationships, Table 6.4 shows the correlations 

between experimental data of CH4 production and the parameters of Mitscherlich and 

Gompertz models (those with best adjustment to experimental data).  

 

 

 

Comentario [VEHE2]: en en la cinetica de 
primer orden (modelo 1) nos da información 
acerca de cuanto de tarda en alcanzar el 50% de 
la B0, a mayor K menos tiempo (de acuerdo 
con la la tabla 6.3 el purín comercial necesita 
35 dias y el reconstituido 37), y esto cuadra con 
los resultados presentados anteriormente en 
cuanto a que el purín comercial alcanza antes la 
Bo  
Aunque yo no uso exactamente la misma 
ecuación de gompertz, en teoría la k en ese 
modelo da información sobre el punto de 
pendiente máxima, lo que significa que el purín 
comercial en su momento de máxima 
produccion produce mas metano por dia y 
solido volátil que el reconstituido, y solo puede 
ser por lo que comentais un poco mas arriba de 
que tiene mas materia organica fácilmente 
biodegradable, (justificado por la mayor EE y 
TKN por gramo de ST, auqnue yo no veo muy 
asi, como explico arriba) como piensos. 
Aunque es un poco raro pq esta envejecido, por 
lo que yo habría esperado lo contrario, pero al 
menos los resultados caudran. 
El otro modelo no lo he usado nunca y no 
tengo acceso a ningún articulo donde expliquen 
el significado “biológico” de la k, pero estaría 
way sacar algo mas de jugo, auqnue las 
diferencias no son significativas. 
Walter: 
Es posible que la K sea mayor en purines 
reconstituidos por que son heces frescas por un 
lado y por otro que su concentración por litro 
es mayor que el de los purines comerciales. y 
como tal tendrían mayor materia degradable 
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In slurries from commercial farms, relatively high correlation coefficients between the EE 

and the methane production rate (k) were found (r = 0.54 and 0.63 for Mitscherlich and 

Gompertz models, respectively, P<0.001). Similarly, positive correlations were detected 

between k and VFA (0.50 and 0.47 respectively, P<0.001). Regarding the lag time (c and 

lag parameters), positive correlations were also obtained with EE content (correlation 

coefficients from 0.32 to 0.48, P<0.001 and P<0.05, respectively). On the other hand, 

relatively low and negative correlations were detected between fiber content and the kinetic 

parameters of the models. These relationships suggest that slurries from commercial farms 

with higher contents of EE and VFA have higher rates of CH4 production but concurrently 

the initial lag times would be lower.  

The EE content in slurries is mainly related to the excretion of undigested and endogenous 

(microbial) fat (Kil et la., 2010). However, under commercial conditions, OM content in the 

slurry can also arise from waste feed which is mixed with the manure. Fat and other 

constituents from the feed are expected to involve higher BMP and faster methane 

production rates, since they have not been subjected to digestion by pigs. Additionally, it 

must be considered that the amount of OM contained in a commercial feed is around 95% 

TS (FEDNA 2006) while in slurry this amount is on average much lower (Antezana et al., 

2016). Therefore, it is likely that  feed waste causes increased BMP of the sludge, because 

the issuance of raw materials is significantly higher than that of the slurries (Labatut et al., 

2011; Li et al., 2013; Luna-del Risco et al., 2011). On the other hand, the VFA contained in 

the slurry are intermediate products of the degradation of organic matter, and therefore their 

concentration would be variable depending on the storage conditions and the nutrient 

content. In the same way, in slurries with higher contents of NDF and ADF, the production 

rate of CH4 and the rate of latency would be lower. 

In our case, it is possible that higher proportions of NDF in the OM of slurries entail lower 

concentrations of EE, and consequently the factor k could be lower. This would coincide 

with the results indicated by Zhang et al. (2014b) in which, “lag” and “c” parameters were 

higher in the slurries with higher contents of hemicellulose, and consequently obtained 

lower values for k and BMP. On the other hand greater “lag” and “c” could also suggest 
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that the inoculum is not fully acclimated to the substrate (NDF, ADF and VFA) (Raposo et 

al., 2012; Wall et al., 2013).  

Contrarily, in the case of the reconstituted slurries the correlation between EE and latency 

period was negative, whereas non-significant correlations were found between EE and k. 

Similarly, the content of NDF was negatively correlated with k and latency. In this case, we 

can assume that the ether extract from reconstituted slurry is mostly indigestible fat; which 

could be associated to lower CH4 production.  

Regarding VFA, the content in reconstituted slurries was lower than in slurries from 

commercial farms. As discussed before, this circumstance may be caused by the 

degradation processes occurring in the pits, which are produced in a lesser extent in fresh 

reconstituted slurries. Consequently, VFA was positively correlated with k in both types of 

slurries, but this correlation was lower in reconstituted slurries. Therefore, apparently a high 

concentration of VFA could be related to longer lag periods in slurries from commercial 

farms than in reconstituted slurries. In this regard, Weiland, (2010) indicates that an effect 

of inhibiting the initial methanogenesis could be produced in slurries from commercial 

farms with high concentrations of VFA. This trend is similar, but to a lesser extent, in 

reconstituted slurries coinciding with a lower concentration of VFA, probably because 

these slurries did not undergo a storage period in pits prior to the BMP test. 

These results suggest that the kinetics of methane production and BMP are affected by 

nutritional factors (associated with the ingredients and compositions of diets) and to 

management conditions (for example slurry storage time or wasted feed). Besides, there 

may be differences among feed constituents, for example different types and proportions of 

saturated and unsaturated fats, or the proportions of the different components of NDF and 

ADF, among others (Philippe et al., 2015; Triolo et al., 2013; Yadvika et al., 2004). 

6.4 Prediction of BMP 

The results of the comparison of the predicted values versus the observed values with fixed 

and free modeling are presented in Table 6.6. 
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Table 6.6 Statistical parameters of the comparison of observed and predicted values of the BMP 
of pig slurry with different prediction models 

Prediction production accumulated until the day used for the calculation of the BMP 

model 15 25 32 39 46 53 60 74 
Fixed                 
  Gompertz                 
    R2 0.486 0.803 0.916 0.953 0.977 0.984 0.988 0.995 
    rRMSE 1.204 0.592 0.337 0.238 0.162 0.139 0.113 0.076 
    rAE 0.887 0.402 0.232 0.168 0.118 0.094 0.079 0.051 

  Mitscherlich               
    R2 0.487 0.804 0.916 0.953 0.977 0.984 0.988 0.995 
    rRMSE 1.130 0.595 0.346 0.245 0.166 0.137 0.115 0.077 
    rAE 0.833 0.409 0.238 0.173 0.122 0.097 0.083 0.052 
Free                   
  Gompertz                 
    R2 0.145 0.763 0.868 0.891 0.955 0.976 0.983 0.989 
    rRMSE 1.607 0.592 0.395 0.353 0.223 0.159 0.134 0.106 
    rAE 0.837 0.369 0.260 0.198 0.148 0.113 0.097 0.075 

  Mitscherlich               
    R2 0.125 0.655 0.793 0.932 0.951 0.976 0.986 0.993 
    rRMSE 3.179 0.820 0.562 0.281 0.231 0.161 0.128 0.093 
    rAE 1.025 0.626 0.386 0.194 0.148 0.110 0.092 0.067 

R2, coefficient of determination; rRMSE, relative root mean squared error of prediction; rAE, relative absolute 
error. 
 

As expected, the prediction accuracy improves as the BMP progresses. Mitscherlich and 

Gompertz prediction models performed very similarly for fixed and free models. Using 

fixed models, BMP early estimates (e.g. from 25 days) would involve relatively high rAE 

(over 40%), whereas from day 53 it would be possible to obtain rAE lower than 10%. On 

the contrary, free modelling using Mitscherlich and Gompertz models did not improve the 

prediction at any stage (e.g. rAE over 11% on day 53). Our results show lower prediction 

accuracy than similar studies using different substrates (e.g. Kafle and Chen, 2016; 

Strömberg et al., 2015; Sun et al., 2015b). These differences can be related to the slower 

methane production rates in this study, where T90 is achieved from day 25 to 74, which 

means that initial days provide poor information on the final behavior of the BMP test. 

Contrarily, BMP tests reported in the literature show faster methane production rates and 

therefore a major proportion of CH4 is produced in earlier stages. It is important to 
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highlight that the number of slurry samples evaluated in the present study, as well as the 

diversity of physicochemical characteristics contribute to strengthen the results and their 

applicability in estimates of the BMP from pig slurries. Our results suggest that it would not 

be possible to reduce the BMP test time for pig slurries to less than 50 days without 

increasing the error in 10%. 

6.5 Conclusions 

• The kinetics of CH4 production potential from pig slurries fits a sigmoidal function 

with an initial lag time of about 3 days, followed by a period of intense CH4 

production until day 32, and a final period in which the intensity of CH4 

production is lower. 

• The Mitscherlich model describes most accurately the evolution of CH4 

production as a function of time. However, both Gompertz and Mitscherlich 

models perform similarly to predict BMP from partial measurements. 

• Predicting BMP from pig manure is possible using the first 50 days of the BMP 

tests with less than 10% error. 
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Discusión general 

 



134 
 

  



135 
 

7.1 Introducción  
En este capítulo se analizan desde una perspectiva global los principales resultados 

obtenidos en esta Tesis Doctoral. En primer lugar, se discuten las implicaciones relativas a 

la composición de los purines de diversos orígenes y sus emisiones. En segundo lugar se 

evalúan de forma general los efectos de la modificación en la composición de la dieta sobre 

la composición de los purines y las emisiones de amoniaco (NH3) y metano (CH4) 

derivadas de los mismos. Para ello se han analizado de manera conjunta los datos obtenidos 

en los estudios llevados a cabo en esta tesis y en el Proyecto “GASPORC-AGL2011-

30023”. Finalmente, se estudia la aplicabilidad y posibilidades de optimización de las 

técnicas de determinación de las emisiones NH3 y CH4 in vitro, a partir de la experiencia 

acumulada en los estudios realizados en esta tesis. 

7.2 Los purines: composición y emisiones potenciales  
Existen numerosos factores que afectan a la composición de los purines y, en consecuencia, 

a las emisiones potenciales de gases como el NH3 y el CH4. En la presente tesis se 

estudiaron diversos factores de variación que condicionan dicha composición como son el 

origen de los purines (granjas comerciales o instalaciones experimentales), la orientación 

productiva de procedencia (cebo, maternidad, gestación y recría) y la alimentación.  

Los resultados obtenidos en los estudios de esta tesis evidencian diferencias entre los 

purines procedentes de naves de cebo de granjas comerciales y los purines reconstituidos 

procedentes de ensayos experimentales en el contenido de sólidos totales (ST), sólidos 

volátiles (SV), nitrógeno total Kjeldahl (NTK), extracto etéreo (EE), fibra neutro detergente 

(FND), fibra ácido detergente (FAD) y ácidos grasos volátiles (AGV) (Tabla 7.1). En 

ambos casos la categoría de animales fue la misma, animales de cebo. Además, aunque los 

piensos ofrecidos a los animales de las granjas comerciales no fueron exactamente los 

mismos, los piensos experimentales fueron formulados según las recomendaciones FEDNA 

(2013) para cerdos comerciales. Por lo tanto, se considera que las diferencias en 

composición se deban, principalmente, a factores como el tiempo de almacenamiento o 

grado de madurez de los purines y la presencia de otros componentes en el purín como 

restos de pienso, agua de bebida, agua de limpieza, entre otros. En este sentido, mientras 
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que los purines reconstituidos fueron una mezcla de heces y orina recién excretadas, los 

purines procedentes de granjas comerciales estuvieron almacenados, previamente a su 

recogida, durante períodos variables que oscilaron entre 20 y 120 días. Por otro lado, a 

nivel comercial, factores como el desperdicio de agua y pienso y el uso de agua de limpieza 

no fueron controlados. En cambio, en los experimentos con jaulas metabólicas estos 

factores fueron controlados. 

Tabla 7.1. Características de purines de granjas comerciales de cebo y purines reconstituidos en 
base materia seca 

Características de los 
purines 

purines de granjas 
comerciales (n:31) 

 

purines reconstituidos 
(n:77)   Significancia 

promedio SD 
 

promedio SD 
 ST (%) 6.1 4.0 

 
13.1 4.0 

 
*** 

SV (% ST) 74.1 6.2 
 

80.5 2.7 
 

*** 
NTK (% ST) 12.6 5.6 

 
6.7 1.1 

 
*** 

EE (% ST) 11.0 4.2 
 

8.8 3.8 
 

** 
FND (% ST) 35.7 11.7 

 
51.4 17.1 

 
*** 

FAD (% ST) 17.4 7.4 
 

23.1 7.9 
 

** 
AGV (mmol g ST-1) 1.61 1.2 

 
0.62 0.16 

 
*** 

Emisión NH3 (mg L-1) 116 26  170 32  ** 
BMP (ml CH4 g ST-1) 309 16.4 

 
330 60.3 

 
ns 

ST, sólidos totales; SV. Sólidos volátiles; NTK, nitrógeno total Kjeldhal; EE, extracto etéreo; FND, fibra neutro 
detergente; FAD, fibra ácido detergente; AGV, ácidos grasos volátiles, BMP, potencial bioquímico de 
producción de metano.  
*, **, ***, significancia a P <0.05, P <0.01, P <0.001, respectivamente; ns: no significativo. 

 

Según se observa en la Tabla 7.1., los purines obtenidos de granjas comerciales de cerdos 

de engorde tuvieron en promedio un contenido de ST 53% menor al de los purines 

reconstituidos (en promedio 6% y 13%, respectivamente), por lo tanto los purines de 

granjas comerciales tuvieron mayores contenidos de agua. Esta agua adicional sería 

proveniente del agua de limpieza y el agua de bebida, desperdiciada por los animales. 

Según estos resultados estimamos que se han incorporado aproximadamente 1.5 litros de 

agua por cada litro de heces y orina excretada por los cerdos en engorde en condiciones 

comerciales.  

En base seca también se encontraron diferencias en la composición entre ambos orígenes 

(Tabla 7.1). Así, los purines de granjas comerciales de cerdos de engorde tuvieron menor 
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cantidad de SV que los purines reconstituidos (74% y 80%,  respectivamente), pero 

resultaron con mayores contenidos de NTK (12.6% y 6.7%, respectivamente), EE (11% y 

8.8%, respectivamente) y AGV (1.6 y 0.6 mmol g MS-1, respectivamente). Las diferencias 

en el contenido de SV podría deberse a que durante el almacenamiento de los purines 

comerciales parte de la materia orgánica (MO) sería degradada por la acción de los 

microorganismos que se desarrollan en el purín (Martinez et al., 2003), mientras que los 

purines reconstituidos estuvieron exentos de este efecto. En el caso de los otros dos 

componentes (NTK y EE), el aporte de MO procedente del pienso desperdiciado podría 

estar jugando un papel fundamental en este aspecto. Por otro lado, es de destacar que el 

mayor contenido de NTK y EE en purines de granjas comerciales con respecto a los purines 

reconstituidos no se dio en la misma proporción (+90% y +25%, respectivamente). 

Considerando la hipótesis de la degradación de los compuestos orgánicos que se produce 

durante el almacenamiento de los purines de origen comercial, parece razonable que la 

degradación anaeróbica de los componentes grasos de los piensos desperdiciados sea más 

rápida que de los componentes proteicos (Labatut et al., 2011) y como consecuencia se 

dieron estos resultados. Por otra parte, la mayor concentración de AGV en purines 

comerciales confirmaría una actividad de las bacterias hidrolíticas presentes en el purín que 

degradarían los compuestos orgánicos, previa a la metanogénesis, que se estaría dando en 

estos purines (Popovic y Jensen, 2012). Por el contrario, los purines reconstituidos 

estuvieron exentos de pienso desperdiciado y no fueron almacenados. Las muestras de 

heces y orina de los purines reconstituidos fueron conservadas a 4ºC un máximo de 3 días 

antes de la reconstitución por lo que cabría considerar que los procesos de descomposición 

de la MO serían despreciables tal como lo considera Sommer et al. (2007). 

Así, además de los mencionados efectos del tiempo de almacenamiento y la dilución con 

agua de desperdicio y limpieza, parece que el pienso desperdiciado por los cerdos en 

granjas comerciales, sería un factor relevante a tener en cuenta para la reducción de 

emisiones. Esta relevancia aumenta aún más, si consideramos que en granjas comerciales el 

purín puede ser acumulado durante un ciclo completo (hasta 4 meses en cerdos de engorde) 

y como tal acumularía el pienso desperdiciado durante todo ese tiempo, alterando la 
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composición de los purines y, por tanto, las emisiones potenciales además de las pérdidas 

económicas que este desperdicio podría representar (Goodband et al., 2008).  

Por otro lado, el mayor contenido de FND y FAD en purines reconstituidos podría ser 

consecuencia de la composición de los piensos empleados en los diferentes tratamientos 

experimentales que, en muchos casos, se basaron en la modificación de las fuentes, tipos y 

niveles de fibra, a pesar de haberse formulado los piensos siguiendo estándares 

comerciales. A esto se añadiría el efecto del almacenamiento de los purines de  granjas 

comerciales durante el cual parte de la MO fermentable probablemente haya sido 

degradada, contribuyendo a estas diferencias (Martinez et al., 2003). 

Las emisiones potenciales de NH3 y CH4 de los purines evaluados estuvieron relacionadas 

con sus características fisicoquímicas. Las emisiones potenciales de NH3 en purines de 

granjas comerciales fueron muy inferiores a las registradas en los purines reconstituidos 

(116 mg de NH3 L-1 y 170 mg de NH3 L-1, respectivamente, Tabla 7.1). Dado que en ambos 

casos los ensayos de emisión se realizaron por unidad de volumen de purín, esta diferencia 

estaría relacionada principalmente con el menor contenido de NTK de los purines de 

granjas comerciales con respecto a los reconstituidos. 

Por otro parte, la emisión potencial de NH3 expresada sobre el contenido de NTK del purín, 

fue menor para las muestras procedentes de granjas comerciales que para las de purines 

reconstituidos (15 y 19 mg de NH3 por g NTK d-1, respectivamente). Al respecto, es 

probable que parte del NTK presente en purines de granjas comerciales se haya emitido ya 

durante el almacenamiento en fosa como NH3, restando así una fracción de NTK menos 

volatilizable. En este sentido, Moset et al. (2012) reporta una reducción de 12% en el 

contenido de NTK del purín después de 9 semanas de almacenamiento. Entretanto, en 

purines reconstituidos la emisión de NH3 se dio únicamente durante las determinaciones in 

vitro, en las que todo el N ureico estuvo a disposición para ser degradado a NH3. 

En cuanto a las emisiones potenciales de CH4, los purines de granjas comerciales tuvieron 

una emisión potencial menor que los reconstituidos (con medias de 309 y 330 ml g SV-1, 

respectivamente), aunque esta diferencia no fue estadísticamente significativa. Por lo tanto, 

inicialmente, la MO de ambos purines sería igualmente degradable en condiciones 
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anaerobias. En la práctica, un purín envejecido contiene una MO menos degradable, es 

decir, un menor contenido en PB y EE y un mayor contenido en fibra indigestible y, por lo 

tanto, debería emitir menos gases entre ellos CH4. Sin embargo, como ya se ha comentado 

con anterioridad, en situaciones comerciales la contaminación con el pienso desperdiciado 

podría incrementar la cantidad de MO y su potencial de emisión original. 

7.3 Relación entre el consumo de nutrientes, excreción de nutrientes,  

características del purín y las emisiones potenciales de NH3 y CH4.  

Los datos obtenidos en el capítulo 4 de la presente tesis se evaluaron conjuntamente con los 

datos de otros dos estudios similares realizados en el contexto del proyecto GASPORC-

AGL2011-30023 (Beccaccia et al., 2015a, 2015b) con la finalidad de analizar y discutir las 

relaciones de causa y efecto entre el consumo de nutrientes, la excreción de nutrientes, las 

características de los purines y las emisiones potenciales de NH3 y CH4. De esta forma, se 

analizaron 78 registros correspondientes a 78 cerdos alimentados con 13 dietas formuladas 

con diferentes fuentes y niveles de proteína, fibra y grasa. En estos estudios, se 

reconstruyeron purines a partir de heces y orina colectadas individualmente de cada animal 

en jaulas metabólicas. Por lo tanto, los posibles efectos del desperdicio de pienso o agua 

fueron minimizados y se eliminó el efecto correspondiente al tiempo de almacenamiento en 

fosas.  

Utilizando los 78 registros individuales de consumo y excreción de nutrientes (g kg PV-0.75 

en base seca), las características del purín reconstituido (en base fresca) y emisiones de NH3 

(expresadas en mg kg PV-0.75d-1 y como potenciales, g L-1) y emisiones de CH4 (expresadas 

en L kg PV-0.75 d-1 y como potenciales, BMP) se realizó un análisis de correlaciones con el 

procedimiento PROC CORR del SAS (2008) con el fin de identificar las inter-relaciones 

existentes entre los diferentes parámetros estudiados. Estos resultados se presentan en la 

Tabla 7.2. 
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Tabla 7.2. Correlaciones entre los nutrientes consumidos (g kg PV-0.75 d-1), nutrientes excretados 
(g kg PV-0.75 d-1) en base seca, características de los purines resultantes (g L-1) y las emisiones 

potenciales de CH4 y NH3, en cerdos de cebo 

variables 

(n:78)  coeficientes de correlación 

 Ratio N 
H/O 

 
emisiones 

Promedio SD   

CH4 L 
kgPV-0.75 

d-1 

NH3 mg 
kgPV-0.75 

d-1 
BMP NH3 g L-1 

nutrientes consumidos 
          PBa 14.3 2.47 

 
0.13 ns 

 
0.42*** 0.28* -0.23* -0.21 ns 

  EBb 1.58 0.25 
 

0.26* 
 

0.55*** 0.19 ns -0.13 ns -0.25* 
  PB IDNa 1.79 0.44 

 
-0.02 ns 

 
0.53*** 0.21 ns 0.49** 0.06 ns 

  EEa 5.35 1.47 
 

0.45** 
 

0.65*** -0.09 ns 0.21 ns -0.42*** 
  FSa 8.47 5.22 

 
-0.16 ns 

 
0.25* 0.17 ns 0.46** -0.01 ns 

  FNDa 11.1 5.04 
 

0.49** 
 

0.16 ns -0.22 ns -0.21 ns -0.18 ns 
  FADa 3.65 2.17 

 
0.58*** 

 
0.18 ns -0.29** -0.13 ns -0.33** 

  LADa 3.02 2.90 
 

-0.37** 
 

0.12 ns 0.29** 0.22* 0.09 ns 
nutrientes excretados (heces y orina) 
  PBa 5.76 1.42 

 
-0.13 ns 

 
0.20 ns 0.62*** -0.27* 0.19 ns 

  EBb 0.27 0.05 
 

0.47*** 
 

0.70*** 0.01 ns 0.12 ns -0.19 ns 
  EEa 1.354 0.65 

 
0.47*** 

 
0.45*** -0.30** 0.34* -0.14 ns 

  FNDa 5.53 1.27 
 

0.20 ns 
 

0.47*** 0.21 ns -0.13 ns 0.00 ns 
  FADa 3.64 1.86 

 
0.02 ns 

 
0.18 ns 0.17 ns -0.22* -0.17 ns 

  LADa 0.26 0.28 
 

-0.27* 
 

0.14 ns 0.31* 0.08 ns 0.06 ns 
características del purín 

          pH 7.537 0.85 
 

-0.03 ns 
 

0.02 ns -0.04 ns 0.39* 0.22* 
  NTKc 8.46 2.13 

 
0.11 ns 

 
0.02 ns -0.16 ns -0.06 ns 0.48*** 

  N NH3
c 2.95 1.46 

 
-0.06 ns 

 
0.07 ns -0.13 ns 0.16 ns 0.27* 

  EEc 13.30 7.96 
 

0.44** 
 

0.28** -0.47** 0.31* -0.01 ns 
  FNDc 23.56 9.52 

 
0.40*** 

 
0.01 ns -0.35** -0.08 ns 0.27* 

  FADc 10.48 3.74 
 

0.35** 
 

0.04 ns -0.33* -0.14 ns 0.17 ns 
  LADc 3.05 1.74 

 
0.00 ns 

 
-0.03 ns -0.01 ns -0.19 ns 0.19 ns 

excreción del N     
        Ratio H/O 0.91 0.40   
  

0.40*** -0.60*** 0.15 ns -0.50*** 
emisiones potenciales     

        CH4
d 3.811 0.87   

   
-0.09 ns 0.50*** -0.21 ns 

  NH3
e 20.24 7.90   

    
-0.20 ns 0.59*** 

  BMP 332 59   
     

-0.13 ns 
  NH3 g L-1 1.87 0.61   

      PB, proteína bruta; EB, energía bruta; PB IDN, proteína bruta indigestible en detergente neutro; EE, extracto etéreo; 
FS, fibra soluble; FDN fibra neutro detergente; FAD, fibra ácido detergente; LAD, lignina ácido detergente; SD, 
desviación estándar; ratio N H/O, ratio de excreción de nitrógeno en  heces: nitrógeno en orina; BMP, potencial 
bioquímico de producción de metano. 
a: g kg PV-0.75d-1; b: MJ kg PV-0.75 d-1; c: g L-1, d: L kgPV-0.75 d-1, e: mg kg PV-0.75 d-1.; *, **, ***, significancia a P<0.05, 
P<0.01, P<0.001, respectivamente; ns, no significativo. 
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Además, con el propósito de cuantificar de manera práctica y delimitar las variables 

involucradas en la emisión de NH3 y CH4 (por kg de PV-0.75 d-1), los registros individuales 

de los 78 cerdos fueron clasificados en función a la amplitud del rango de las emisiones en 

tres clases: emisiones bajas (el tercio inferior del rango), emisiones medias (el tercio medio 

del rango) y emisiones altas (el tercio superior del rango). Con los registros clasificados se 

realizó un análisis de varianza (PROC ANOVA, del SAS, 2008) tomando como factor de 

variación la clase (emisiones bajas, emisiones medias y emisiones altas) y como variables 

dependientes el consumo de nutrientes, los nutrientes excretados y las características del 

purín. Este  procedimiento se siguió particularmente para las emisiones potenciales de NH3 

y CH4. Los resultados son presentados en la Tabla 7.3. 

Con la finalidad de aproximar un balance de la utilización del N y la EB teniendo en cuenta 

la eficiencia de utilización de estos nutrientes para incrementar el PV promedio día, el 

consumo, la retención y la excreción de N y EB fueron expresados en función al 

incremento de peso diario (g de N por incremento de PV d-1 y MJ por incremento de PV d-

1), los resultados son presentados en la figura 7.1 y 7.2, respectivamente.  

7.3.1 Emisiones de NH3 

De acuerdo a los resultados de la correlación entre las variables evaluadas presentados en la 

Tabla 7.2, los cerdos que consumieron mayores cantidades de proteína bruta (PB) y lignina 

ácido detergente (LAD) producirían mayores emisiones potenciales de NH3 (todo 

expresado por kg de PV-0.75). Por el contrario, los cerdos que consumieron mayores 

cantidades de FAD tendrían las menores emisiones de NH3, coincidiendo con los resultados 

obtenidos por Garry et al. (2007) y O’Connell et al. (2006). A este efecto inicial se 

adiciona, con mayor significancia, la relación de la emisión de NH3 (mg kg PV-0.75 d-1) con 

la excreción de PB (r: 0.62, P<0.001). Esto sugiere que no sólo el aporte de proteína en el 

pienso condiciona las emisiones de NH3, sino que también intervienen otros factores 

relacionados con la calidad de la proteína ingerida y su digestibilidad, (Aarnink y 

Verstegen, 2007; O’Connell et al., 2006), ya que estos condicionarán la parte de la proteína 

de la dieta que llega al purín. Por otra parte, simultáneamente, podría existir un efecto 

contradictorio del consumo de FAD.  Es probable que mayores niveles de FAD produzcan 
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un incremento de la tasa de fermentación del alimento en el ciego y aumenten la 

incorporación de N en las heces (N bacteriano). Por lo tanto, el consumo de FAD podría 

provocar mayor excreción de N en heces (r: 0.53, P<0.001) y menor excreción de nitrógeno 

en orina (r: -0.25, P<0.05), coincidiendo con los reportes de Hernández et al. (2011). La 

correlación negativa (r: -0.60, P<0.001) entre las emisiones de NH3 y el ratio de excreción 

de N heces/orina coinciden con los reportes de Canh et al. (1998); Galassi et al. (2010); 

Jarret et al. (2011); Le et al. (2009), entre otros. 

En ese sentido, desde el punto de vista nutricional, la digestibilidad de la PB y la 

fermentación de la fibra serían factores determinantes para las emisiones de NH3. El primer 

factor se asocia con la PB insoluble en fibra neutro detergente (PB FND) y el último factor 

se asocia con el consumo de FAD tal y como lo menciona Chowdhuryet al. (2014). En el 

presente estudio, si tenemos en cuenta que los niveles de proteína en los piensos fueron 

similares (15.3% en promedio y rango entre 14.4% y 16.4%), la cantidad de N excretado en 

la orina sería el resultado de diferencias en la asimilación de la proteína consumida. La 

proteína digerida excedente a las necesidades metabólicas y productivas de los cerdos 

serían excretados en la orina como N inorgánico, en forma de urea principalmente (Canh 

et al., 1998), constituyéndose en la principal fuente de emisiones de NH3. Por otro lado, el 

N orgánico excretado en las heces tendría menor facilidad de emisión de NH3 dado que los 

procesos  de mineralización necesarios para la formación de NH3 requerirán mayor tiempo 

(Philippe et al., 2011). Por lo tanto un segundo factor importante a considerar para la 

reducción de las emisiones potenciales de NH3 sería la reducción de excreción del N 

principalmente urinario y como tal  del ratio N heces/orina. 

Respecto a la correlación entre las características del purín y las emisiones potenciales de 

NH3 (g L-1 purín) los resultados indicarían que los purines con mayores contenidos de 

NTK, nitrógeno amoniacal (N-NH3),  FND y pH tendrían mayores emisiones potenciales de 

NH3. Estos resultados confirman la relación directa entre el contenido de N del purín y las 

emisiones de NH3, así como el efecto de la acidez del medio (Chowdhury et al., 2014; 

Philippe et al., 2011).  
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Cuando las emisiones de NH3 (mg kg PV-0.75d-1) se clasificaron en emisiones potenciales 

bajas, medias y altas (Tabla 7.3) se evidencia que, las emisiones potenciales bajas se 

correspondieron a cerdos que consumieron en promedio 15% menos PB que los cerdos con 

altas emisiones (13.5 g y 15.6 g de PB kg PV-0.75d-1, respectivamente). Por lo tanto, a nivel 

práctico, la menor ingestión de PB (-15%) implicarían mitigar la emisión de NH3 en un -

66% aproximadamente (de 33.6 mg a 11.4 mg de NH3 kg PV-0.75d-1, respectivamente). 

Ahora bien, son necesarios ensayos productivos para evaluar el efecto de estas estrategias 

en los diferentes parámetros productivos. 

Por otra parte, el contenido de EE en los purines tuvo una correlación negativa con las 

emisiones de NH3, en este caso es probable que este resultado sea consecuencia de un 

efecto asociado al consumo y excreción de FND ya que los piensos con mayores contenidos 

de fibra también tuvieron mayores contenidos de EE y como tal el consumo y la excreción 

de estos dos nutrientes estarían asociados.  

7.3.2 Emisiones de CH4 

Al evaluar las relaciones entre la emisión de CH4 y el consumo de nutrientes encontramos 

que los cerdos que consumieron mayores cantidades de PB, EB, PB IDN, EE y FS (g kg 

PV-0.75 d-1, respectivamente) producirían mayores emisiones de CH4 (L kg PV-0.75 d-1). La 

correlación entre la emisión de CH4 (L kg PV-0.75 d-1) y el consumo de EE y EB fueron 

significativamente mayores a la de los otros nutrientes (r > 0.55, con P<0.001, en ambos 

casos). En este sentido, si tenemos en cuenta que las dietas evaluadas fueron similares en 

sus contenidos de proteína y energía (entre 144 g y 164g de PB y 16.3MJ y 17.7 MJ de EB, 

por kg de pienso respectivamente), es posible que la asociación encontrada entre las 

emisiones de CH4 y la proteína se deba, en realidad, a su relación con la energía.  

A estas relaciones iniciales entre el consumo de nutrientes y las emisiones de CH4 podemos 

agregar el efecto de la excreción de nutrientes. Al respecto se encontró que la emisión de 

CH4 tuvo una correlación altamente significativa (r: 0.7, P<0.001) con la excreción de EB y 

también con la excreción de EE y FND (r: 0.45 y r: 0.47, P<0.001 respectivamente). Por lo 

tanto, parece que la digestibilidad de la EB y de sus principales fuentes (EE en mayor 

medida y FDN) son determinantes en las emisiones de CH4 (L kg PV-0.75 d-1). En todo caso 
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es muy probable que mayores excreciones de energía resulten en mayores emisiones de 

CH4 (L kg PV-0.75 d-1) (Jarret et al., 2012).   

Cuando las emisiones de CH4 (L kg PV-0.75d-1) se clasificaron en emisiones potenciales 

bajas, medias y altas (Tabla 7.3) se encontró que, las emisiones potenciales bajas se 

correspondieron a cerdos que en promedio consumieron menos energía (-27%) que los 

cerdos con altas emisiones (1.37 MJ y 1.75 MJ de EB kg PV-0.75d-1, respectivamente). Si 

tenemos en cuenta la asociación de la EB con la PB en los piensos, menores consumos de 

EB implicó también menores consumos de PB (-25%) (12.4 g y 15.5 g de PB kg PV-0.75d-1, 

respectivamente). Por lo tanto el menor consumo de EB podría implicar reducir en 46% las 

emisiones de CH4 kg PV-0.75d-1 respecto a los animales con mayores consumos de EB (de 

5.03 L a 2.7 L de CH4 kg PV-0.75 d-1). 

Por otra parte los animales con altas emisiones de CH4 tuvieron mayores excreciones de 

EB, EE y FND. Por lo tanto es de suponer que, de la relación entre el consumo y la 

excreción de EB, así como de nutrientes asociados (EE y FND), depende en gran parte las 

emisiones de CH4 (Elmholt, 2013). Además de esto, la BMP de purines dependería de la 

composición y la naturaleza de los SV del purín. Estos son una proporción de la MO no 

digerida por los cerdos, por lo que su variación estaría supeditada a los ingredientes 

utilizados en la fabricación del pienso. Para los resultados evaluados  parece ser que el 

contenido de EE y FND de los purines fue determinante.  

7.3.3 Balance de nutrientes y emisiones de NH3 y CH4 

Las Figuras 7.1 y 7.2 muestran respectivamente, de forma esquemática, los balances de la 

utilización del N y la EB en cerdos de cebo en función al incremento de PV y las emisiones 

de NH3 y CH4, respectivamente. 

En el caso del N (Figura 7.1), se observan diferencias en el consumo y la excreción total de 

N entre los cerdos con emisiones de NH3 altas medias y bajas. A pesar de estas diferencias, 

la retención de N fue similar en los tres casos (40.1 g, 39.5 g y 39.4 g de N incremento de 

kg PV, para emisiones altas medias y bajas, respectivamente). Esta misma tendencia se 

encontró en la excreción de N en heces (11.6 g, 11.4 y 10.8 g de N incremento de PV, 
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respectivamente), por lo tanto las diferencias principales estuvieron en la excreción de N en 

la orina.  

 
Figura 7.1. Utilización del N en cerdos de cebo (g de N por incremento de kg PV) y emisiones de 

NH3 (g kg PV). Fuente: Autor.  

En el caso de los cerdos clasificados en altas emisiones, habrían digerido el 84% del N 

consumido (69.6 g de N ingerido), de esta cantidad habrían utilizado 39.4 g N para sus 

procesos metabólicos y productivos y el exceso habría sido excretado por la orina (19.4 g 

de N) y como consecuencia se tuvieron mayores emisiones de NH3, emitiendo el 32% del N 

excretado. En el caso de los cerdos clasificados en emisiones medias, consumieron 64.4 g 

N, habrían digerido el 82% del N consumido, habrían utilizado 39.5 g de N para sus 

procesos metabólicos y productivos, el exceso habría sido excretado por la orina (13.5 g N) 

y se habría emitido el 24% del N excretado. Para el caso de los cerdos clasificados en 

emisiones bajas, consumieron 62.7 g N, habrían digerido el 81% del N consumido, habrían 

utilizado 40.1g de N para sus procesos metabólicos y productivos, el exceso habría sido 

excretado por la orina (11.1 g N) y se habrían emitido el 16 % del N total excretado. Se 
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observa además que las diferencias absolutas de nitrógeno urinario excretado se 

corresponden con las diferencias en el NH3 potencialmente emitido. Estas relaciones 

confirmarían que los factores determinantes en las emisiones serían el consumo y la 

digestibilidad del N, ambos factores determinarían la disponibilidad final de nitrógeno 

(heces/orina) en los purines.  

 
Figura 7.2. Utilización de la EB (MJ por incremento de PV kg) y las emisiones de CH4 (L MJ-1) 

en la alimentación de cerdos de cebo. Fuente: Autor 

En el caso de la utilización de la EB se encontró que, en promedio, el 83% de la EB 

consumida fue retenida, probablemente para sus procesos metabólicos y productivos. El 

17% de la EB fue excretada (heces y orina) y se emitió 4.2 L de CH4 por MJ (Figura 7.2). 

Se observan diferencias en el consumo de EB para los cerdos con emisiones de CH4 altas, 

medias y bajas (1.87, 1.77 y 1.81 MJ, respectivamente), sin embargo la retención y la 

excreción de energía en orina  fue similar en las tres categorías. Por lo tanto, es probable 

que los cerdos evaluados hayan utilizado alrededor de 1.49 MJ en sus necesidades 
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metabólicas y productivas por kg de incremento de PV. Por lo tanto, la diferencia principal 

entre las categorías sería en la excreción de energía en heces.  

Los cerdos con emisiones altas excretaron mayores cantidades de energía en heces (0.31 

MJ) que los cerdos con emisiones medias y bajas (26 MJ y 25 MJ por incremento de PV 

kg, respectivamente). La energía excretada en heces es principalmente la energía no 

digerida por el animal, y por lo tanto la cantidad de energía consumida y su digestibilidad 

serían los factores determinantes en las emisiones de CH4. 

A la luz de los resultados, una mejora de la eficiencia de utilización del N y de la EB, 

reduciría la excreción de N y EB de los piensos y de las emisiones de NH3 y CH4.  

7.4 Optimización de la medición del potencial de emisiones de NH3 y 

CH4 

 La medición de las emisiones potenciales de NH3 in vitro por el método de trampas ácidas 

húmedas (Ndegwa et al., 2009) implica  el registro de la emisión de NH3 diariamente 

durante 11 días. La medición del potencial de emisión de CH4 in vitro (metodología 

descrita por Angelidaki et al. 2009) replica procesos controlados de fermentación 

anaeróbica de purines en botellas de 120 ml durante 100 días. En ambos casos, los métodos 

permiten determinar las emisiones potenciales en condiciones estandarizadas, como tal 

permitirían diferenciar el potencial de emisiones de purines de diferentes orígenes.  

Sin embargo, en el caso de la aplicación de la metodología de trampas ácidas húmedas in 

vitro, no se encontraron reportes de las implicaciones de la frecuencia de medición de las 

emisiones parciales de NH3 sobre la precisión de los resultados de las emisiones 

acumuladas. En el caso de la determinación del potencial de emisión de CH4 uno de los 

inconvenientes del método podría ser la duración del ensayo (100 días). No obstante se han 

desarrollado modelos de predicción que pueden ser utilizados para estimar las emisiones a 

partir de características del purín como el pH, ST, EE, LAD, FND (Beccaccia et al., 2015; 

Godin et al., 2014), pero aún son escasos aquellos que se basan en calcular las emisiones 

potenciales tomando en cuenta la dinámica de producción de CH4 (Kafle y Chen, 2016). 
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En el caso de las emisiones de NH3 los resultados encontrados en el capítulo 5 evidencian 

que el día 15 aún se sigue emitiendo NH3 y como es probable que los purines sigan 

emitiendo más allá de 15 días.  Sin embargo queda clara la posibilidad de reducir la 

frecuencia de reemplazo de las trampas ácidas, de una frecuencia diaria a una frecuencia 

interdiaria, sin afectar significativamente la estimación de la emisión acumulada. 

Complementariamente también es evidente la posibilidad de reducir el tiempo de medición 

de 15 a 11 días y calcular la emisión “restante” con el modelo de predicción propuesto en el 

Capítulo 5 (Emisión potencial de NH3 = 1.2912 x emisión parcial en el día 11 + 4.1, R2 = 

0.98) con un alto grado de certeza. 

Los resultados de la evaluación metodológica del método de trampas ácidas nos indican la 

factibilidad de reducir en un 50% el tiempo dedicado a la medición de las emisiones de 

NH3, esto no solo incluye la mano de obra, si no también incluye el uso de todos los 

insumos y equipos asociados a esta técnica (solución ácida, solución alcalina, energía 

eléctrica). 

En el caso de la determinación del potencial de producción de CH4, conforme a los 

resultados presentados en el capítulo 6 podemos indicar que, las dinámicas de emisión de 

CH4 de purines de granjas comerciales y purines reconstituidos fueron similares. En ambos 

casos, al día 53 de iniciado la determinación in vitro de la BMP, se ha producido más del 

95% de la emisión potencial, el 5% de la emisión restante se produciría entre los días 54 a 

100. Por lo tanto, para la determinación de la BMP de purines de cerdo se requerirían 

mediciones hasta el día 50. Las emisiones restantes podrían ser calculadas con los métodos 

predictivos basados en la cinética de producción de CH4 desarrollados en la presente tesis. 

En referencia a la dinámica de la BMP, se correspondió a un modelo asintótico y la 

determinación de la BMP a diferentes tiempos podría ser estimada por modelización 

usando los registros de emisión de CH4 hasta el día 32. 

La aplicación de los resultados del modelado de la cinética de producción de CH4 y la 

predicción de la BMP permitirían reducir en un 50% el tiempo dedicado a la medición de la 

BMP. Esta reducción implica a todos los recursos y medios involucrados como son el 

personal técnico de laboratorio (para el seguimiento, registro de la producción de biogás, 
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toma de muestras y determinación de la concentración de CH4), recursos, equipos e  

insumos asociados a esta técnica. 

Por otra parte, las características de los purines estudiados y sus emisiones potenciales de 

NH3 y CH4 han tenido un amplio rango en su origen, y composición por lo tanto los 

modelos de predicción desarrollados serían robustos. 
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8 
Conclusiones y líneas de investigación futuras 
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8.1 Conclusiones 

La composición y las emisiones potenciales de NH3 y CH4 de purines de granjas 

comerciales fueron variables. La orientación productiva de las granjas comerciales afectó 

significativamente los contenidos de nitrógeno total, nitrógeno amoniacal, potasio, calcio, 

cobre, sodio, zinc, ácidos grasos volátiles y el pH de los purines, y en consecuencia afectó 

también sus emisiones potenciales de NH3 y CH4. Por lo tanto la utilización de purines 

como enmienda agronómica o como insumo para la producción de biogás requiere 

determinar su composición. 

La inclusión de grasa en la dieta de cerdos (jabón cálcico de palma) provocó mayores 

excreciones de extracto etéreo y proteína bruta, así mismo causó mayores emisiones de CH4 

y menores emisiones de NH3. La inclusión de una fuente de fibra (pulpa de naranja) alteró 

la composición fecal, pero no afectó significativamente a las emisiones de NH3 y CH4.  

La composición de los purines de cerdo y sus emisiones de NH3 y CH4 varían con la 

alteración de factores nutricionales (composición del pienso, ingesta y digestibilidad). El 

análisis global de los resultados indica que las diferencias de emisión de NH3 se deben a 

cambios en la excreción de N en la orina, mientras que los cambios de emisión de CH4 se 

deben principalmente a la excreción fecal de EE y FND. No obstante, en condiciones de 

manejo comercial estos factores se interrelacionaron de forma compleja con otros tales 

como el desperdicio de pienso o el uso de agua de limpieza. 

En cuanto a las metodologías de determinación de las emisiones potenciales de NH3 y CH4 

utilizadas en la presente Tesis Doctoral se ha determinado la factibilidad de reducir en 50% 

los recursos y el tiempo dedicados a la medición de las emisiones potenciales in vitro. Así 

mismo se ha constatado la posibilidad de predecir las emisiones potenciales de NH3 y CH4 

a partir de las características fisicoquímicas de purines y de registros de emisión de las 

primeras etapas de ensayos in vitro.  
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8.2 Líneas de investigación futuras 
Después de haber respondido las preguntas de investigación planteadas en cada uno de los 

objetivos de la esta Tesis Doctoral han surgido nuevas incógnitas que de ser resueltas 

permitirán mejorar el entendimiento de los mecanismos de mitigación de los efectos 

derivados de las emisiones ganaderas y en particular de las generadas por el sector porcino.  

En este sentido creemos que es necesario mejorar el conocimiento de las emisiones de GEI 

en condiciones de granja comercial y determinar cómo los factores asociados a las 

instalaciones y a los sistemas de manejo influyen sobre las emisiones potenciales de las 

excretas generadas por los cerdos. De igual modo es necesario conocer la magnitud de las 

pérdidas de pienso por desperdicio en los diferentes sistemas de manejo y alojamiento y sus 

efectos sobre la composición de los purines las emisiones de NH3 y CH4 además de estimar 

las pérdidas económicas que estas implican a los sistemas productivos. En base a esta 

información podría desarrollarse tecnologías que permitan minimizar estas pérdidas y 

optimizar los sistemas productivos. 

El estudio de los factores nutricionales y sus efectos en la composición de los purines y sus 

emisiones ha aportado resultados en gran medida coincidentes con la literatura. Sin 

embargo, los resultados obtenidos respecto al efecto de la grasa abren líneas de 

investigación de gran interés. En primer lugar, es importante profundizar en cómo afectan 

los distintos tipos de grasa a la digestión, composición de purines y sus emisiones. En 

segundo lugar, son complejos los mecanismos de interacción entre los distintos 

componentes del pienso (por ejemplo, la grasa con la fibra), y sus efectos en las emisiones, 

de forma que deberían revisarse y explorarse estas relaciones en mayor profundidad. 

Teniendo como base la información generada en el marco de esta Tesis Doctoral y de los 

estudios adicionales realizados en el marco del proyecto GASPORC-AGL2011-30023 es 

necesario conocer las implicaciones productivas y económicas de la implementación de las 

estrategias nutricionales evaluadas. Esto permitiría establecer nuevas recomendaciones 

nutricionales que tomen en cuenta consideraciones productivas, económicas y ambientales 

viables. 
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Del mismo modo queda por explorar los límites de las emisiones potenciales de NH3 in 

vitro de purines de cerdo ya que, es probable que las emisiones continúen más allá de los 15 

días evaluados en la presente Tesis Doctoral. 

Por otro lado, consideramos que aún quedan por precisar detalles importantes de los 

procesos de fermentación microbiana en el tracto intestinal posterior de cerdos (intestino 

grueso y ciego), sobre todo de aquellos que pudieran darse con la inclusión de fuentes de 

fibra y grasa u otros insumos en el pienso y sus implicaciones en la excreción final de 

energía y nitrógeno y en la eficiencia del sistema. 
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