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Resumen

Una primera revision bibliografica relativa al ekiadel arte en materia de residuos y
energia en Espafa puso de manifiesto que tantolegislacion (Ley 22/2011) como en
los planes de Energias Renovables en Espafia (PBR;2010) y el Plan Integrado de
Residuos (PNIR, 2008-2015) se ha establecido camneoidad la valorizacion de los

residuos orgénicos por la via de la generacionaigb.

Marcando por tanto como objetivo global la OPTIMIZWN DE LA DIGESTION
ANAEROBIA DE RESIDUOS ORGANICOS, la presente tesismenzo con la
realizacion de una investigacion bibliografica esfiea con los objetivos de definir los
residuos de mayor interés y evaluar la problematieasu digestibilidad. Dada la
limitacion de la etapa de hidrélisis para resido@diculados, el rumbo de la tesis quedo
fijado en la introduccion de una etapa previa de-t@tamiento, obteniéndose
financiacion de la empresa Cambi, lider mundialeemologias de tratamiento térmico

de residuos.

De este modo, la tematica y objetivo final se cetar en la OPTIMIZACION DE LA
DIGESTION ANAEROBIA DE DISTINTOS RESIDUOS ORGANICORIEDIANTE

LA INTRODUCCION DE UN PRE-TRATAMIENTO DE HIDROLISISTERMICA
CON EXPLOSION DE VAPOR. Y como materia prima seeselonan residuos de
distintas categorias: industriales (bagazo de zaryecascara de naranja), agricolas
(paja de trigo), ganaderos (purin de cerdo) y wbdlodos de depuradora), y se plantea
una sistematica de trabajo comuan: experimentacigrianta piloto de hidrolisis térmica
con explosion de vapor en distintas combinacioresethperatura-tiempo en el rango
150-220°C y 1-60 minutos (unificadas en un “facterseveridad”), y evaluacion de la
influencia en la biodegradabilidad mediante ensagitsh de potencial metanogénico, y

estudio matematico cinético y estadistico de lsaltados.
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Resumen

El inicio de la tesis no resulté esperanzador, dade los resultados con los dos
residuos industriales ensayados mostraron que dedlisis térmica no mejoré la

biodegradabilidad de dichos residuos; por el caotréanto la productividad como la

cinética empeoraron.

Hasta este momento, el Unico parametro que se érapléa discusion fue el factor de
biodegradabilidad, que compara la produccién deanaetlel residuo tratado respecto

del no tratado.

La paja de trigo fue el tercer residuo ensayadteniéndose resultados positivos en
productividad para pre-tratamientos de severidadaramla, mostrando que no siempre
el pre-tratamiento resulta beneficioso. Las condies Optimas de operacion resultaron
200°C-5min y 220°C-1min (factor de severidad d¢, p&ra las cuales la produccion de

metano se incrementd en un 20-25% y la velocidatkedeadacion se duplico.

En el caso del purin de cerdo, pre-tratado ennglad 20-180°C, el tratamiento térmico
siempre resulto beneficioso, llegandose a dobidotia productividad de metano como
la velocidad de degradacién para las condicionémap de 170°C y 15-30 min (factor
de severidad de 3.5).

Finalmente, para el residuo de lodos de depuradia@o que la optimizacion de las
condiciones de hidrdlisis térmica ya ha sido pmedate estudiada en una serie de
trabajos publicados por miembros del grupo de iy&sién dentro del que se
desarrolla la presente tesis (Departamento de iegenQuimica y Tecnologia del
Medio Ambiente de la Universidad de Valladolid),estudio realizado en el marco de
esta tesis ha consistido en la implementacion delebo Anaerobic Digestion Model
N°1 para el modelado del comportamiento de digestatimentados con lodo pre-
tratado térmicamente. Previamente calibrado mesliggsultados obtenidos en ensayos

BMP, el modelo resultante ha demostrado ser figloii.

A partir de los resultados obtenidos se plantebewaduacion energética con el objetivo
de tener una primera vision de la relacion entrenargia térmica requerida para el

funcionamiento del pre-tratamiento y la energianiéa generada a partir de biogas.
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Resumen

Para los tres residuos cuyo pre-tratamiento hdtaglsude interés (paja de trigo, purines
de cerdo y lodos de depuradora), el balance repafilivo. Sin embargo, el interés real
desde el punto de vista operacional radica en pasowes de co-tratamiento y co-
digestion, dada la posibilidad de incrementar legy&ade operacion de los digestores
alimentados con residuo pre-tratado, y los incréogereales de produccion global de
biogds que pueden obtenerse de este modo (masdalldos incrementos de
productividad obtenidos en los ensayos de BMP).

Existe, por tanto, un campo de trabajo abiertortirgi#e esta tesis, que se apoye en la
operacion de digestores en continuo alimentadosrextla de residuos pre-tratados y

frescos.
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Antecedentes Generales

1.1 Introduccién: ¢ Residuos o recursos?

La generacion de residuos es una consecuencigadteccualquier tipo de actividad
desarrollada por el hombre; hace afios un gran mp@jee de los residuos eran
reutilizados en muy diversos usos, pero hoy emdsaencontramos en una sociedad de
consumo que genera gran cantidad y variedad déuossiprocedentes de un amplio
abanico de actividades. En los hogares, oficin&cados, industrias, hospitales, etc.,
se producen residuos que es preciso recoger, yrataminar adecuadamente.

Los residuos constituyen uno de los problemas artdles mas graves de las
sociedades modernas, en particular de las masadane industrializadas. Se trata de
un problema en aumento, que no deja de agravatselodal creciente volumen
generado y la estrecha relacion de paralelisme éwgrniveles de renta y de calidad de
vida y el volumen de residuos que generamos. Egfativa circunstancia se agrava por
la adn insuficiente concienciacion ciudadana era esfteria, que dificulta con
frecuencia la adopcion de la mejor solucion pogibliex determinados residuos.

De acuerdo con las estadisticas de la Nacionesalnid poblacion mundial en 2050
superara los 9 mil millones. La combinacion dete&falel crecimiento de la poblacion
y las tendencias de consumo conducen a un maysugunde recursos, esto es, mayor
demanda de energia, agua y nutrientes, y a unrdaregponencial de los residuos.
Este aumento de los residuos provoca directamériteremento de la polucién del
planeta y la contaminacion del medio ambiente. élot mejorar la eficiencia en la
utilizacion de los recursos y en la gestion de lessiduos no es solo una necesidad
sino un desafio.

Por otro lado, el tratamiento de los residuos exigecoste elevado. Se presenta
entonces la necesidad de la blsqueda de la reduteidostes de su tratamiento, bien
por la mejora de técnicas conocidas o por la apbcade nuevas tecnologias que
resulten no solo eficientes sino econémicamentaesa

Por todo lo expuesto, desde el punto de vista ippa¢econdmico, medioambiental y
social) resulta de gran interés el conceptorel®duo como recursQ esto es, su
valorizacion tanto agricola (aplicacion al suel@mo energética (como fuente de

energia). Teniendo en cuenta que hoy en dia losustibles fésiles representan
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aproximadamente el 80% de la energia consumiddaplonumanidad, la obtencion de

bioenergia (proveniente de materiales bioldégices)ra opcion enormemente atractiva.

1.2. Revision del estado del arte sobre residuoslidés organicos en
Espana

1.2.1. Los residuos sélidos y su clasificacion

El caracter que define a un material como residigaks tanto el interés o no de su
generacion, sino el hecho de que se forma comaadigto sobrante de una operacion
o actividad, tanto en los procesos intermedios cparcel uso o consumo final. Asi, se
entiende por residuo todo material o sustancialjmino deseado, que es abandonado
por quien lo genera, y que es susceptible de aphaweiento o transformacion en un
nuevo bien, con valor econémico o para disposifiiai.

Otra definicion de residuo es la recogida en la P@J2011 de residuos y suelos
contaminados, donde residuo es “cualquier sustanoigeto que su poseedor deseche
o tenga la intencion u obligacién de desechar”.

La gran cantidad y variedad de residuos generados fue se recurra a clasificarlos
para facilitar su estudio y optar por el sistemgeltion mas adecuado de los mismos.
La composicion media de los residuos urbanos eaftaspsta formada por el 44% de
materia organica, 21% papel-carton, 10.6% de plasti% vidrio, 4.1% metales, 1%
maderas y 12.3% de otros (PNIR 2007-2015). Com@ussle observar, 65% esta
formado por residuos biodegradables.

El modo de clasificar los residuos puede ser muiada, ya que se pueden establecer

clasificaciones atendiendo a distintos criteri@snc son:

- Origen: Residuos industriales, agricolas y ganagesanitarios, urbanos y
biorresiduo.

- Caracteristicas fisico-quimicas: Residuos sélitiggjdos, emisiones gaseosas,
lodos/fangos, residuos pastosos y residuos radroact

- Peligrosidad: Residuos toxicos y peligrosos, irseytao peligrosos.
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La clasificacion mas utilizada correspondeosben de los residuosy se describe

brevemente a continuacion.

- Residuos industriales:

Residuos resultantes de los procesos de fabricadéntransformacion, de
utilizacién, de consumo, de limpieza o mantenintegenerados por la
actividad industrial, excluidas las emisiones attadsfera reguladas en la Ley
34/2007, de 15 de noviembre. Como ejemplo se cerssidlos residuos
industriales inertes, los asimilables a urbanosoy tesiduos industriales
especiales.

- Residuos agricolas y ganaderos:

Residuos que provienen de las actividades agramiaentido amplio. A su vez,
estos residuos se dividen en tres tipos seguntiédad en que se originen:
residuos agricolas, forestales y ganaderos.

- Residuos sanitarios:

Son los residuos generados en cualquier actividadtasia, incluidos los
desechos de actividades veterinarias, que pueddganay agentes patdgenos y
causar enfermedades en personas expuestas. Complcejelestacan los
residuos quimicos, los especiales radiactivos ecisles restos anatomicos de
entidad.

- Residuos Urbanos:

Son los residuos generados en los domicilios, @mileleos urbanos o en zonas
de influencia. Segun la legislacion 22/2011 dedwess y suelos contaminados,
estos pueden ser clasificados en residuos domesgicoomerciales. Como
residuos domeésticos se entienden los “generadoslognhogares como
consecuencia de las actividades domésticas. Sedewars también residuos
domeésticos los similares a los anteriores generadaoservicios e industrias”.
Como residuos comerciales se entienden los “residgenerados por la
actividad propia del comercio, al por mayor y at pwenor, de los servicios de
restauracion y bares, de las oficinas, los animdtesésticos muertos y los

vehiculos abandonados”.
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- Biorresiduo:
Segun la Ley 22/2011 se define biorresiduo el thesi biodegradable de
jardines y parques, residuos alimenticios y der@grocedentes de hogares,
restaurantes, servicios de restauracion colectiestgbelecimientos de venta
colectiva al por menor, asi como, residuos compesalte plantas de procesado

de alimentos.

Esta tesis se centra en el tratamientorel®duos organicos biodegradablesie

distintos origenes (especificados en el Capitulo 3)

1.2.2. Aprovechamiento de residuos solidos orgango

Se entiende por aprovechamiento el conjunto de faseesivas de un proceso en el que
la materia inicial es un residuo. El procesamietiéme el objetivo econémico de
valorizar el residuo u obtener un producto o suthpcto utilizable.

La maximizacion del aprovechamiento de los residie@serados y en consecuencia la
minimizacion del residuo contribuye a conservaregucir la demanda de recursos
naturales, disminuir el consumo de energia, redosircostes, asi como reducir la
contaminacion ambiental.

A continuacion se presentan en términos generakesdracteristicas principales de

diversos tipos de tratamientos y/o valorizaciomegeduos existentes en la actualidad.

a) Alimentacién animal:
Principalmente en las zonas rurales, la fracciogamica de determinados
residuos (especialmente agricolas) se separa psmal para la alimentacion

animal, en su mayoria ganado y cerdos.



b)

d)
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Compostaje:
El proceso de compostaje constituye actualmente dmdos meétodos de

tratamiento de los residuos solidos organicos nmagleados, especialmente
como alternativa de valorizacion o inertizaciérre&duos contaminantes. Es un
proceso aerobio, es decir en presencia de oxigpr@permite la degradacion
bioquimica de la materia organica presente endeglwos. Esta degradacion
aerobia se realiza gracias a la accion de microsges presentes en el sustrato
solido que transforma el residuo en un compuesbgubdmicamente estable
denominado “compost”.

El proceso de compostaje se produce mediante arrdds de tres etapas,
durante las cuales se consume la materia orgaracauyvez se genera dioxido
de carbono. Estas etapas sorecimiento(de los microorganismos presentes en
los residuos)etapa termoéfila(producciéon de la actividad bacteriana a 50-70°C)
y etapa de maduraciofproceso de descomposicion de la materia organica).

Biocombustibles:

Biocombustible es cualquier combustible liquiddidgbo gaseoso, procedente
de la biomasa (materia organica proveniente desorgnimal o vegetal). Este
término incluye el bioetanol, metanol, biodieseklybiogas, cuyo desarrollo

actual esta siendo exponencial.

Vertederos:

Consiste en un espacio confinado destinado a lasti@pn y descomposicion de
los residuos. Se trata de uno de los destinosuzést de los residuos solidos
junto con los lodos de depuradoras. De hecho,ddgsl constituyen el residuo
organico por excelencia de vertederos. Sin embéagteposicion en vertederos
tiene las limitaciones propias de estos sistemasgelion. Es frecuente
encontrar problemas de gases incontrolados, oldbagiados que pueden

contaminar las aguas subterraneas, o situaciongarsss no deseadas.
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e)

f)

9)

h)

Gasificacion:

La gasificacion consiste en un proceso termoquimied permite transformar la
materia organica presente en los residuos sélidasnegas con un bajo poder
calorifico. Este proceso consta de tres etapassesfasecado, craqueo y
gasificacion. Este método de tratamiento preseat#ay ventajas, entre las
cuales estan la facilidad de valorizacion del wsidependiendo poco de su
composicion, buen rendimiento y bajo impacto amtbierolateral. Sin embargo

su coste es elevado.

Pirolisis:

La pirolisis es un proceso de combustion que séym® en ausencia de oxigeno
a altas temperaturas comprendidas entre los 55000°C. Este tratamiento
permite transformar la materia organica de un wesisblido y convertirlo en
gases, liquidos o0 materiales de naturaleza inésgteina técnica frecuentemente

usada en relacion con la incineracion.

Oxidacién:

La oxidacién consiste en un proceso donde se logjdar la materia organica

en suspension o disolucién acuosa presente ersaos, con la consecuente
obtencion de agua, didéxido de carbono y otros casims organicos simples.
Las condiciones de operacion son el empleo de egemtidantes, oxigeno

atmosférico a presion y temperaturas de 300°C apaabamente, por lo que

resulta una tecnologia altamente costosa.

Digestidbn anaerobia:

Es un proceso biolégico de conversion de la matggnica en substancias
inocuas y gases, como metano y dioxido de carboadiante condiciones
anaerobias (ausencia de oxigeno).

Atendiendo a las directivas, Europea (1999/31/CH)agional (Real Decreto
1481/2001), la digestién anaerobia se presenta eompooceso enormemente

atractivo, ya que utiliza materia organica biodegradable conateria prima,

produciendo un residuo (con excelentes caractasstara ser utilizado como
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fertilizante para el suelo) y biogas con alto coite en metano (aprovechable

como fuente de energia térmica o eléctrica medgistemas de cogeneracion).

1.3. Revision del estado del arte sobre energia y noriinea

1.3.1. Energia en Espafia

En la civilizacion moderna, la disponibilidad desggia esta fuertemente ligada al nivel
de bienestar, a la salud y a la esperanza de eidsed humano. En la sociedad actual,
los paises mas pobres muestran los consumos nass dmjenergia, mientras que los
paises mas ricos utilizan grandes cantidades d@slama. Sin embargo este escenario
esta cambiando de forma drastica, cambio que s¢uaca en los préximos afos, donde
seran precisamente los paises en vias de desajudines experimenten con mayor
rapidez un aumento en su consumo de energia dabidoremento que tendran tanto
en sus poblaciones como en sus economias.

Se prevé que el consumo de energia en el mundereenente en un 57% entre 2004 y
2030, a pesar de que se espera que el aumenteadesptanto del petrdleo como del
gas natural siga en aumento. Se prevé que el canslamenergia en el mercado
experimente un incremento medio de un 2,5% porhalsta 2030 en los paises ajenos a
la OCDE, mientras que en los paises miembros aeradio del 0,6%; asi, durante este
periodo, los paises OCDE incrementaran su demamglgética en un 24%, mientras

gue el resto de paises lo haran al 95%.

Los datos oficiales de 2011 sefialan un consumé det&nergia en Espafia de 130.2
millones de toneladas equivalentes de petréleo)(Temtidad muy similar a los afios

anteriores.

El consumo de energia primaria en este afio haceatadtado por el bajo perfil de la

actividad econémica y por un clima benigno durangi® el afio.
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Los rasgos mas significativos del comportamientdadefuentes de energia en 2011

frente al 2010 son:

- Aumento del consumo de carbén (+82%), principalmedel carb6n de
importacion.
- Decrece (-3,3%) el consumo de petréleo y por taméo los productos

petroliferos, consecuencia de las bajadas en paautinte todos sus usos finales.
- Disminuye el consumo de gas natural en un 7%, debihcipalmente al
descenso de la demanda de los ciclos y suavidks demperaturas invernales.

- Caida de la generacion nuclear (-7%), consecualeian mayor régimen de

paradas técnicas.

- Caida de la produccién del conjunto de las enengiasvables (-3,5%). Han
registrado descensos las producciones de hidraelidi@a, biomasa y residuos.
Han crecido geotérmica y, especialmente, la sotar,una avance estimado del
62%.

A continuacion se presenta una tabla del consunmendemgia primaria en Espafia en los
afios 2008-2011, incluidas todas las renovablesinskegnte de la Secretaria de Estado

de Energia, Ministerio de Industria, Energia y Jimo.

Tabla 1.1- Consumo de energia primaria en Espafia

2008 2009 2010 2011

KTep % KTep % KTep % KTep %

Carbon 13983 9.8 10353 7.9 7156 5.5 13045 10.0
Petréleo 68182 479 63673 48.8 60993 46.9 58957 3 45.
Gas Natural 34782 244 31104 23.8 31182 24.0 28922.3

Nuclear 15368 10.8 13750 10.5 16155 124 15029 11.5
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Energias Renovables: 10942 7.7 12325 9.4 15263 114727 11.3
- Hidraulica 2004 1.4 2253 1.7 3636 2.8 3625
- Edlica 2795 2.0 3196 24 3798 2.9 3617
- Biomasay 5162 3.6 5087 3.9 5380 4.1 5235
Residuos

- Biocarburantes 620 0.4 1058 0.8 1413 1.1 1579

- Geotérmica 8 0.0 9 0.0 16 0.0 21
- Solar 353 0.2 718 0.6 1020 0.8 1650
Total 142308 100.0 130508 100.0 130032 100.0 130225 100.0

1.3.2. Plan de Energias Renovables en Espafia

Espafia mantiene desde hace afios un notorio cretinga la demanda energética. La
creciente y excesiva dependencia energética ex{atirededor del 80% en los ultimos
afnos) y la necesidad de preservar el medio ambiehtigan al fomento de formulas
eficaces para un uso eficiente de la energia tillzacion de fuentes limpias. Por tanto,
el crecimiento sustancial de las fuentes renovaplef a una importante mejora de la
eficiencia energética, responde a motivos de egliet econdmica, social y

medioambiental.

El Plan de Accion Nacional de Energias Renovabled122020 se encuentra
actualmente en proceso de elaboracion, por loante el escenario como los objetivos
gue se mantienen son los marcados por el plani@mtBfan de Energias Renovables
2005-2010 (PER).

Para la formacion del escenario del mapa energétic2020, se ha tenido en cuenta la
evolucion del consumo energético en Espafa, el ddzés precios del petrdleo en
relaciéon a los mismos en la década de los novefdangensificacién sustancial de los

11
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planes de ahorro y eficiencia energética. Las ceimhes principales del informe se

enumeran a continuacion:

- En una primera estimacion, la aportacion de lasgéa® renovables al consumo
final bruto de energia seria del 22.7% en 202@rtéra un objetivo para Espafna
del 20% en 2020 — equivalente a unos excedentesneegia renovable de
aproximadamente de 2.7 millones de toneladas elgutes de petroleo (Tep).

- Como estimacion intermedia, se considero que am@l2012 la participacion
de las energias renovables fuera del 15.5% (fr@mt@lor orientativo previsto
en la trayectoria indicativa del 11.0%) y en 20&& del 18.8% (frente al 13.8%
previsto en la trayectoria).

- El mayor desarrollo de las fuentes renovables @afizscorresponde a las areas
de generacion eléctrica, con una prevision de tribucion de las energias

renovables a la generacién bruta de electricidad218% en 2020.

El principal objetivo del plan 2011-2020 consiste acanzaral menos un 20% de
obtencion de energia de fuentes renovables, respe@l consumo final de energia
antes del 2020 llegando a una contribucion de las fuentes renlegaal sector del
transporte de un 10% como minimo ese mismo afio.

Cuando concluya el PER 2011-2020, se calcula qeedagia edlica seguira siendo la
energia renovable que mas aporte, seguida deligiarselar. Entretanto, la procedente
de la biomasa, el biogas y los residuos vera inenéada su contribucion al suministro

eléctrico.

El PER 2005-2010, plan actualmente en vigor, prepon analisis de objetivos por
areas técnicas, es decir, para cada una de laganesnovables: edlica, hidroeléctrica,

solar, térmica, solar fotovoltaica, biomasa y b&ga

Aunque los objetivos fijados en su dia por el piemma el area debiogas fueran
modestos, durante los ultimos afios su crecimieatsido muy superior al inicialmente
previsto.

De acuerdo con la evolucién registrada hasta laafgccon los analisis llevados a cabo
para la elaboracion del PER 2005-2010, el objedstablecido para el area supone un

incremento de la potencia instalada durante estedoede 94 MW, con una produccién

12
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de electricidad asociada a ese incremento quenascien 2010 a 592 GWh, y se

traduce, en términos de energia primaria en 18%kKibikcionales.

En la tabla siguiente, se recogen digetivos energéticos propuestos por el tipo de

residuo para la produccion de biogassegun el PER.

Tabla 1.2 Tipo de residuo empleado segun el PER 2005-2010

PER 2005-2010

Recursos (Tep)

Residuos ganaderos 8000
Fraccion organica de residuos solidos 110000
Residuos industriales biodegradables 40000
Lodos de depuradora 30000

Aplicaciones (Tep)

Aplicaciones eléctricas 188000

Cabe sefialar con respecto al biogas que Espafiaatmm amplia experiencia en el
desarrollo de instalaciones de aprovechamientaétieo del biogas producido tanto en
instalaciones de desgasificacion de vertederos cemal tratamiento de residuos
biodegradables de origen industrial o de lodosaeichdoras.
En la fase de desarrollo actual de este tipo deaapbnes, los objetivos a alcanzar
dentro del capitulo de innovacion tecnologica dielmeser:
- Mejora de eficiencia en los procesos de producaépuracion y limpieza de
biogas.
- Desarrollo de sistemas de codigestion de los resitliodegradables.
- Desarrollo de sistemas para la inyeccion de biegda red de gas natural.
- Avances tecnoldgicos ligados al empleo de pequeitasitidades de residuo
(ganadero, industrial o de lodos de depuradora) par el aprovechamiento
energético del biogas producido en su digestion as@bia.

13
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1.3.3. Plan Nacional Integrado de Residuos (200844) - PNIR

De la mala gestion de los residuos se pueden dexigatos colaterales dafiinos para la
mayoria de los medios receptores: de los residuggnizos biodegradables se puede
generar amoniaco y metano; si se trata de sussartoiicas, persistentes a
bioacumulativas, pueden contaminar los suelosadass e, incluso, el aire; el vertido
incontrolado de muchos otros residuos especialedlega dafios tales como la
contaminacion de las aguas y el suelo, riesgosalla publica, entre otros.

Si a esto afadimos el fendmeno, generalizado eosttms paises avanzados, del
incremento paulatino y hasta ahora imparable deleato en la generacion de residuos,
se llega a la conclusién de la necesidad de rdgslaon rigor ecoldgico y planificar la
puesta en practica de esa regulaciéon de manemnahyirealista.

En la actual directiva marco europea, DirectivaG0P/CE, y en todas sus antecesoras
juridicas, se pone de manifesto esta necesidad|lake se deriva la obligacion de los
estados miembros de dotarse de estos instrumeunt@icps y de planificacion.
También en la actual Estrategia Comunitaria de i@este Residuos, se contempla la
conveniencia de elaborar planes de residuos.

En la Ley 10/1998, de Residuos, articulos 5 y @&ssablece la obligacion de elaborar y
aprobar Planes Nacionales de Residuos, que secoctoriaran por integracion de los
respectivos planes autonémicos. En los Planes Naei® deben figurar objetivos de
reduccion, reutilizacion, reciclaje, otras formasvalorizacion, y eliminacion, asi como

los medios para conseguirlos, el sistema de fiaana y el procedimiento de revision.

Descripcidon general del PNIR

Para mejorar la gestion de todos los residuos gdasren Espafia, estimular a las
distintas administraciones y agentes involucradasahel logro de objetivos ecoldgicos
ambiciosos, y dar cumplimiento a las normas legaileslas, se ha adoptado el Plan
Nacional Integrado de Residuos (PNIR), en el guedayen, en forma de anexos, 13
planes de residuos especificos en cada uno deualescse establecen medidas

concretas y objetivos ambientales.

14
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En el plan se incluyen todos los residuos que diguan la Lista Europea de Residuos

(LER), generados en Esparfia o procedentes de paisasjeros, excepto los siguientes:

Los residuos radioactivos, regulados por la Leyl264, de 29 de Abril de
energia Nuclear.

Los residuos de origen animal regulados en el Regito (CE) n® 1774/2002
del parlamento Europeo y del consejo, de 3 de @etdb 2002, por el que se
establecen las normas sanitarias aplicables a ubpraductos animales no

destinados al consumo humano.

Objetivos del PNIR 2008-2015

Los objetivos generales del plan se concretanssifuientes puntos:

Modificar la tendencia actual del crecimiento dgdmeracion de residuos.
Erradicar el vertido ilegal.

Disminuir el vertido y fomentar de forma eficazpli@vencion y la reutilizacion,
el reciclado de la fraccidn reciclable, asi conmaformas dealorizacion de

la fraccidn de residuos no reciclable.

Completar las infraestructuras de tratamiento yoraejel funcionamiento de las
instalaciones existentes.

Obtener estadisticas fiables en materia de infieddstas, empresas gestoras y

produccion y gestiéon de residuos.

Principios rectores del PNIR

Constituye un hecho el que cada vez se abran nsitsljgades para el segundo uso de

materiales procedentes de los residuos, graciagaace tecnoldgico, verdaderamente

incesante en los ultimos afios en este campo. Hstmstancia obliga a establecer

directrices para la seleccion de la mejor opciorgeltion posible para los diferentes

residuos, ya que es evidente la imposibilidad deehanalisis de impacto especificos

para cada residuo y en cada circunstancia condtsta.es el origen d@rincipio de

jerarquia, consistente en una secuencia ordenada de maiksidie gestion, de mayor

a menor calidad ecoldgica, que se acepta comotmlirgeneral a la hora de decidir o

escoger la mejor gestion para los residuos. Egteipio solo es aplicable cuando hay
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mas de una opcion de gestién posible, entendieatio término como su viabilidad
técnica y econdmica.

En la Ley espafiola de residuos, se adopfietipio de jerarquia de 5 niveles y por

el orden: prevencion, reutilizacion, reciclaje, oradacion energética y eliminacion
(vertedero, incineracidon sin recuperacion energét con baja recuperacion
energética). En las normas actualmente vigentés BE se incluye este principio, pero
no se especifica claramente la prioridad de ldlization sobre el reciclaje.

El principio de jerarquia es necesario, por mi@spiazones. La experiencia acumulada
a lo largo de los ultimos decenios, los datos epgsrdisponibles, la mayoria de los
estudios disponibles de impacto ambiental compearstentre modalidades de gestion,
ponen de manifestd que el orden establecido emiradipio de jerarquia de 5 niveles
esta justificado. No se trata de hacer de eseipitnalgo absoluto, justificado en el
100% de los casos; pueden hacerse excepcionessgiastienen que estar justificadas
y apoyadas en analisis de impactos y de ciclodd#eoon los que se demuestre que se
obtiene un beneficio ecoldgico invirtiendo, en algiaso, esta ordenaciéon; y en estos
casos, parece logico requerir esas pruebas a gyeetendan alterar o invertir el orden

general del principio.
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Justificacion del trabajo y objetivo global

2.1. Justificacion del trabajo

2.1.1. Primer punto de vista: Necesidad de tratammo de los residuos

organicos

Segun el articulo 5 ddReal Decreto 1481/20Q1de 27 de diciembre, por el que se
regula la eliminacion de residuos mediante depaaitovertedero, la Administracion
General del Estado y las Comunidades AutonOmicderdeslaborar un programa
conjunto de actuaciones para reducir los residigmefradables destinados a vertedero.
Este programa debe incluir medidas que permitaanabr los objetivos especificos que
para residuos urbanos biodegradables recoge @llart.2 del citado Real Decreto, en
particular mediante reciclaje, compostaje y otrasmas de valorizacibn como

produccion de biogas mediante digestion anaerohia

El articulo 5.2 del Real Decreto 1481/2001 esta&btpee se debera alcanzar el siguiente
objetivo: “A mas tardar el 16 de julio de 2016 ckntidad total (en peso) de residuos
urbanos biodegradables destinados a vertederoperasa el 35% de la cantidad total
de residuos urbanos biodegradables generados &t 199

Otro tipo de residuos que también considera el Rkional de Residuos Urbanos, son
los lodos de depuradora cuya produccion va en atnuabido al crecimiento en el
namero de EDARs, consecuencia directa de la pumstaractica de la Directiva
Europea de Tratamiento de Aguas Residuales Urb@astiva 91/271/CEE), y del
aumento en el nivel de tratamiento del agua. Bstatd/a fija el nivel de rendimiento
de depuracién adecuado segun las circunstanciagcgdb#®ente, las dimensiones del
nacleo urbano y la categoria de los puntos dedeerti

Tanto elPlan Nacional de Lodos de Depuradora de Aguas Resiales (2008-2015)
como el Plan de Residuos PNIR recogen entre sus objetivda valorizacion

energética de los lodos de depuradoras y de losidhsos biodegradables.
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2.1.2. Segundo punto de vista: Los residuos comactgso

Actualmente los recursos energéticos convencionaassiendo mas escasos, por lo
gue se hace necesario utilizar las energias relesvate forma tecnol6gicamente
correcta, entre ellas, el biogas, obtenido dedastion anaerobia.

El proceso de generacidon conjunta de electricidadlgr, representa una oportunidad
medioambiental y tecnolégicamente atrayente paravechar el biogas obtenido a
partir de la digestion de residuos creando fuentes energéticas alternativas, dasido a
un paso importante para reducir el calentamienbaily su efecto invernadero, que
provoca cambios climéaticos incalculables y a merdel@stadores.

Como muestra la tabla 1.2 anteriormente presentada] PER 2005-2010 existe una
declaracién de objetivos para la produccién de dsog partir de distintos residuos
biodegradables concretos.

2.2. Objetivo global

Teniendo en cuenta lo anteriormente expuesto,esepte trabajo fija comabjetivo
general la OPTIMIZACION DE LA DIGESTION ANAEROBIA D E DISTINTOS
RESIDUOS SOLIDOS ORGANICOS, de modo que se cumplan los objetivos
energéticos y medioambientales marcados por Ialésgdn y los planes vigentes en

Espafa relativos a:

1- Disminucion de la cantidad de residuos biodegrasatdéstinados a vertedero.

2- Valorizacion energética de los lodos de depuradgprale los residuos
biodegradables.

3- Aumento en la generacién de energia renovable,oeoreto en el area del

biogas procedente de digestion anaerobia.
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3.1. Planteamiento de la investigacion bibliografe realizada
Una vez fijado el objetivo global de optimizaciom ld digestion anaerobia de distintos
tipos de residuos, surgen una serie de interrogagte llevan a realizar una

investigacion bibliografica especifica previa al dgarrollo experimental de la tesis

1- Primer interrogante: ¢ Qué residuos seleccionarlpdesis?

2- Sequndo interrogante: ¢Hay alguna limitacion erditgestion anaerobia de

residuos solidos?

3- Tercer interrogante: ¢Qué alternativas de optindpacde la digestion

anaerobia?

4- Cuarto interrogante: ¢Qué alternativa de mejordadeigestion anaerobia de

residuos sélidos organicos es seleccionada parastnte estudio?

Dichos interrogantes corresponden a los aparta@98.3, 3.4y 3.5.

3.2. Seleccidn de los residuos solidos organicosti@ajo

Tomando como enfoque principal el objetivo glolmalicado relativo a la optimizacion
de la digestion anaerobia de residuos sélidos odyda primera pregunta que surge al
empezar el trabajo egQué residuos se seleccionan?

Una primera revision de los distintos residuos pamente metanizables conduce a la
tabla 3.1.

Manteniendo la clasificacion segun el origen deéssduos presentada en el capitulo 1,
se consideran cuatro origenes principales: indisstagroalimentarias, agricolas y

ganaderos, urbanos y otros residuos industriales.
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Tabla 3.1- Residuos organicos potencialmente metanizables

Residuos de Residuos Residuos Urbanos Residuos
Industrias Agricolas y Industriales
Alimentarias Ganadero
Conservas Ganado porcino, Lodos de EDAR Biodiesel,
vacuno, caprino y Bioetanol
avicula
Zumos, cervezay Paja Fraccion organica Farmacéutica
otras bebidas de residuos solidos
urbanos
Lacteas Residuos agricolas Bioquimica
Céarnicas, Pescado Algas

Siendo imposible plantear una tesis que abarquestlos residuos, el punto de partida
fue la seleccion de los residuos en los que enfdastudio concreto de la tesis.

Se decidié seleccionar al menos un residuo de tipda priorizando aquellos que
resultan mas representativos en el panorama espafiol

Con este planteamiento, los residuos seleccionaaiasel desarrollo experimental de la

tesis fueran:

1- Residuos industrialesCascara de naranjade la industria de elaboracion de

zumos, ybagazo de cervezale la industria cervecera. Ambas industrias tienen
un elevado volumen de produccion en Espafia.

2- Residuo agricolaPaja de trigo, por ser el cereal de mayor produccion.

3- Residuo ganaderd?urin de cerdq que es el residuo ganadero mas abundante

en Espaiia.

4- Residuo urbano:Lodos de depuradora cuya crecente produccion y

problematica ha sido descrita en el capitulo 1.

A pesar de considerar de gran interés los residdtidos urbanos (por su elevada
produccion) y las algas (por su creciente desargotjeneracion), ambos residuos son la
materia prima de estudio en sendas tesis relaigasdigestion anaerobia, actualmente
en curso en el departamento de Ingenieria Quimitacyologia del Medio Ambiente

de esta universidad. Por ello en la presente hesign sido consideradas.

24



Antecedentes Especificos

A continuacién se describe en concreto para cadadarlos residuos seleccionados la
situacion en Espafia relativa a su generacion yndest

1. Cascara de naranja y bagazo de cerveza

a) Cascara de naranja

Generacion: Espafia es considerada el sexto produattdial de zumos. Actualmente,

las naranjas son los frutos de mayor produccidgcala mundial, fundamentalmente en
la comunidad Valenciana donde se producen en @@ millones de toneladas y se
exportan mas del 80% del total nacional.

Destino: La céascara se destina fundamentalmentea dalbricacion de piensos

compuestos de ganado. Como alternativa de val@fizaazon6mica se emplean en la

industria cosmética y en el sector farmacéutica ganerar productos de valor afiadido.

b) Bagazo de cerveza

Generacion: En Espafia se producen en media cer@a6@@ millones de litros de
cerveza al afio. En su elaboracion se genera ueadgesubproductos o residuos, siendo
el bagazo uno de los residuos sélidos mayoritariesta industria.

El bagazo es un residuo de la etapa de coccido, gure se elabora el mosto de cerveza
con el empleo de malta de cereales después drikaligacion de los almidones.

Destino: Su uso principal es como alimento paraydaaderia, si bien en muchas

ocasiones se depositan en vertedero.
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2. Paja de trigo

Generacion: En Espafia se generan unos 27 milloeetoretladas de residuos de
cultivos agricolas. La paja de trigo es un subpctaldibroso altamente disponible,
aunque su utilizacion en alimentacion animal estédda por su bajo valor nutricional.
La cantidad de paja de trigo generada en Castilleon en el afio 2009 fue de 259.102
ton/afio.

Destino (de mayor a menor significancia): Alimemacanimal, camas para ganado,
biocombustibles, compostaje, fertilizante naturalalorizacion energética por

incineracion.

3. Purines de cerdo

Generacion: Los residuos ganaderos son todas as|delcciones sélidas y/o liquidas
excretadas por los animales consecuencia de \adactibiologica. La problemética de
Su generacion viene asociada a la produccion @meé@gintensivo 0 semi-intensivo.
Las granjas de explotacion intensiva de ganadoimmproducen un residuo ganadero
liquido, denominado de purin, que presenta unadecarga organica y contenido en
nutrientes (N e P principalmente) y exige un tra¢emo adecuado para evitar dafios
medioambientales y a la salud.

La cantidad generada en Castilla y Ledn en el @009 fue de 2.522.945 ton/afio.
Destino: Compostaje y posterior aplicacion agricolavalorizacion energética via

incineracion.

4. Lodos de depuradora

Generacion: Los lodos generados durante la deurae las aguas residuales se tratan
generalmente mediante digestion anaerobia en fagdepuradora, y tras una etapa de
deshidratacion o secado, se convierten en un esidwvacuar de la EDAR.

El volumen de lodos de depuradora generados eficelda 2005 fue del orden de
1.300.000 toneladas de materia seca.

Destino: Aplicacion en agricultura via compostajebien en muchas ocasiones se

destinan a vertedero controlado.
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3.3. Digestion anaerobia de residuos sélidos

Como se ha puesto de manifesto en el Capitulo 1Adiecedentes generales”, los

residuos organicos son problematicos ya que saajemam grandes cantidades, tienen

una alta humedad y son facilmente putrescibles, Ipogue la nueva normativa

medioambiental ha reducido drasticamente su ddposen vertederos. La opcion de

valorizacion energética mediantabtencidon de biogas pordigestion anaerobia

permitetransformar un problema en una oportunidad con las siguientes ventajas:

El residuo fermentado esta mas estabilizado queagtrial original, pudiendo

ser utilizado para diversos usos, con o sin traatai posterior (aplicacion

directa al suelo, compostaje, abono, etc.).

La humedad no es un problema en la produccién oigdbj se pueden tratar
distintos residuos conjuntamente, reduce el prodldenolores, etc.

Utilizacion del biogas como combustible para cadery motores de

cogeneracion o para calefaccion.

Rendimientos econémicos atipicos: ingresos aditésr@or gestion de residuos
de terceros, venta de abonos organicos, ahorrmengia (eléctrica y térmica),

acceso a subvenciones por tratarse de una enengizable.

Finalmente, esta via resulta muy atractiva a cpldao debido al escenario politico y

econdmico favorable a las energias renovables.

Las situaciones en que se estan aplicando soiglasrges:

Aprovechamiento energético del biogas producidopkmtas de depuracion
anaerobia de aguas residuales de elevada cargacar§éerveceras, azucareras,
mataderos, etc.).

Tratamiento de residuos ganaderos (purines, esti@allinaza) con produccion
y aprovechamiento de biogas para su uso en granja.

Digestion anaerobia de distintos residuos organim®rigen agroalimentario
(hortofruticolas, agricolas, grasa, etc.) paradapccion y aprovechamiento del

biogas generado.
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- Obtencion de abonos orgéanicos (sélidos o liquidies)alto valor afadido, a
partir del producto resultante de la digestion est@ia donde se produce biogas.
- Utilizacion del biogas en el secado y estabilizacife residuos organicos

agroalimentarios de alta humedad, para facilitagesition.

3.3.1. Mecanismo del proceso de digestion

El proceso de digestion anaerobia consiste en wtkena secuencial de rutas
metabolicas y acciones de los diferentes grupdgdsdde bacterias anaerobias, que
participan en la conversion de la materia orgacmapleja en metano y dioxido de
carbono. Debido a la complejidad del proceso, emaal que exista una relacion
equilibrada y coordinada entre los distintos grup@$acterias presentes.

La figura 3.1 presenta un esquema tipico del pmdesdigestion anaerobia, siendo
posible distinguir al menod secuencias principales de degradaciprthidrélisis,

“acidogénesis o fermentaciSifacetogénesis 3metanogénesis.

La etapa dehidrélisis constituye el primer paso de la degradacién abéerds la
conversion de los bio-polimeros (proteinas, cadralos y grasas) en sus monomeros
(aminoacidos, azlcares y acidos grasos de cadeyag taspectivamente), por enzimas
extracelulares producidas por bacterias hidroBtidacultativas o estrictamente
anaerobias (Chandra et al. 2012). Es normalmenggageso lento, siendo, en general,
las grasas hidrolizadas mas lentamente que las ot@éculas. La velocidad de
degradacion esta afectada por un gran numero derdac destacando que, grandes
particulas con baja superficie especifica son gémente hidrolizadas, y muchas veces
la materia organica puede estar encapsulada e f{tlificilmente degradable). Por las

razones anteriores, la etapa de hidrdlisis es dersia como la etapa limitante del

proceso para residuos solidos (Appels et al. 200&)Xmann et al. (2000) han estimado

que cerca de 25% de la materia organica no esidligeor no estar bio-disponible para

las bacterias.
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Polimeros
(proteinas, carbohidratos, lipidos)

Monomeros
(aminoécidos, azucares, acidos

grasos de cadena larga)
|

| -

2 Produtos Intermédios 2
(propionico, butirico, valérico)

v

v < 3 > v
Acetato < Hidrogeno +
4 Dioxido de carbono
5a 5b
v Metano +
R

Diodxido de carbono

Figura 3.1 —Esquema de reacciones del proceso de digestiénohael - Hidrolisis;
2 — Acidogénesis; 3 — Acetogénesis sintréfica;Homoacetogénesis; 5a -
Metanogénesis acetotrofica; 5b — Metanogénesiobaiotrofica. Adaptado de
(Metcalf et al. 2003)

En la etapa siguientacidogénesis fermentacion, los productos de la hidrolisis son
transportados al interior de la célula, donde sasforman en acetato, productos
intermedios (acidos grasos volatiles, alcoholes)higrogeno. La poblacion de

microorganismos acidogénicos representa 90% debi@on bacteriana total de los
digestores anaerobios, presentando reducidos tem@alegradacion; por tanto, esta
etapa nunca serd limitante del proceso. En est& fshidrogeno tiene un papel
preponderante en la distribucion de los productdspdoceso. En ella se verifica la
disminucién del pH del medio por la liberacién detpnes Cuando la presion parcial

del hidrégeno es inferior a f0atm se forma, mayoritariamente, acetato e hidmgen
siendo este proceso metabolico mas rentable erintgsnenergéticos (Mosey et al.,
1984).
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La tercera etapa, la @eetogénesisconsiste en la transformacion de los productda de
fermentacion en acetato, didxido de carbono e pahé por la accion de las bacterias
homoacetogénicas y de las bacterias sintroficasauptoras de hidrogeno (OHPA).
Como etapa final del proceso de digestion anaemmtiare lametanogénesiskEn esta
etapa se produce metano a partir de acético ogadmy didéxido de carbono. Siendo el
acético el principal precursor del metano (70%ndetano proviene del acético) resulta
evidente la importancia de esta conversion en tdoonjunto de las etapas de la
digestion anaerobia. Las bacterias implicadas emdtanogénesis son, generalmente,
divididas en dos grupos: bacterias hidrogenotréfi¢aydrogenotrophic arhgey
acetoclasticasageticlastic methanogend.as primeras controlan el potencial redox del
medio, manteniendo la concentracion de hidrogenonieeles bajos, usando el
hidrogeno como dador de electrones y el diéxidocadono como aceptador. Las
bacterias acetoclasticas son responsables de laddegpn del acetato, que es el

principal precursor de metano.

3.3.2. Parametros que influyen en la digestién anasbia

Existe un numero diversificado de parametros imfhigs para que las bacterias
anaerobias puedan degradar la biomasa, bien mdativa alimentacion, o bien a las
condiciones de operaciéon en el interior del reactés necesario controlar los
parametros de operacion de modo que se logre opereondiciones favorables para
los microorganismos y asi alcanzar rendimientosnas de depuracion.

A continuacion se explican algunos de los paramettlave en el proceso de
biometanizacion.

- Tiempo de retencién: Se refiere al tiempo medio tpe sélidos (SRT)

permanecen en el reactor. Estos tiempos suelerarvaritre 20-30 dias
dependiendo del tipo de materia organica a degrd&kmeralmente elevados
tiempos de retencion originan ademas de una maywonalacion de biogas, una
reduccion mas eficaz de los solidos totales eaagdtor (de la Rubia et al. 2006),

resultando como inconveniente un mayor volumenaeda del reactor.
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Temperatura: Pequefas variaciones de temperaestaafde modo importante
a la actividad de las bacterias anaerobias y tdddesarrollo del proceso
metabolico pudiendo incluso provocar inhibiciongge{land, 2010). Segun la
temperatura a que se lleve a cabo la digestidrcomssideran tres rangos de
temperatura: psicroéfilo (<20°C), mesofilo (25-408Qkrmdfilo (>45°C), siendo
los mas usuales el mesdfilo con temperaturas 80u&8°C y el termdfilo con
temperaturas entre 50-57°C, en el cual la activitalhs bacterias anaerobias es

maxima, si bien también son mas sensibles a lobicamen el proceso.

pH y capacidadbuffer EI proceso de biometanizacion es largamente

influenciado por los cambios de pH, siendo el raége8.5 el mas conveniente
para evitar inhibiciones (Weiland, 2003). El valdel pH aumenta por la
acumulacion de amonio durante la degradaciéon derfaeinas, mientras que
con la acumulacion de AGVs (acidos grasos volatilessultantes de la
degradacion de la materia organica el valor deldgthinuye; considerandose
un pH toxico para las metanogénicas cuando se etmaysor debajo del 6.6. En
medios acuosos se usan el0s;, HCOy, CO;* como principal sistemhuffer,

que tiene como principal funcion neutralizar passbcambios en el pH del

medio.

Relacion C/N: El rango de 25-30 es considerado coptiono para la digestion
anaerobia (Chandra et al. 2012 a; Yadav et al. 2044 relacion C/N elevada
puede provocar la limitacion de nitrdgeno, compuesgtte necesario para el
crecimiento de las bacterias. De otra forma, refees bajas pueden provocar la

inhibicion de las bacterias por elevadas conceioinas de amonio.

31



Capitulo 3

3.3.3. Limitacion para la digestion anaerobia de mduos solidos:

Necesidad de pre-tratamiento

Atendiendo a su naturaleza, se describe por sepdeadituacion para lodos de

depuradora y para residuos lignoceluldsicos.

Lodos de depuradora

Dado que en el futuro cualquier aplicacion del ladiderreno exige la estabilizacion
como una etapa imprescindible en el tratamienttedaologia de digestion anaerobia se
convierte en una necesidad.
Esta tecnologia se presenta como favorita frentetras alternativas existentes
(estabilizacion con cal o digestion aerobia); eipiente, entre 30 y 70% del lodo que se
produce es tratado mediante digestion anaerobpendéendo de la normativa nacional
y de las prioridades.
Los principaledeneficiosde la digestion anaerobia de lodos son los sitgsen

- Reduccién del volumen de sélidos.

- Produccién de energia en forma de biogas.

- Aumento en la calidad del lodo: Se consigue latimacion de los patdgenos

(dependiendo de la temperatura y configuraciorpaeieso).
- Estabilizacion del lodo: Se garantiza que el proml€ioal pueda ser almacenado

y manejado sin generar problemas de olores, daglgajno es putrescible.

Sin embargo, su digestion anaerobia presenta lum#acion: la velocidad de
degradacion es lenta debido a la baja solubilizadela materia organica suspendida y
los sélidos organicos, que conduce a queetipa de hidrdlisis se convierta en
limitante, disminuyendo la eficacia del proceso.

Los procesos de pre-tratamiento previo a la digesthaerobia del lodo son un tema de
creciente interés. Mediante un pre-tratamientoaeficse puede hacer el sustrato mas
accesible a las bacterias anaerobias, aceleranuoadso de digestion (aumento en la

produccion de metano), y disminuyendo consecuemtamia cantidad de lodo a
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depositar. Otras ventajas adicionales son (depedadidel pre-tratamiento): la mejora

de la deshidratabilidad del lodo, reduccion de gends, o eliminacion de espumas.

Biomasa lignocelul6sica

La biomasa lignoceluldsica (ejemplos: residuoscatas y ganaderos, determinados
residuos de la industria agroalimentaria) tienequorstitucion tres polimeros distintos:
lignina, hemicelulosa y celulosa, en porcentajeirdas pero con una compactacion de
la materia organica elevada (por la presencia diggtana) que puede dificultar el
acceso de las bacterias para su descomposicion.

Mientras la celulosa tiene una forma rigida y atisf, la hemicelulosa tiene bajo peso
molecular y cadenas laterales cortas, lo que leiede en un polimero facilmente
hidrolizable. El tercer componente, lignina, tiema compleja estructura molecular que
confiere propiedades rigidas a la biomasa lignéasita (Naik et al. 2010).

De esta forma, y siendo lidrélisis una de lasetapas limitantes del procesoes
recomendable el empleo de pre-tratamientos de farfagorecer la solubilizacion de la

materia organica en el medio (Figura 3.2), facilita el acceso de las bacterias.

iy
o Hemicelulosa

- = £
Celulosa cl
H
Pre-tratamiento
T — - ‘"‘k
—(__J IK\\ -

Figura 3.2. — Esquema de la estructura de la biomasa lignidsgta antes y después

del pre-tratamiento.
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3.4. Alternativas de pre-tratamiento de residuos di@los organicos

como etapa previa a su digestion anaerobia

La seleccion de un pre-tratamiento depende dentlistifactores tales como la
efectividad del pre-tratamiento o la relacion atececonomico. Los principales efectos
que se buscan con un pre-tratamiento son: reducdgntamafio de particula,
solubilizacion, incremento en la biodegradabilidaddisminucién de volumen del

residuo.

3.4.1. Alternativas de pre-tratamiento de lodos ddepuradora

La investigacion y desarrollo de procesos de m@mvtniento previo a la digestion
anaerobia naci6 para el tratamiento de lodos derrddpra, de modo que toda la

informacion que se presente en este apartado porrés a este campo.
Las distintas tecnologias de pre-tratamiento quesedesarrollado se pueden clasificar

en A) mecanicos o fisicos, B) quimicos y fisicorgebs, C) biolégicos. A

continuacion se describen brevemente los distjosesos.

A) Pre-tratamientos mecanicos y fisicos: Proceso déemda, irradiacion y

térmicos.

Al) Molienda — Molino de Bolas

Este dispositivo consiste en una camara de molieiéedrica (de hasta 1 fnde
volumen) llena casi por completo de bolas, a las sgiinduce un movimiento rotativo
por medio de un agitador.

La desintegracién de los microorganismos se daddebilas fuerzas de rozamiento y

presion entre las bolas.
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El proceso de molienda es més eficaz para lodeaaltticon proceso de aeracion (24%
de incremento) que para lodo activado con tiemgosetencion elevados (Baier et al.
1997; Kopp et al. 1997).

Figura 3.3.— Ejemplo de un molino de bolas

A2) Homogeneizadores de alta presion

Estas unidades se componen de una bomba de atarpreulti-etapa y una véalvula de
homogeneizacion. La bomba comprime la suspensioriode hasta presiones de
centenas de bares, pudiendo llegar hasta los 9@3 iluller et al. 1998). Cuando
dicha suspension pasa a través de la valvula,dsiqur disminuye por debajo de la
presion de vapor del fluido.

Este proceso fue testado a la escala real, obtim&s un incremento en la produccion

de biogas hasta unos 30% y reduccion del volumelodie de 23% (Onyeche et al.
2007).

Producto
homogeneizado

Producto a procesar

Figura 3.4.Ejemplo de un homogeneizador de alta presion caaterc
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A3) Ultrasonidos

Estos sistemas estan formados por 3 componentegenarador que suministra voltaje
de alta frecuencia, entre 20 y 40 kHz (frecuennids eficientes); un material piezo-
eléctrico que transforma los impulsos eléctricosneganicos y que son transmitidos al
fluido mediante un sonotrodo.

El mecanismo de cavitacion crea burbujas con atea de presiones altas y bajas
cuando explosionan, generan una gran cantidad elgianprovocando la rotura de las

células.

Figura 3.5. Ejemplo de la tecnologia de ultrasonidos

La energia introducida en la lisis es elevadaigdativacion de los microorganismos se
observa en primer lugar que la rotura celular (€thai. 2002).

La energia especifica usualmente aplicada se etnausm el rango de 1000 a 16.000
kJ.Kg'.ST, observandose un incremento en la producciobiagés (Salsabil et al.
2009). En sistemabatch el incremento de la produccion de biogas puedanahr
rangos entre 24-40% (Bougrier et al. 2005) y rang®sl0-45% para sistema semi-
continuo (Braguglia et al. 2008).
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A4) Irradiacion — Rayos Gamma

La radiacion gamma ha sido estudiada principalmeotesu efecto pasteurizador y
porque consigue liberar los carbohidratos solutket®s lodos (Muller et al. 2001).

La radiacion en el lodo puede ser llevada a caliante una fuente de cobalto-60, que
emite rayos gamma. Estos rayos penetran en elyigdsan a través de él, inactivando
los microorganismos y descomponiendo numerosos weshps organicos sin inducir

en el medio ningun tipo de radioactividad residusin convertir el lodo en radioactivo.

alpha — s ——
8 —

Bela: o —2

paper  plastic steel lead
—o0
beta o

gamma — ANAN— ?‘ﬂ /lp =

Figura 3.6. llustracion ejemplo del pre-tratamiento de irratha de rayos gamma

|
&
\,r_(l-

A5) Térmicos

La hidrdlisis térmica destruye las paredes celsléaeoreciendo el acceso al interior de
las células por parte de los microorganismos.

La temperatura 6ptima de este proceso para lodescentra entre los 150°C o 180°C
(Anderson et al. 2002) con tiempos entre los 30 enfiutos.

Tratamientos a temperaturas elevadas, superio@¥C19rigina una disminucién en la
biodegradabilidad debido a la formacion de compmsestrecalcitrantes no
biodegradables.

Como ventajas adicionales resulta la disminucidntidenpo de retencion hidraulico
(Graja et al. 2005), mejor deshidratabilidad deloloComo desventajas se destaca el

aumento de la posibilidad de inhibicion por amamdos digestores.
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Figura 3.7. Planta piloto de pre-tratamiento térmico Cabi

B) Pre-tratamientos quimicos y fisico-quimicos: Oxidactratamiento alcalino

B1) Oxidacion — Pre-tratamiento con 0zono

El pre-tratamiento quimico mas usado es el con@mzon

El objetivo del pre-tratamiento es la oxidacion gmdr e hidrdlisis de la materia
orgénica. Se evita que tenga lugar la oxidacionpteta, y en su lugar sucede que las
moléculas de mayor tamafio rompen en otras mas f@sjuglevadas concentraciones
de ozono resultan en una aparente reduccion deldhilizacion de los componentes
(Yeom et al. 2002).

El ozono presenta especial interés debido a qu@emmanece en el lodo tras su

aplicacion, ni da lugar a un aumento en la coneeittn de sales.

B2) Tratamiento alcalino

La hidrolisis alcalina es un pre-tratamiento ampéate usado y eficaz, siendo usados
los siguientes compuestos en orden de eficacia KIN&Q@H>Mg(OH), y Ca(OH}))
(Mouneimne et al. 2003).

Durante el proceso alcalino, el pH del lodo es antaud hasta 12, manteniéndose este

valor durante un periodo de tiempo (normalmentb@4s).

38



Antecedentes Especificos

Este proceso se puede emplear para hidrolizar godgsoner lipidos, hidratos de
carbono. La solubilizacién del lodo y su biodeghilii#dad anaerobia aumentan con el
aumento en la dosis y temperatura (Kim et al. 28@30 et al. 2004). Comparada con
la hidrolisis térmica, la temperatura del tratartoealcalino es relativamente baja, en
torno a los 120-170°C.

C) Pre-tratamientos bioldgicos

La desintegracion bioquimica del lodo se basa eactawidad enzimética, que tiene
lugar bien dentro del sistema (autolisis), o bietemamente. La lisis enzimatica rompe
los compuestos de la pared celular mediante uriGeacatalizada por una enzima.
Las reacciones tienen lugar en el rango mesofitl8Gp o hiper-mesofilo (entre 60-

70°C) en condiciones anaerobias y aerobias.

La tabla 3.2 recoge un resumen comparativo de riosipales aspectos a destacar en

las distintas opciones de pre-tratamiento.

Tabla 3.2.Procesos de pre-tratamiento de lodos de depuradora

Proceso Ventajas Desventajas Resultados Referencias
Fiabilidad en la Erosion Incremento  Baier et al.
operacion. importante en en la 1997.
Molino de Bolas Generacion de la cémara de prodyccién Kopp et al.
olores nula molienda. de biogas del 1997.
Problemas de 24%
atranques.
Generacion de Baja Incremento  Onyeche et al.
olores nula. eliminacion de en la 2007.
Facilidad de patdgenos. produccion  Muller et al.
. implementacion Problemas de de biogas del 1998.
Homogenelzadoresen una EDAR. atranques 30%
de alta presion ) ' ques. .
Mejor Elevadas Reduccion
deshidratabilidad tensionesy  del volumen
del lodo final. erosion. del lodo de
23%.
Fiabilidad en la Erosion en el Incremento  Bougrier et al.
Ultrasonidos operacion. sonotrodo. enla 2005.
Generacion de Balance produccion  Braguglia et al.
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olores nula. energeético de biogas del 2008.
Mejor negativo 10-45%.
deshidratabilidad (elevado

del lodo. consumo del

Sin problemas  equipo).
de atranques.

Lodo obtenido  Sin mejora significativa en la Muller et al.

Rayos Gamma libre de produccion de biogas. 2001.
patdgenos
Tratamiento Ensuciamiento Incremento  Graja et al.
energéticamente de los en la 2005.
eficaz. cambiadores produccion  Valo et al. 2004.
Optima de calor. de biogas del
Lo desinfeccién del Malos olores  45%.
Térmicos
lodo. en las
Optima corrientes
deshidratabilidad gaseosas
del lodo cuando no
tratadas.
Mejor Elevado Incremento  Valo et al. 2004.
. deshidratabilidad consumo de enla
Pre-tratamiento . L
del lodo. energia. produccion
con 0zono o
de biogas del
16%.
Consumo Generacion de Incremento  Kim et al. 2003.
: energético bajo. malos olores. enla Valo et al. 2004.
Tratamiento g L
alcalino Buen_a y Corroglon_y prod_ucmon
deshidratabilidad ensuciamiento de biogas del
del lodo. del equipo. 30-38%.
Bajo consumo  Coste elevado. Incremento  Gavala et al.
. de energia. Importante en la 2003.
Pre-tratamientos . L . .
o Sin generacién generacion de produccion
biolégicos :
de tensiones en olores. de metano
los equipos. del 26%.
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3.4.2. Alternativas de pre-tratamiento de biomasddnocelulésica

La tabla 3.3 recoge un resumen de algunos prevti@éos referenciados en
bibliografia.

La investigacion de pre-tratamientos a biomasaotighulésica se ha realizado
fundamentalmente en materia de biocombustiblebjesi el creciente interés por la

digestiébn anaerobia ha conducido al aumento denVastigacion de estos pre-

tratamientos como etapa previa a la digestion ab&ede este tipo de residuos.

Tabla 3.3.Procesos de pre-tratamiento de biomasa lignocétalos

Proceso Tipo Observaciones Referencias
Molienda Molino de Bolas Reduccion del tamafioDa Silva el al.
de particula. 2010.
Sin eliminaciébn dela Mais et al.
lignina. 2002.
Elevado consumo de
energia.
Irradiacion Microondas Posible degradacion de Sapci et al.
Rayos-Gamma la celulosa sin 2013.
Ultrasonidos eliminacion de la Jackowiak et
lignina. al. 2011.
Elevado coste de Pérez-Elvira et
operacion. al. 2010 a.
Pérez-Elvira et
al. 20009.
Solyom et al.
2011.
Térmicos Cocimiento Parcial o completa Ferreira et al.
Explosion de vapor hidrélisis de la 2013.
hemicelulosa cuando  Pérez-Elvira et
operacion a elevadas al. 2010 b.
temperaturas. Horn et al
Sin adicién de 2011.
productos quimicos. Vivekanand et
Posible recuperacién  al. 2012.
energética del vapor. Han et al.
2010.
Tratamiento  Acido sulfarico, Aumento del areade  Yang and
Acido clorhidrico o superficie de Wyman, 2008.
fosforico tratamiento. Ping et al.
Parcial desintegracion 2011.

Tratamiento
Alcalino

Hidréxido de sodio,

potasio, calcio o

de la lignina.
Parcial o completa

Chandra et al.
2012 b.
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magnesio hidrolisis de la Kim et al.
hemicelulosa 2006.
Agentes Oxidacién humeda Kuman et al.
Oxidantes 20009.
Schmidt and
Thomsen,
1998.
Biologicos - Hidrdlisis parcial de la Kurakake et al.
Hongos hemicelulosa. 2007.
Bajos costes
energéticos.
Tiempos de desarrollo
muy largos.

3.5. Definicion de la alternativa de trabajo en lgpresente tesis

3.5.1. Comparacion de alternativas

El amplio espectro de opciones posibles presentadasl apartado anterior ha sido
evaluado comparativamente atendiendo a una serieaspectos, descritos a
continuacion, con el objetivo de seleccionar lantdmgia de pre-tratamiento a emplear

en la presente tesis:

- Aumento en la_solubilizacion: liberalizacion del tevéal celular como
consecuencia de la rotura de las paredes celidarektratamiento, permitiendo
gue una mayor cantidad de residuo sea suscepélidegtadacion anaerobia.

- Aumento de la produccion de biogas: con el aumdertta solubilizacion del

residuo, la cantidad de materia organica disponpalex los microorganismos
anaerobios es mayor, y por lo tanto, favorecepiidducciéon de biogas.
- Reducciéon del volumen final: un mayor rendimientoed proceso anaerobio,

llevara a una reduccion en la cantidad de residudegradado.
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- Esterilizacion y posibilidad de uso agrario deides: De forma a cumplir con
los limites de viabilidad de los residuos que imgtanlegislacion (1999/31/CE)
para que puedan ser aplicados al terreno, es iamertque el tratamiento
favorezca una adecuada desinfeccion del residuo.

- Coste de inmovilizado y operacion: Se trata deagtof clave para determinar la

posibilidad de implantacién de la tecnologia setew@da.

3.5.2. Seleccién y justificacion de la alternativee trabajo

La comparacion entre las distintas alternativascbaducido a la eleccion de la
tecnologia de hidrdlisis térmica de residuos sélidgacomo alternativa a desarrollar en
el presente trabajo.

Por otro lado, es obligado sefialar que el proygetoha permitido el desarrollo de esta
tesis (“Thermal Hydrolysis Process as a PretreatrioeAnaerobic Digestion of Solid
Wastes”) ha sido financiado por la empresa Cambit®r mundial en procesos de

hidrdlisis térmica, y por tanto interesada en ekpnte estudio.

Una serie de argumentos apoyan la eleccion de testiiEmiento y se recogen a
continuacion:

a) Se trata de un proceso de facil instalacion emdgmiradoras ya existentes, sin

necesidad de llevar a cabo modificaciones en ekesm convencional.
Solamente es necesaria la introduccion de dispositadicionales y equipos
necesarios para la hidrolisis térmica, pero noesesita alterar la configuracion
inicial.

b) La eficacia de este proceso es muy elevada, dagleldtatamiento de hidrdlisis
térmica produce un aumento en el nivel de mategaroca disuelta en un factor
de 5 a 20 (dependiendo del tipo de residuo). Esteeato se traduce en un
incremento en la biodegradabilidad del residuo, @ vez se refleja en una
mayor cantidad de biogas producida en el procesdigkstion anaerobia que

sigue al tratamiento térmico.
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c)

d)

f)

La hidrdlisis térmica destaca frente a otras omsoporque _permite recuperar

parte de la energia empleada (a través del inctentexh metano producido),

mientras que en otros procesos no es posible. Ar ks que el consumo de
energia que supone es elevado, la recuperacionetgi@ hace que el proceso
sea ventajoso frente a otras alternativas que oogrsumenos energia pero cuyo
balance global resulta mas desfavorable.

Esta recuperacion de energética por obtencion agabijustifica la viabilidad
del proceso desde los puntos de vista medioambigr@deondémico. Dado que
no solo se elimina el problema, sino que ademasilseiza energéticamente el
residuo, el proceso resultante tiene mucho querdeai materia de
sostenibilidad.

Se trata de una tecnologia ya desarrollada a esad|ay por tanto su viabilidad

técnica esta garantizada.

Esta alternativa permite el uso agricola del resicesultante, puesto que el
tratamiento térmico asegura unas condiciones dey@sacion adecuadas, al
alcanzarse temperaturas elevadas durante un tisufjpiente. En este sentido,

la eliminacion de patdgenos es total, situacionrguse da en otras alternativas.

Por los argumentos anteriores se puede afirmasgueata de unalternativa viable

técnica y econdmicamentesin necesidad de ser completada con otra técnica.

Finalmente, de entre las distintas opciones deizezalel tratamiento térmico

(calentamiento directo con vapor, calentamientdaréatb, microondas, cocimiento,

explosion de vapor), se selecciona la alternatiea pde-tratamiento térmico por

inyeccion directa de vapor y posterior explosiérvagor (‘steam explosidhbasado en

la experiencia del grupo de investigacion en pagtniento térmico de lodos de

depuradora.
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3.5.3. Hidrdlisis térmica — revision de tecnologiasomerciales

Actualmente existen en el mercado ocho procesogprddratamiento térmico de
bioresiduos, cada uno de ellos con un esquema iispegero con similares

condiciones de operacion.

El articulo que sigue, correspondiente a una cocagiin presentada en el Congreso

“13™ World Congress on Anaerobic Digestion — Recoveflrig) Resources for our
World. IWA - International Water Association. Ju@&-28, 2013. Santiago de
Compostela, Spain”recoge una revision y comparative de las diditeéanologias de

pre-tratamiento técnico de residuos existentes.

Thermal hydrolysis pre-treatment of biosolids: A review on commercial processes

S. |. Pérez-Elvira*, Sapkaite I., L.C. FerreiraF@z-Polanco

Department of Chemical Engineering and Environmehgaghnology. University of Valladolid, C/
Dr. Mergelina, s/n, 47011 Valladolid, Spain. (E-madrape@ig.uva.es)

Abstract

Several commercial pre-treatment processes priana&zrobic digestion have
been developed in response to tightening regukstmd decrease in disposal
options. The first processes (Cambi® and Biothe)ys®@ned to enhance
biodegradability and sanitization of municipal gledin a batch process.
Subsequent continuous process have been develgety$®, Lysotherm®,
Turbotec®) and the treatment has been extendedhtr diosolids such as
agriculture wastes, OFMSW or animal by-products HBP TPP®,
BioRefinex). Although similar operation conditioasd benefits are offered
(biodegradability increase, sludge reduction, seatibn, dewaterability),
scarce references to real performance are avaifablmost of them, except
for Cambi and Biothelys.

Keywords: Anaerobic digestion; biosolids; commercial; therhgdrolysis;
review
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Introduction

In response to the current bottleneck for biosdlidposal, the possibilities to optimize
the anaerobic digestion process (biodegradabihty dgegradation rate increase, higher
digesters load, sludge reduction) together withieathg some other benefits
(sanitization, dewatering) are a subject of majopnaern. The pre-treatment of waste
activated sludge before anaerobic digestion is rgélgeproposed as the most efficient
and sustainable alternative (Carrére et al, 2010).

Among all the existing pre-treatment alternativéisemal, chemical, mechanical,
electrical, ultrasound) thermal hydrolysis is arpiging technology. Technical and
especially economical constraints of most of tlehmelogies have limited their scale-
up and lab-to-field implementation.

There are several commercial thermal pre-treatrpestesses nowadays, for different
applications and with different operation schemidee first processes were developed
for the treatment of sludge, but the technology besn extended to the treatment of
other biosolids (food waste, agriculture biosolidgsjimal by-products) and new
processes have been developed with different obgect(digestion improvement,
sanitization, biosolids quality). The technologiddgfer in many aspects, such as:
operation (batch or continuous), reactor configaratoperation conditions (pressure,
temperature, time), energy integration scheme {&ethe process economics).

This study consists of a literature review perfodnfiom the information available in
journal articles, conference proceedings, repond web-sites, with the purpose of
summarizing and comparing the different commereiasting thermal hydrolysis pre-

treatments for biosolids.
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Thermal pretreatment commercial processes

Cambi®.

Developed by the Norwegian company Cambi, in 199 process is a high-pressure
steam pre-treatment for anaerobic digestion ofgeuahd bio-waste (Cambi).

The technology consists of a series of reactorisiditeg a pulper vessel, a hydrolysis
reactor and a flash tank. The system operates WwestehSolids are first dewatered (10-
16% dry solids), and then transferred to the pgipiessel where it is pre-heated to 80-
97°C with recycled steam from the flashing of otperallel reactor. The preheated
sludge is then sent to the thermal hydrolysis maittat operates at a temperature of
160-180°C (6-9 bar) for about 20-30 minutes withecli steam injection. After the
thermal treatment, the sludge is transferred toflémh tank operating at atmospheric
pressure. The hydrolyzed sludge is then cooledhfesophilic anaerobic digestion.

The process is nowadays operating in more thanl&@tigp(Panter and Kleiven, 2005;
Kepp et al, 2000; Steve and Panter, 2002).

Biological reatment piant

Figure 3.8 — Cambi® process
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Biothelys®.

Developed by the French Company Veolia (Veolia Wa2812a) for treating sludge
prior to anaerobic digestion. The process is simitathe Cambi process, with the
exception that the Biothelys system has no pulpéash tank, just reactors of the same
size operating in parallel.

The process consists of 2-3 hydrolysis reactorskiwgrin parallel out of phase with
each other, going through a 150-170 minutes mtép-gycle. Dewatered sludge (15%
DS) is preheated in the reactor with recycled flsigam from the other reactor. Heating
to the hydrolysis temperature (150-170°C; 7-9 sacpmpleted by injecting live steam,
and after the desired retention time (30-60 mi@) plhessure is reduced by flash. The
hydrolysed sludge is stored and cooled, and fetigestion (Chauzy et al., 2007).

The process was first operated in 2006 and nowadagsates in 4 plants (Veolia
Water, 2012a).

Flash steam Flash steam

Reactor 2

k

L J

Fresh steam Reactor 1

Flash tank

Fresh steam

Figure 3.9. — Comparison between industrial process by Ve@&&) and Cambi®
(right)
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Exelys®.

Similar treatment to Biothelys, sold by Kruger, ubsidiary of Veolia Water (Veolia
Water, 2012b). This process was developed as ancons process that handles
biosolids with a dry solids content greater thao20ith the objective of reducing the

operation cost compared to the batch system.

Figure 3.10.— Exelys system, sold by Kruger

Dewatered solids and steam are continuously fede@team condenser section, where
the steam condenses transferring heat to the bmssdising the temperature to the
desired value. Then the biosolids enter the reantdrflow at low velocity resulting in
plug flow, and finally they go to a heat exchanggstem where they cool before

entering the digestion (Gurief et al., 2011).

The first Exelys plant began to operate in 201@hwhe configuration Digestion-Lysis-
Digestion (Krtger, 2011).
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TPH® (thermal-pressure-hydrolysis).

Trademarked process from the ATZ development ceRteBcheuchl and Thoni appear
as licensees (R. Scheuchl GmbH; Thoni, 2010).

This process can be used to treat a great vanggn@ material¢gsewage sludge, food
and kitchen waste, animal by-products, slaughtesbdomaste), limited to grinding to
particle size <560 mm. The wastes are hydrolyzedsandized at high pressure and high
temperature (Prechtl, 2006). The operation is ooiotiis, involving storage tankigh
pressure pump, controlled pressure release valddeat exchanger pipes. The system
operation is a two step heating procedure: firstdisgct steam injection and secondly
indirect in a coaxial heat exchanger run with thedoil (220 °C at 25 bar for 20 min).
The heated material is then mixed with water anaeesbically fermented in a biogas
reactor.The biogas is used in the co-generation plant. dinergy necessary for the
thermal pre-treatment is drawn from the radiant bétghe CHP.

Scarce references have been found about full qdals (Actclean, 2011), and no

information about real performance is available.

Figure 3.11.— Thermal-pressure-hydrolysis process
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Thermo-pressure preparation (TPP).

Also protected by a patent and utility model, ubggh pressure and temperature
followed by expansion to hydrolyze any biomassisltproposed to be used with
lignocellulosic biomass as a pre-treatment to geethnol (fermentation) or biogas
(digestion), or with proteinaceous biomass of pkmd animal origins to form soluble
products useful in cosmetics.

The process operates in continuous: Raw materfaktsmilled and grinded to create a
pumpable suspension, fed to the reactor togethigr steam. Shock expansion occurs
after the passage, and the waste vapour produceecased to preheat the feeding. No
information is given about operation conditionseTgrocess uses waste gas heat from
electrical energy production to produce the theremargy for the hydrolysis.

The process is commercialized by the Czech compwy (NWT, 1992), but no
reference to full-scale operation and performascevailable.

capaciior »-1 cambined

heating and
pawer station

s
biomass input =k ﬁ;:;::dlu:lr_: —p  preheating e

1
combustion

Rydralysis g — gas heal
exchanger

Epaniion —

v i

slurry, “fugate”, ; . .
dilution water P Mixing tank  cm—fn  fermenter

Figure 3.12.— Thermo-pressure preparation process

51



Capitulo 3

Lysotherm®.

Patented system for the thermal hydrolysis of lascous to medium-viscous organic

sludge (dry solids 6-8%), in particular sewage geuttom WWTP.

The operation is based in an indirect multi-stalgerrhal system. In a first stage
(regenerative circuit) the sludge is preheated #meh heated to the hydrolysis

temperature (175°C, 30-60 min) in a tubular readfinermal oil circuit). The

regenerative circuit uses water as the transferiumedrecovering the heat from the
hydrolysed sludge to preheat the sludge. The tHeorh@n the process heat circuit is
heated by the CHP exhaust gas heat.

The Stulz H+E group commercializes the technolo®H«KE group, 2012). No

references to full-scale plants are given, excapafplant in Lingenmill that is expected

to be finished in 2012.
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Figure 3.13.— Lysotherm process
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BioRefinex.

Patented technology (Biorefinex, 2012), developg®imsphere Technologies, utilizes
thermal hydrolysis to process animal by-productsl amarcass material using a
combination of high temperature and high pressutaéak down complex proteins and
inactivate prions. The operation conditions areindicated in the process description,
but references to 180°C, 12 bar and 2 hours haae foeind (Gibson L, 2011).

The first full demonstration facility (Lacombe Bedmery) will start in 2013. Therefore,

there are no results from real operation.
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Figure 3.14.— Biorefinex process
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Turbotec®.

Hydrolysis organic material in a reactor at higimperature and pressure, prior to
anaerobic digestion. After thickening, sludge id te the hydrolysis reactor, heated
with waste heat from the gas engine (GMB, 2011).

The commercializing company (Sustec, 2011) offdreed different applications:
Turbotec I®, a continuous process for sewage stutigebotec 1I®, a batch process for
greenwaste and straw; and Turbotec Industrial ®pfocessing industrial sludge.

Buffer tank

Heat exchanger Hydralysis reactor

Heat exchanger

Hydrolysed sludge
(to digester)

Mechanical dewatering

2-3% sludge

{from thickeners) Heat exchanger

Steam

Figure 3.15.— Turbotec process

54



Antecedentes Especificos

Comparison of treatment methods

In order to roughly compare the existing processhs, available information is
summarized in Table 3.3. Although there are mamywtedge gaps, some interesting

aspects can be commented.

Table 3.3. Comparison of operation and performance reportedttie commercial

thermal pre-treatment processes

Cambi | Biothelys Exelys| TPH TPP| Lysotherm BioRefinex Turbotec

References to plants 20 4 1 2 1 1 1 (pilbt)
Operation type Batch Batch Cont. Cont.  Cant. Cont. N.A. Batch/Cont.
%TS in feeding 12-16 10-15 >20 N.A. 6-8 N.A. 10

Operation T(°C) | 160-180 150-170| N.A. | 180-230 N.A. 175 160 150
conditions P (bar) 6-9 7-9 N.A. 20-30] N.A 5-15 12 5

t (min) 20-30 30-60 N.A. 20-60] N.A 30-60 120 N.A.

% biogas increase* 100-150 50 20-40 + 30 20-50 + 30-50
% VS removal 60-70 45-50 + N.A. N.A. N.A. N.A.
Pasteurization + + + + N.A N.A. + N.A.
OC/"aES n-dewaterel 3540 | 35 | NA + 32 N.A. >30
Viscosity reduction + + + N.A. N.A N.A. + N.A.

* respect conventional

N.A.: not available

A first key point to compare is the applicationldieand objective of the different
processes. Most of the processes focus to enhaadaddegradability of the biosolids
to be treated: Cambi®, Biothelys®, Exelys®, Lysoth® and Turbotec I® for sludge
(Cambi® also processes OFMSW), the TPP® process amdotec 1I® for
lignocellulosic biomass, and the TPH®-method fory dgpe of waste. A second
objective of the thermal hydrolysis is the santia (main objective of the Biorefinex
process, but also mentioned by Cambi®, Biothelys&elys® and TPH®).

Regarding the operation conditions, the technokbare three aspects in common:
1) the operation with concentrated biosolids,

2) no use of chemicals, and
3) operation conditions in the range of 150-2305C20-60 minutes.
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However, the process configuration, heating meamarand energy recovery scheme
varies in all the technologies. While the origintloé thermal pre-treatment was a batch
process (Cambi® and Biothelys®), the more receneld@ments claim continuous
operation, searching for more cost-effective opematby exploiting the energy
recovery. However, detailed costs estimate (capitdl operation and maintenance) are
not available.

Regarding the process performance, globally mosthef processes offer the same
qualitative benefits. However, only Cambi® and Belys® give references to support
the advantages offered.

Finally, scarce references to disadvantages hage fmeind. Some issues reported by
Cambi® are: system complexity, need for high legpkerator training, shutdowns
(regulatory inspections and approved maintenanasyl increase in soluble inert
fraction and ammonia in the recycled stream. Wihdementioned, all the technologies

may also be subjected to these and even more emncer

Conclusions

Eight different thermal hydrolysis technologies a@vadays commercialized for the
treatment of biosolids (five for sludge, one fgnlocellulosic biomass, one for animal
by-products and one for any type of waste). AltHoulgere are many gaps in the
information available, it can be stated that therapon conditions and performance are
globally comparable, although the operation scher(lestch/continuous, reactor
configuration and energy integration) differ amahgm. Only Cambi and Veolia report

information supported with real data from full-s=atstallations.
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Objetivos

El objetivo global definido en el capitulo 2 “OPTIEACION DE LA DIGESTION
ANAEROBIA DE DISTINTOS RESIDUOS ORGANICOS” quedaremetado tras la
investigacion realizada en el capitulo 3 en doscsg:

1 - Definicion de los residuos especificos a tratar

2 — Tecnologia de optimizacion: pre-tratamientdidiedlisis térmica.

Por tanto, ebbjetivo concretode la presente tesis se define con@PTIMIZACION
DE LA DIGESTION ANAEROBIA DE DISTINTOS RESIDUOS ORG ANICOS
INDUSTRIALES, AGRICOLAS, GANADEROS Y URBANOS MEDIAN TE LA
INTRODUCCION DE UN PRE-TRATAMIENTO DE HIDROLISIS TE RMICA
CON EXPLOSION DE VAPOR”.

Como se definira en el capitulo 5 correspondiertdateriales y Métodos” el estudio
de optimizacién se ha realizado con las siguigpaesas:
- Mediante la realizacion de ensayos de potenciabmoginico Biochemical
Methane Potential — BMP
- Pre-tratamiento de hidrdlisis térmica a distintasdiciones de operacion
(temperatura, tiempo).

- Tratamiento matematico de los resultados.
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Habiendo definido cinco residuos concretos a estudil desarrollo de la tesis se

concreta eminco objetivos especificas

1) Hidrolisis térmica como pre-tratamiento previo geadition anaerobia degazo
de cervezalapartado 6.1).

2) Hidrdlisis térmica como pre-tratamiento previo geadition anaerobia d&scara
de naranja (apartado 6.2).

3) Hidrdlisis térmica como pre-tratamiento previo gadition anaerobia geja de
trigo (apartado 6.3).
a) Optimizacion de condiciones de operacion“lafluence of thermal
pretreatment on the biochemical methane potenfialfeat straw”.
b) Estudio de otros parametros de operacidBiemethane potential of wheat
straw: Influence of particle size, water impregoatiand thermal hydrolysis”.

4) Hidrdlisis térmica como pre-tratamiento previo gedition anaerobia gmirines
de cerdo—"Thermal hydrolysis pretreatment to enhance biodetzbility of the
separated solid fraction of pig slurryapartado 6.4).

5) Hidrdlisis térmica como pre-tratamiento previo gedition anaerobia dedo de
EDAR — “Thermal pretreatment and hydraulic retention tinme continuous
digesters fed with sewage sludge: Assessment te@mgDM1” (apartado 6.5).

Cada uno de dichos objetivos corresponde a unaamadoncreto dentro del capitulo 6
de “Resultados y Discusion”. En concreto, parar&sduos paja de trigo, purines de
cerdo y lodos de depuradora, los estudios realizadoesponden a los 4 articulos que

se referencian en los correspondientes apartados.
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5.1. Hidrdlisis Térmica - Plantas piloto

5.1.1. Planta piloto de Camti

a) Residuos con que se ha empleado: paja, cascaraard@jan y bagazo de

cervecera

b) Descripcion de la planta piloto: Se trata de uaatal piloto de hidrdlisis térmica

perteneciente a la empresa Catmpubicada en la estacién depuradora de aguas

residuales de Salamanca.

La planta cuyo esquema se muestra en la figuracbriiste en un reactor de 30 litros
de capacidad y un tanque flash con un depdsitorneamectar la biomasa pre-tratada.
El calentamiento de la biomasa en el reactor dezaemediante inyeccion directa de
vapor generado en una caldera de 25 kW de potepnciauna capacidad maxima de

generacion de vapor de 34 bar (240°C).

c) Procedimiento de operacion

El modo de operacion es por carghatéh), combinandose el efecto de cocimiento y
explosion de vapor.

La biomasa es alimentada al reactor por la panpergar (tolva) usando la véalvula
motorizada (V1). El vapor se introduce al reactor fa base (V2-V3) calentando el
residuo durante el periodo de tiempo establecido.

Los parametros de control corresponden a las congis de operacion deseadas:
presion (temperatura correspondiente al equilibgoido-vapor) y tiempo. El control
de la presion se realiza automaticamente mediantazao que actia automaticamente
sobre la valvula V2.

Transcurrido el tiempo de operacion deseado, laul&élV4 abre automaticamente y
subitamente y la presion del reactor disminuye dmetdiato hasta la presion
atmosférica liberandose la biomasa pre-tratadangjue ddlash mediante un efecto de

“steam explosion”
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El residuo hidrolizado es colectado posteriormentel depdsito de recogida.

El vapor liberado que no ha condensado en el tafigsiees conducido a un filtro de
carbon activado donde se eliminan los olores.

Antes del inicio de cada experimento, el reactor mecalentado durante
aproximadamente 5 minutos a la misma temperatuteccsenada para el pre-
tratamiento, de forma que se minimice la condensa@ por tanto la dilucion de las

muestras).

Las figuras 5.1 y 5.2 presentan el esquema e inedgdmla planta piloto Canfbi

Entrada de
Biomasa

Vi

Vapor Vapor

Filtrodecarbon

activado

REACTOR
CALDERA X V3

Deposito de

V2 V4 biomasa
hidrolizada

FLASH
TANK

Figura 5.1 — Esquema planta de hidrélisis térmica CAmpi- valvula)

64



Materiales y Métodos

e ""e‘:"«;w@illnuuv

|

iy

(b)

Figura 5.2 — Planta de hidrélisis térmica Caffib{a) Tolva de alimentacién y reactor;

(b) Tanque flash y depdsito de recogida de la bsantaatada.

5.1.2. Planta piloto de la Universidad de Valladadi

a) Residuos a que se ha empleado: purines y lodospilgatiora.

b) Descripcién de la planta: Se trata de una plantdopdisefiada y construida en

el marco de un proyecto de hidrolisis térmica dw$ode EDAR, y ubicada en el
departamento de Ingenieria Quimica y TecnologiaMiio Ambiente de la
Universidad de Valladolid. Por ello, su aplicacenesiduos soélidos es limitada,

si bien resulta viable y muy fiable para pastasossas.
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La planta cuyo esquema se muestra en la figuracér3jste en un reactor de 2 litros de
capacidad (1L de volumen dtil), calentado con vapmycedente de una caldera
(capacidad maxima: 10 bar), y un tanquefldsh para recoger el residuo tras la

descompresion

c) Procedimiento de operacion

Al igual que la unidad Cambidescrita previamente, la operacion es por casjdmsen

en este caso el control de la operacion se redézamodo manual, actuando sobre las
valvulas V1 y V2 como se describe a continuacidhigaal que la unidad Canihiel
tratamiento en esta planta combina cocimiento gtefée ‘steam explosion”

Antes de empezar la operacion, la planta pilotpreealienta mediante inyeccion de
vapor para minimizar la condensacion durante laamp@n posterior. El residuo a tratar
se introduce en el reactor de hidrélisis donde astiene a la presion y temperatura de
operacion deseados, controlando la temperaturaamedapertura de la valvula manual
V1 que permite el paso de vapor procedente de alo@ra. Trascurrido el tiempo de
operaciéon deseado, se descomprime el reactor dbrieanualmente de modo subito la
valvula V2, y recogiéndose el residuo en el tardpftash

Las figuras 5.3 y 5.4 muestran esquema e imagénpanta piloto

W1

VAPOR
V2

kg
RESIDUO _[;E]—J, N
D
(1)

L ) ¥

REACTOR DE TANQUE DE
HIDROLISIS FLASH

Figura 5.3. Esquema planta piloto de hidrdlisis térmica dgaersidad de Valladolid
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Figura 5.4. Planta piloto de hidrdlisis térmica de la Univdesi de Valladolid

5.1.3. Imagenes pre y pos-tratamiento

La tabla 5.1 muestra una serie de imagenes detdstiesiduos antes y después del
pre-tratamiento, poniendo de manifesto el camhiaceh en aspecto visual que sufre la

biomasa tras el tratamiento.
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Tabla 5.1.Imagenes de algunas biomasas antes y despuéebidedlais térmica

Pre-tratamiento

Residuo Después Condicion

Céscara de 170°C,
naranja 30 min
Paia 220°C,

] 1 min

Lodo de 170°C,
depuradora 40 min
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5.2. Digestion anaerobia - Biodegradabilidad

5.2.1. Ensayos de biodegradabilidad

El fundamento de base de los ensayos de biodegjidddbconsiste en simular la
digestién anaerobia en un ensayo controlado, intieddo un sustrato organico en el

cultivo anaerobio y realizando un seguimiento dgelaeracion de biogas y metano.

Los ensayos de biodegradabilidad anaerobia permiteterminar una serie de

caracteristicas del residuo, como son:

- Fraccion biodegradable de un residuo o corrientecmliciones anaerobias.
Las sustancia presentes en un agua residual ouoesidlido tienen unos
porcentajes de biodegradabilidad muy variados, ealesatalmente
biodegradables a recalcitrantes.

- Potencial metanogénico del residigiochemical Methane Potential - BMP
Corresponde a la cantidad de metano generadades¢amposicion anaerobia
por unidad de residuo.

- Viabilidad del tratamiento de un residuo. El niméeosustancias que se tratan
mediante la tecnologia anaerobia va aumentandogsivgmente, por lo que
resulta necesario el conocimiento de la respuedtaistema ante la entrada de

una nueva corriente o compuesto.

- Variacién que sufre la biodegradabilidad de und@siante un pre-tratamiento.
Como se ha descrito, son cada vez mas las tecaslogile se estan
desarrollando con el objetivo de incrementar ladégradabilidad de los
residuos organicos. Los ensayos de biodegradabilprmiten evaluar la
influencia que un pre-tratamiento de lisis tiene etrproceso de digestion
anaerobia, comparando las cantidades de metanaigidad por el residuo
tanto fresco como el sometido al proceso de trataimide hidrdlisis.
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En la presente tesis, los ensayos de biodegradiabibon la metodologia clave para
determinar la influencia de la hidrélisis térmica el potencial metanogénico de
distintos residuos en distintas condiciones de agi@n. Dada la gran cantidad de

situaciones ensayadas, la operacion de digestoaesabios es claramente inviable.

5.2.2. Biodegradabilidad anaerobia

La biodegradabilidad es la propiedad intrinsecairt®e sustancia que hace referencia a
la tendencia que ésta tiene en ser biolégicamergeadada. Se define como sustancia
biodegradable aquella que puede ser descompuestiantte la accion de los
microorganismos. En funcion del grado de transfoiémaes posible distinguir dos
tipos de biodegradabilidad:

- Biodegradabilidad primaria o hidrolitica/acidogéni€s la transformacién de la

sustancia a nivel estructural, donde pierde algimau propiedad especifica y
forma nuevos compuestos que podran ser biodegesdallgunos compuestos
no son capaces de completar la ruta de degradakicante el proceso de
biodegradacion anaerobia, como es el caso por &edglos acidos grasos
volatiles.

- Biodegradabilidad final 0 metanogénica: Es la ti@msacion completa de la

sustancia en compuestos inorganicos y algunos gi@slino biodegradables
resultantes del proceso metabolico celular. En leddgradabilidad
metanogénica se obtienen como principales proddoiakes el metano vy el
diéxido de carbono, bien como otros compuestosgamicos (H, NHs, N,
NOy, H,S).

La biodegradabilidad se suele expresar como eleptaje de sustancia que es

degradado en un periodo de tiempo dado en comparaoin la cantidad tedrica que

podria ser convertida estequiométricamente, endasenalisis elemental.
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5.2.3. Potencial metanogénico o de biogas

El potencial metanogénico de un residuo (Biochehlidathane Potential BMP) se
define como la produccion especifica ultima de mefaara un tiempo de degradacion
infinito. En la practica el ensayo tiene una duradinita y el potencial se obtiene por
extrapolacion de la curva. Si en lugar de cuamtifla cantidad de metano se determina
la cantidad de biogas total tendremos el poteniggiroduccion de biogas. Debido a la
mayor influencia de las condiciones ambientalesleersolubilidad del dioxido de
carbono, y por consiguiente en la composicion aejds, el potencial metanogénico es

un parametro mas representativo y fiable que ernuodl de producciéon de biogas.

El BMP se suele expresar como el volumen de memmnducido en condiciones

normales (0°C, 1atm) por unidad de residuo alimienfeg SV o kg DQO). Debido a la

complejidad de los residuos, no es posible conoaenalmente su compaosicion, por lo
que se utiliza la demanda quimica de oxigeno (DQ®@)s solidos volatiles (SV) para

describir su concentracion. Conocida la composicdiénresiduo es posible determinar
la relaciéon DQO/SV a partir de la oxidacion:

CaHyOc + (a - b/d — ¢/2).bD — (a/2 — bi8 + c/4).CO+ (a/2 + bI8 + c/4).CH

Donde para un compuestgH;Oy se tiene que

a b
DQO, _(n+g-g)-32 5.0)
SV" 12n+a+ 16b '

El potencial metanogénico tedrico de un compuegkt@, se puede determinar a

partir de la ecuacion de Buswell:

G+5-5)- 220

12n+a + 16b

By = =STPL CH,/g.SV  (5.2)
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Este valor es un limite superior ya que debidosasiguientes factores no se puede
alcanzar (Angelidaki y Sanders, 2004):

- Parte del sustrato se utiliza en la sintesis dadsa (5-10%).

- A un tiempo finito de ensayo parte de la materigdnica se pierde con el
efluente (10% aprox.).

- Existen compuestos organicos que no son biodedemdadn condiciones
anaerobias.

- Partes de la materia organica son inaccesibles lo@ramicroorganismos.
Fendmenos de adsorcion.

- Pueden existir limitaciones de nutrientes o eleprtaza que impidan la
degradacion.

- La presencia de compuestos inhibitorios lleva alltados de potenciales
inferiores a los que se obtendrian en condiciopdmés.

- En aguas con nitratos y sulfatos los microorganssnaesnitrificantes y
sulfatoreductores estan favorecidos frente a loamdgenos. La cantidad de
materia organica disponible para la metanogénesssisferior y por lo tanto, la

cantidad metano producido disminuira.

En la practica, el potencial metanogénico se determediante un ensayo controlado.
En el apartado que sigue se describe los diferéatésres y condiciones de operacion
qgue influyen en el desarrollo y resultados de |d4PB seleccionandose el modo de

trabajo en los BMP realizados en la presente tesis.
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5.2.4. Condiciones seleccionadas para los ensayd4$HB

El resultado de potencial metanogénico (BMP) obienien el ensayo de
biodegradabilidad se ve influido por condicionescis, quimicas y fisiologicas. La
mayoria de las metodologias existentes para landiei@cion de biodegradabilidad
operan en discontinuo, a diferencia de la operaei@scala real, que transcurre en
continuo. De esta forma, los resultados de un BBIBam directamente extrapolables a
escala real, si bien permiten obtener una refemedel potencial biodegradable de la
sustancia, y lo que es mas importante: comparéntdis residuos o la influencia de
determinados tratamientos sobre la biodegradadildia los residuos (objetivo de la

presente tesis).

A continuacién se describen los principales parémaejue influyen en los ensayos de

BMP, y el valor o rango de trabajo seleccionada jgada uno de ellos.

a) Temperatura

Como ha sido descrito en el capitulo 3 (aparta®®2B.la cinética del proceso de

degradacion anaerobia se ve afectada significatiméarpor la temperatura.

Para los ensayos desarrollados se ha elegido ladie en condicionemesdfilas
(35°C), que es la mas ampliamente empleada a esedlanayormente, por cuestiones

econdmicas y de tradicion).

b) Inoculo

Dado que el proceso global de degradaciéon anaembigomplejo y requiere la
presencia de distintos grupos de microorganismosrigen y naturaleza del inoculo
tiene una clara influencia en la cinética y nivelesdegradaciéon obtenidos.

Algunos indculos referenciados para ensayos de ebradabilidad son purines
digeridos, mezcla de fangos o fangos adaptadaguid=inas comunmente se usa, debido

a su mayor disponibilidad y a la gran variedad deranrganismos que posee, es el
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procedente de reactores anaerobios de plantas ipalag que tratan fango primario o
una mezcla de primario y secundario. En aquellassiones en las que se traten
residuos especiales y/o en condiciones especiategene utilizar un fango adaptado.
Moreno-Andrade y Buitron (2004) estudiaron el afeque tiene el origen de los
microorganismos sobre los ensayos de biodegradatbjlobteniendo que los resultados
de biodegradabilidad variaron en funcion de la @deacia del indculo, encontrandose
una relacién entre el grado de biodegradacionagiizidad metanogénica especifica: a

mayor actividad metanogénica mejores resultaddsategradacion.

Se ha elegido trabajar coiango mixto digerido proveniente de la estacion de
tratamiento de aguas residuales de Valladoliddsgonibilidad y fiabilidad.

c) Relacion sustrato / microorganismog/Xg)

El efecto de esta relacion no se suele tener enta&uw® los protocolos normalizados
existentes (Angelidaki et al. 2009), sin embargorksultados de biodegradabilidad se
ven fuertemente afectados con el valor de la @hasustrato/microorganismos. Se ha
encontrado un efecto positivo en la relacion Soféa la velocidad especifica de
produccion de gasSegun Buitrén (2002), a mayores relaciones maydocidad

especifica de produccion de biogas.

En el desarrollo de los ensayos se ha elegidorelnaion sustrato/inoculo de 0.5 g
SV/gSV para todos los ensayos realizados.

d) Medio del ensayo

En el desarrollo de un ensayo de biodegradabilelachedio debe de aportar a los
microorganismos los elementos esenciales comoutigentes, vitaminas y elementos
traza necesarios a su crecimiento. La falta denalgule los componentes esenciales
puede ser un factor limitante en el crecimientdodemicroorganismos y por eso falsear
los resultados de biodegradabilidad. La preseneialidoelementos y vitaminas en el
medio favorecen la produccion de biogas y mejon fiveles de biodegradacion
obtenidos (Buitron, 2002). La tabla siguiente pnésela disolucion de los

macronutrientes y de los elementos traza eseneihiasdio.
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Tabla 5.2— Disolucién de macronutrientes y elementos t(azd et al. 1988)

Macronutrientes Disolucién elementos traza
Sustancia Concentracion Sustancia Concentracion
(9/L) (mg/L)
KH-.PO, 37 FeCi. 4 HO 2.000
NH4CI 170 CoC}. 6 HO 2.000
CaCb. 2 H,0 8 MnCb . 4 HO 500
MgCl,. 4 HO 9 CuC}. 2 HO 30
NapSOy 49 ZnC} 50
H:BOs 50
(NH4)5MO7024 4|90
H,O
NaSeQ. 5 H,O 100
NiCl, . 6 O 50
EDTA 1.000
Rezasurina 500
HCI 1 mL/L

En los ensayos realizados durante la tesis se adidafil mL de la disolucion

presentada en la tabla 5.2 por cada litro de imocul

e) Numero de réplicas

La muestra de fango puede presentar alta heterdgenpor lo que es conveniente
distribuir el fango en cada ensayo de la manerahodmgénea. A pesar de tomarse las
precauciones adecuadas no siempre se evitan lbtepras derivados de este hecho.
Con el fin de minimizar los efectos y obtener regids fiables es conveniente transferir
el fango de manera aleatoria entre todos los essagon la mayor mezcla posible. Por
otra parte se recomienda la realizacion de engaymosiplicado (ASTM D 5210 (1992),
ISO 11734 (1995)).

Todos los ensayos realizados en la presente gebhmnsrealizado pariplicado .

f) Validacion del ensayo

Es recomendable en este tipo de ensayos que s&meahsayos de control con una
sustancia de referencia, de forma que se compitaedhetividad del inéculo empleado.
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Las sustancias a utilizar son compuestos faciimbingegradables como la celulosa,

albumina y trioleato de glicerol.

En los ensayos recogidos en esta tesis se han aoosuaesivosest de “control”, con

celulosa como sustrato

5.2.5. Procedimiento para la realizacion de los emgos BMP

El seguimiento experimental para la realizacioriodeensayos de biodegradabilidad se
ha basado en protocolos existentes (Angelidaki @089, UNE-EN-ISO 11734, 1995),
adaptando estos a las condiciones deseadas.

Como se ha presentado anteriormente (apartado),5&t.4noculo es fundamental.
Conviene que sea lo mas fresco posible, pero gpeosiuiccion de biogas endégena sea
despreciable comparada con la exdgena (debida sitag). Para minimizar la
produccion enddégena es conveniente introducir @ulo en una camara caliente a
35°C durante al menos 3 dias antes de iniciarsglyen Este tiempo es suficiente para
readaptar el lodo a la temperatura del ensayo easel de que hubiese sido almacenado

a 4°C para su conservacion.

En todos los ensayos realizados para la deterndimait® la biodegradabilidad de un
residuo (pre-tratado o no) se ha realizado en garah test de biodegradabilidad del
indculo (sin adicionar sustrato), denominado “btan&l objetivo de este blanco es
cuantificar la produccion debida solamente al wealtipara restar la produccion
correspondiente al inGculo en los ensayos realgzados residuos.

Como se ha indicado anteriormente, para verifi@aeproducibilidad del ensayo se han

realizado los ensayos por triplicado.
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Los pasos clave que se han seguido para la raalizde los ensayos BMP han sido:

1. Adicion del volumen del in6culo calculado en el editpr (de forma que el
volumen libre de la camara de gas sea suficienta paseguimiento de la
produccion de biogas)

2. Adicion de una solucion reductora (100 mg,8l@HO0/L) y una solucién
tampdon (5 g NaHCgL). La solucion reductora tiene por funcion asegua
ausencia de oxigeno en el medio durante todo alyen&a solucién tampén se
emplea para neutralizar los protones generadosaedescomposicion del
sustrato, y mantener el pH del medio lo mas cotestaosible. El cultivo debe
de contener los nutrientes y elementos traza nesssa correcto crecimiento
de los microorganismos (1 mL/L) con la composi@éteriormente descrita.

3. Ajuste de pH del medio a aproximadamente 7, empglz&tCl o NaOH.

4. Adiccién del sustrato a la concentracion y rela@giX, deseadas (para evitar la
acidificacion del medio).

5. Después de sellar los digestores se procede ahgmrdel aire del sistema
mediante la introduccion de un gas inerte (helar, ggemplo), favoreciendo la
eliminacién de oxigeno contenido en los botes y@asmdo una atmosfera
anaerobia desde el primer momento.

6. Preparados los digestores se colocan en una caalggate a la temperatura
seleccionada para el ensayo (35°C). Cuando estehgan la temperatura
ambiente (aproximadamente 20 minutos) se da paeado el ensayo.

7. Durante el seguimiento de los ensayos se midecedrimento de presion y se

analiza la composicion de biogas (por cromatogadigases).
El ensayo se da por terminado cuando la varia@doresion durante los ultimos dias es

inferior al 10% de la produccion total de biogasseoha alcanzado la produccion de

biogas tedrica esperada.
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5.2.6. Equipo experimental

El sistema empleado se basa en la técnica manoeétm medida de la produccion de
biogas a partir del aumento de presidbn en un etipi de volumen constante
(“digestor”), y posterior mediciéon por cromatogeafjaseosa de la composicion en

metano del biogas.

Se describen a continuacién las caracteristicasgigpo:

Digestores utilizados

Como reactores se han utilizado dos tipos de bd&ksy 250mL, fabricados en
borosilicato transparente (Sigma-Aldrich). El enoplde uno u otro se ha realizado
dependiendo de la naturaleza del residuo. Aquedegluos con particulas de mayor
tamano (naranja, paja, bagazo) se han realizaths drotes de mayor tamario.

La figura 5.5 presenta una imagen de los digestdr@zados.

Figura 5.5 — Digestores de borosilicato utilizados en losagas de biodegradabilidad
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Sistema de agitacion

Se han utilizado dos sistemas distintos de agitaélara los botes de 2 L se ha utilizado
un sistema rotatorio (Wheaton — Roller apparatagntras para los botes de 250 mL se
utilizé un sistema de agitacion shacker (New Bruokvicientific, G10 — Gyrotory
Shacker). Ambos sistemas se muestran en la figGra 5

)

Figura 5.6 —Equipos de agitacion tilizados, rotatorio y shackspectivamente.

Medida de presion

El transmisor de presion utilizado ha sido el ifBB07 con un rango de medicion de 0
a lbar, mostrado en la figura 5.7

Figura 5.7 — Transmisor de presion
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5.2.7. Tratamiento de datos de los BMP

Produccion de Biogés o de metano (mL,LH

Una vez finalizado el ensayo, los datos de lasulastde presion se transforman en
volumen de biogas generado.

El calculo tedrico se basa en la ley de los gadealés y en la suposicion de que la
solubilidad del metano en el medio es despreciable.

El aumento de la presion se relaciona con un awnemtel niumero de moles del

sistema,

AP. Vcémara de gas

AP.Vismara de gas = An-R-Tensayo - An = (5.3)

R. Tensayo

siendo
AP = variacion de la presion durante el ensayo (atm)
Vcamara de gas Volumen libre de la camara de gas {dm
An = variacion en el numero de moles de gas geng(aadal)
R = contantes de los gases ideales (atfiirdai.K)

Tensayo= temperatura del ensayo (K)

Cuando la cantidad de gas generado es conocigaieske relacionar con el volumen

gque ocuparia a una temperatura presion y prest@y(Q atm)

An.R.T®

siendo
P = presion de referencia (1 atm)
T° = temperatura de referencia (273K)
AV = produccién de biogas, a 0°C y 1 atm duranensayo (drf)
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Sustituyendo el valor dén de la ecuacién 5.3 en 5.4, tenemos

Vcémara de gas *
0
P®. Tensayo

0
AV = AP = c AP (5.5)

Los valores de volumen de camara de gasayb presion de referencia y temperatura
de referencia son constantes por lo que se pueplepaa dando lugar a la contacte

Con el analisis de la composicion de biogéas, esblgosuantificar la cantidad de

metano producido,
AVporano = AV.M (5.6)

siendo
M = Fraccion molar del metano en el biogas gererad
AV = produccién de metano, a 0°C y 1 atm duranemsayo (drf)

Para conocer la produccion real de biogas debidasatato, a la produccion total que se
haya obtenido se le resta la produccion debidarssite al ensayo en “blanco” (test
solo con indculo).

A continuacion se presentan unas graficas comopdjeren las que se recogen las
curvas de produccion de biogas total (obtenidoreansayo a un sustrato cualquiera) y
del blanco (correspondiente al test con indcula)curva de produccion real se obtiene

como diferencia de las anteriores.
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Vol biogas (mL)
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Figura 5.8. Ejemplo de calculo de productividad de biogas
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A partir del valor de produccién de biogas o meténb) se calcula Iproductividad
del residuo, dividiendo este valor con respect@sadSV de residuo introducido al
ensayo (gSV afadido). De este modo se obtienesaltado final de productividad

como:mL biogas/g S\Visadido Y ML CH 4/g SVagadido-

5.3. Parametros clave: operacion y respuesta

5.3.1. Parametros de operacion: Factor de Severiddibg Ry)

En el tratamiento de hidrdlisis térmica, la tempea y el tiempo de operacion
determinan las condiciones de severidad del ptartianto que pueden ver presentadas

segun el parametro logRHendriks and Zeeman, 2009), donde

T —100
logR, = log| t. exp( 1475 ) (5.7)

Siendo t el tiempo en minutos, T la temperatur&@nl100 es la temperatura base de
100°C y 14.75 es la energia de activacion asumigudda reaccion de hidrélisis y toda

la conversion es de primer orden.

La tabla 5.4 muestra, como ejemplo, una serie d#ories de severidad que

corresponden a distintas combinaciones de tempar@tyy tiempo (t) de operacion.
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Tabla 5.4. Factores de severidad correspondientes a dstotadiciones de operacion

T (°C) t (min) log RO

0 0 0,00
100 5 0,70
100 15 1,18
120 15 1,76
120 30 2,07
150 5 2,17
150 15 2,65
150 30 2,95
170 15 3,24
170 30 3,54
180 5 3,05
180 30 3,83
200 2 3,25
200 5 3,64
220 1 3,53
220 5 4,23
220 15 4,71

Se observa que un mismo factor de severidad puwdesponder a dos combinaciones
temperatura-tiempo diferentes. Asi, por ejemplo, faotor de severidad de 3.5

corresponde a 170°C - 30 min y a 220°C — 1 min.

5.3.2. Parametros de respuesta: Factor de Biodegrakilidad (FB)

Dado que el objetivo que se busca es mejorar ldugtividad del residuo tratado frente
al no tratado, el parametro de respuesta clave eawtipl en la presente tesis es la

relacion entre ambos, definido coffiaator de biodegradabilidad (FB)
Por tanto, el factor de biodegradabilidad es laciéh entre la productividad obtenida

en los ensayos alimentados con residuo pre-tratathoe al control alimentado con

residuo no pre-tratado.
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mL CH,
< /gSVaﬁadid0>
Hidrolizado

FB =
gSVaﬁadido

(5.8)

>N0—Hl’drolizad0

De este modo:
- FB>1-> mejora de la biodegradabilidad con respecto dlidmlizado

- FB<1 - empeoramiento de la biodegradabilidad con resg@cto-hidrolizado
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5.4. Métodos Analiticos

Para el desarrollo de la tesis ha sido necesariocen una serie de parametros para la
caracterizacion de las muestras, tanto del inocoino del sustrato. Su determinacion
se realiz6 mediante las técnicas analiticas progsigsor Standard Methods for the
examination of water and wastewa{&PHA, 2005).

A continuacion se describen de forma breve lagdésranaliticas usadas.

5.4.1. pH

La determinacion electrométrica del pH se basaaemédida de la actividad de los
iones de hidrégeno por mediciones potenciométutdizando un electrodo indicador
de vidrio, otro de referencia y tampones de pH74 y

La fuerza electromotriz (fem) producida en el sistede electrodo de vidrio varia
linealmente con el pH y esta relacion se descrmeparando la fem medida con el pH
de diferentes tampones. El pH de la muestra sendiete por extrapolacion.

La temperatura afecta la medida del pH de dos fermiectos mecanicos producidos
por cambios en las propiedades de los electrodefegtos quimicos causados por
cambio de equilibrio. De esta forma es convenignbeeder a la medida del pH de la
muestra siempre a la temperatura ambiente.

El medidor de pH utilizado consta de un potencidémeton lectura de temperatura y
compensacion de la misma, un electrodo combinadaddde (crison 52-02 de pH de 0-
14) y una sonda (crisol C.A.T. Pt1000) para comaelastemperatura. Para muestras de
fangos, sélidas y semi-solidas se usa un electdsdpenetracion (crison 50-53 con

intervalo de temperatura de 0-45°C)
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5.4.2. Sélidos totales y sélidos volatiles (ST y gV

El analisis de sélidos es un parametro bastanteriaopte en el control de procesos
fisicos y biolégicos, en la caracterizacion de eftes y lodos, en la eficiencia de
procesos de tratamientos, entre otros.

En la determinacién de los ST y SV se ha seguid&tehdard Methods for the
examination of water and wastewat&PHA, 2005) — Referencia 2540, con algunas

modificaciones.

Equipos necesarios: Balanza analitica, estufa yamuf

Material: Capsula, espatula

Inicialmente hay necesidad de preparar la capaaidalse va a proceder al analisis de
la muestra. Si en la medicion se pretende andli¥afi), se debe incinerar la capsula a
550 * 50°C por al menos 1 hora en una mufla. Sigpoontrario, solamente se pretende
hacer el andlisis de los ST (ii), de debe caldataapsula a 103-105°C por al menos 1
hora en una estufa.

Después de preparada la capsula se debe de conservan desecador y pesar

inmediatamente antes de usaj) (p

Anédlisis de la muestra

1 — Elegir una cantidad de muestra que proporaionesiduo entre 25 a 50g,
2 — Transferir la cantidad de muestra bien mezdaldacapsula previamente preparada
y pesada (opciones i 0 ii),{p
3 — Secar la capsula con la muestra durante alsriehora en una estufa a 103-105°C,
4 — Enfriar la capsula en un desecador para equilile temperatura y pesar en balanza
analitica (p)

Repetir el ciclo 3 / 4 hasta obtener una de lasliciones: a) peso constante, b)
la pérdida de peso sea menor de 4% del peso jnigiE pérdida de peso sea menor de
0.5 mg del peso inicial. Elegir la menor de ambaalgrar los ST

5 — Incinerar la capsula con la muestra a 550 € ®0Puna mufla, hasta peso constante,
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6 — Enfriar la capsula en un desecador para equilde temperatura y pesar en una
balanza analitica gp

Repetir el ciclo 5/ 6 hasta obtener una de lasliciones: a) peso constante, b)
la pérdida de peso sea menor de 4% del peso iridegdir la menor de ambas y valorar
los SV.

A continuacién se presentan las ecuaciones neasgaia el calculo
Po = peso capsula (g)
Pm = peso muestra original + capsula (g)

p; = peso residuo seco + capsula (g)

p2 = peso residuo incinerado + capsula (g)

(p1 — Do) * 1000

ST (9/kg) = — (5.9
L — py) * 1000
sV (g/kg) = 2 ppzpo (5.10)

5.4.3. Demanda Quimica de Oxigeno para solidos (D@09
La Demanda Quimica de Oxigeno puede consideramanadida aproximada de la
demanda tedrica de oxigeno, que es la cantidadigerm consumido para la oxidacion

total de los compuestos organicos a productos amicgs.

El método utilizado se basa en _el método de Refiljerto segun la norma UNE

77004:2002 y adaptando el método seguidoStandard Methods for the examination
of water and wastewatdlAPHA, 2005). Es aplicable para valores de DQQeB0
mg/L y 19000 mg/L, no siendo aplicable en muesjtastras su dilucion contienen mas

de 2000 mg/L de iones cloruro.
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Reactivos necesarios:

Solucion catalitica (10 g/L): Disolver 25g de AgSéh 2.5L de HSO, 96% y
1.84 g/mL.

Solucion digestora (0.2M): Disolver 117.68g degCkO; (previamente secado
en a 105°C por 2 horas) en 750 mL de agua Elidiafidg HgSQ e incorporar
poco a poco 500 mL de,BO, concentrado. Una vez frio diluir hasta 2000 mL
en un matraz aforado.

Solucion FAS (200 g/L): Disolver 400g de Fe(NHSOy),.6H,O en 1000 mL,
afiadir 80 mL de 80O, concentrado. Dejar enfriar e diluir hasta 2000 enLun
matraz aforado.

Solucién patrén dicromato de potasio (1N, 0.166/mol

Solucion patrén hidrogeno ftalato de potasio

Procedimiento y preparacion de muestras

La muestra se lleva a ebullicion con reflujo erspreia de sulfato de mercurio (11), de

una cantidad conocida de dicromato de potasio yrdeatalizador de plata en medio

fuertemente acidificado por acido sulfurico duraBtéoras a 150°C. Después de la

digestion, el dicromato no reducido se determimavatoracion con sulfato de amonio

ferroso. El valor de la DQO se determina a pasirdicromato reducido, el equivalente

a la cantidad de materia oxidada.

Ensayo blanco: se debe realizar un ensayo en binegosmo tiempo que la

determinacion de las restantes muestras, dondguseed mismo procedimiento
operatorio pero reemplazando la muestra por 10 endgtia Elix.

Equipo de digestion: se usa un equipo de digesd® a 12 unidades con tubos

de digestion de 42 mm de diametro con boca esrmdaril®rogramar la
temperatura a 151°C y tiempo de digestion de 120 mi
Digestion de las muestras: Para las muestrasadidliz, muestras sélidas, se peso

una cantidad representativa (1-1.59g) con respukstiao del rango a la que se

afladié 10 mL de agua Elix.
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Colocar en el suporte los tubos de digestién pmeerde lavados con agua Elix y secos,
incorporar a los tubos la porcién de ensayo y 2IRas controladores de ebullicién. Se
debe reservar un tubo para el ensayo en blancdfidaosentamente 20 mL de solucion

digestora y 30 mL de solucion catalitica, agitandmladosamente el tubo de digestion
tomando en cuenta que el proceso es exotérmicvallas muestras a la campana
extractora y conectar el equipo a la temperaturdempo de digestion. Una vez

terminada la digestion, dejar las muestras enfrikr temperatura ambiente, quitar los
tubos de digestion y trasvasar el digerido a urramade 500 mL. Se deben lavar las
paredes del tubo varias veces con pequefas caggidadagua. Aiadir agua Elix hasta
el enrase de 500 mL con el objetivo de diluir dbcpermitiendo observar el viraje de

color durante el proceso de valoracion del dicronmat reducido.

- Normalizacién del FAS: Es necesario calcular lanmadizacion del FAS antes

de cada serie de valoraciones. Se debe para ellmac 10 mL de solucidn

patron de dicromato potasico 1N en un matraz derbD0afadir 30 mL de

sulfarico concentrado y diluir hasta enrase deunwn del matraz con agua
Elix. Afiadir 10 gotas de ferroina y valorar. Anotar volumen de FAS

consumido.

- Valoracién: Anadir 10 gotas de indicador ferroineada matraz (la cantidad del
indicador debe de permanecer constante). Mediagitac®n magnética
moderada, titular el exceso de dicromato con FASaheambio de viraje (de
naranja — verde claro que vira a verde oscuro gdwentinuar valorando hasta
verde — gris mate). Anotar volumen de FAS consumido

- Criterio de aceptacion: En cada ensayo se deterglivalor de DQO de un

patrén como control de exactitud y un duplicado @arontrol de precision. Se
considera satisfactorio el ensayo en el caso deetjwalor experimental es,

como minimo, 96% el valor teorico.
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A continuacién se presentan las ecuaciones neasgmia el desarrollo de los célculos

a — volumen de FAS utilizado en la valoracion dahbo (mL)

b — volumen de FAS utilizado en la valoracion delaestra (mL)
N — normalidad del FAS

VEeas — volumen consumido en la valoracion del FAS (mL)

Om — masa de muestra digeridos (g)

Npas * Veas = Ng,crp0, * Viyery0, (5.11)
(a—b)*8x%N
DQO (mg 0;/9) = 7 (5.12)
m

5.4.4. Nitrégeno Kjeldahl (NKT)

Cuando el nitrégeno organico y el amoniacal se rogb@n conjuntamente, se
denomina denitrégeno Kjeldahl Si se determina individualmente el kjeldahl y el

amoniacal, se puede obtener el nitrégeno orgamcdiferencia.

El método utilizado se basa en la totalidad canétibdo seguido pd&tandard Methods
for the examination of water and wastewg@PHA, 2005) — Referencia 4500 o}

Reactivos necesarios:

- Solucion de bdrico: Disolver 40g de &cido boéricoagua y afiadir 20 mL de
indicador mixto y diluir hasta 200 mL.

- Solucion indicador mixto: Disolver 200 mg de roje thetilo en 100 mL de
etanol. Disolver 100 mg de azul de metileno en SQdmetanol. Mezclar ambas
disoluciones.

- Solucién madre &cido sulfarico 1N: Disolver 27.8 ad.acido sulfdrico al 96%,

dejar enfriar y llevar a matraz de 1000 mL.
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Solucién patron de hidrégeno ftalato de potasiosaPe).3 g de ftalato
previamente secado a 105°C durante una hora,ar kemnatraz de 50 mL.
Solucion de sosa caustica 6N: Pesar en una jarnaladéico 480 g de sosa
caustica y disolver en 2L de agua.

Solucién de NaOH 0.5N: Disolver en un vaso de f@astlO g de lentejas de
NaOH en un volumen de 400 mL. Dejar enfriar y llewain matraz de 500 mL.
Solucion de NaOH 0.03N: Diluir en un matraz de 250, 15 mL de NaOH
0.5N. Diluir hasta volumen total.

Solucién de &cido sulfurico 0.1N; 0.05N; 0.02N

Catalizador Kjendahl: Cu 0.3% - CusBH,O

Procedimiento y preparacién de muestras

El método se basa en el siguiente principio: Hirégencia de sulfdrico y un catalizador

a una temperatura controlada de 370°C el nitrégertcansforma en sulfato de amonio.

El amoniaco se destila en medio alcalino y se d@lesen acido bérico, el amoniaco se

determina por titulacién con &cido sulfurico de aamracion normalizada frente a

patron.

Tratamiento de muestras: Las determinaciones sphrestra seca no son

exactas porque el secado origina pérdidas de dalasmonio. Para muestras de
fangos y sedimentos, pesar una porcion represemi@is — 19), transferir a un
tubo de digestion y afadir 25 mL de agua. Si la stnaetiene solidos
macroscopicos o material insoluble, se debe de genezar.

Digestion: En el caso de muestras sdlidas, a ladeahpreviamente pesada (0.5
— 1g), afadir 10 mL de agua y 3 mL de acido sw@jrremover con precaucion
y esperar 2 minutos. Pasado el tiempo afiadir nuem@n3 mL de acido
sulfurico, la solucion digestora, el catalizadannas bolitas de dieléctrico para
evitar sobrecalentamiento. Colocar los digestor83@C durante 60 minutos.
Finalizado el tiempo de digestion, dejar enfriar fobos y proceder a destilar el

digerido.
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- Destilacién: Seguir las instrucciones del equipo daéstilacion — destilador
Biichi. Dosificar agua e hidroxido sodico, recogedestilado en un matraz de
100 mL de bdrico indicador. Para muestras sélisesgnlazan 2 programas; un
predestilado (25 mL de agua, 15 mL de NaOH, dasifics 100 mL de borico-
indicador y esperar 5 segundos) seguido de un aragde destilado (5 mL de
agua, 15 mL de NaOH, 5 segundos de espera y d@&stilaon corriente de
vapor durante 10 minutos).

- Valoracioén: Valorar el destilado con acido sulforidge concentracion conocida
hasta cambio de color (de verde a morado brillanAg)otar el volumen
consumido.

- Criterio de aceptacion: Para cada serie se detarelirvalor de NKT de un

patron (triptéfano 13% N) como control de exactityydun duplicado como
control de precision. Se considera satisfatorienskyo cuyo valor experimental

sea como minimo el 96% del valor teorico.
A continuacion se presentan las ecuaciones neasgmia el desarrollo de los calculos

N — normalidad del sulfarico utilizado en la valcidn
V — volumen de sulfurico consumido en la valoradidr.)

My, — masa de muestra que se ha digerido (g)

(N *1).14000
NKT(mg N/kg) = — (5.13)

m

93



Capitulo 5

5.4.5. Carbono organico total (TOC)

El método utilizado se basa en el método de condust infrarrojo. El método

utilizado se basa en la totalidad con el métodaidegpor Standard Methods for the

examination of water and wastewa{&PHA, 2005) — Referencia 5310.

Se trata de un método utilizado para una gran sitled de muestras, pero su exactitud
depende de la reduccion del tamafio de particulasErcaso, se debe de utilizar para

muestras con concentracion de carbono organicosigperiores a 1 mg/L.

Equipos necesarios: Analizador de carbono orgéattal (TOC), equipo TOC-5050
(modulo liquidos), SSM-5000 (modulo para sélidoSHHMADZU

Reactivos y material utilizados:
- Disolucién patrén carbono total (TC) de biftalat® pbtasio anhidro ¢E1sKO4

(Mm 204.23 g/mol y 99.5%): Preparar una soluciordmeade 1000 ppm para
calibracion y como control de calidad. Pesar exaetde 2.125 g secados en
estufa durante 2 horas a 105°C vy llevar a un mati@ado de 1000 mL. La
disolucion se debe conservar a 4°C para su esladhili

- Disolucién patron mixto carbono inorganico (IC)abonato de sodio anhidro
Na&CO; y bicarbonato de sodio anhidro NaH{£OPreparar una disolucion
madre mixta de 1000 ppm. Pesar exactamente 4.8150g respectivamente y
llevar a un matraz de 1000 mL. La disolucion seedeinservar a 4°C para su
estabilidad.

- Disolucién patrén de nitrégeno total (TN) de clar@monico NHCI: Preparar
una disolucién de 100 ppm. Pesar 0.3821 g y llawar matraz de 1000 mL.

- Patron de D-glucosa anhidrgHz2Os

- Gas portador oxigeno purificado libre de ZJ0inde oxigeno 5.0, bk 5 ppm/V)

- Gas portador aire sintetico alta pureza.

- Cubetas de ceramica y lana ceramica: sumergir dn2NClavar y calcinar a
550°C.
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Procedimiento vy preparacién de muestras:

El método se basa en el siguiente principio: patarchinar la cantidad de carbono
organico, las moléculas organicas deben romperssmieglades de carbono simples en
una camara de combustion a la temperatura adedegndiendo de la fraccién de
carbono a determinar. En presencia de un catalizddomuestra se quema y se
descompone en GQue puede medirse directamente en un analizadimfrderojo no
disperso. La sefal analogica de salida del deteggoera un pico cromatografico
proporcional a la concentracion de TC de la muestra

Las moléculas monoatomicas como el B, y H, no absorben radiacion infrarroja,
mientras que las moléculas poliatdbmicas tales ceh@0O, y CH, absorben radiacion
infrarroja a diferentes longitudes de onda seglrolalicion de adherencia y los tipos
de atomos que constituyen la molécula. La canta#adayos infrarrojos absorbidos es
proporcional a la densidad del €€egun la ley de Lambert- Beer.

- Calibracion del médulo de solidos: Se ajusta laptenaitura del horno a 900°C
de forma a permitir una correcta oxidacion por costidn. Se elabora una recta
de calibrado para TC y otra para IC con cuatroles/de concentracion. Se usa
D-glucosa anhidra como patrén para TC y carbonatsatlio para IC. Las
respuestas se obtienen en % peso.

- Ensayo blanco: Se realiza un ensayo con agua MiliQ

- Muestras sélidas: La muestra debe de ser repréisangeestar bien pulverizada,
pero como pesada maxima considerar 1 g de muestra.

- Procedimiento — Modulo de sélidos: Pesar una cutheteeramica previamente
calcinada a 550°C y afiadir una cantidad de mulestrengénea y representativa
(maximo 1g). Tratandose de una muestra solida Be decubrir con algodon
absorbente (previamente calcinado) de forma argwitgyecciones al introducir

la muestra en el horno (no se debe recubrir padicinees de ClI)
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Cuando una muestra que contiene materia organicderian mineral carbonosa
(carbonatos, bicarbonatos, carburos, etc) y matemgral no carbonosa, se somete a
combustién total a 900°C, todo el carbono presemtetransforma en anhidrido
carbonico el cual puede ser analizado cuantitativden Si esa misma muestra es
sometida a 200°C y a la accion de un acidg®?® a 25%), se genera igualmente £O
pero solamente proveniente de la materia inorga@daonosa.

En el caso de la combustion total a 900°C, se mobted resultado del carbono total
(TC), mientras en el segundo caso, se obtienerbra inorganico (IC). El valor del

TOC es dado por la diferencia de ambos resultasipsnsla ecuacion,

TOC =TC — IC (%peso) (5.14)
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6.1.1. Introduccién

La industria cervecera se considera la quinta tndusnas productora del mundo,
pudiendo considerarse el valor de 23 litros/persditacomo un consumo medio.

La cebada, materia prima en el proceso de produat&dcerveza, es hoy en dia el
cereal mas abundante después del trigo, el mdiaryoe.

En el proceso de elaboracion de cerveza se genmaarserie de residuos, como el
bagazo, bagazo de lupulo, levadura y tierras deadibn (Mussatto et al. 2006;
Fillaudeau et al. 2006), asi como agua residual.

En concreto, el bagazo de cebada representa wuoesnportante para la industria
cervecera, cuyo destino habitual es la alimentaeidmal. Sin embargo, su elevada
generacion conduce a la necesidad de buscar teattgio alternativas.

La digestion anaerobia se plantea como una exeeldtgrnativa dado que permite la
recuperacion energética mediante la produccioniagab (Tewelde et al. 2012). Sin
embargo, como residuo lignoceluldsico se tratardeaompacta estructura de celulosa
(37.6%), hemicelulosa (34.9%) cerrada por ligniha.§%) (Sun et al. 2005), y por
tanto la etapa de hidrdlisis resulta limitante paEnaroceso anaerobio.

La aplicacion de una etapa previa de pre-tratamipatmitira que las macromoléculas
se conviertan en material mas accesible a lasrmsenaerobias.

En el presente capitulo, se recoge el estudiczeshlia bagazo de cervecera, sometido a
un pre-tratamiento de hidrélisis térmica con explosde vapor. La evaluaciéon del

efecto del pre-tratamiento se ha realizado medimgayos de potencial metanogénico.
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6.1.2. Material y Métodos

La metodologia seguida y el equipo empleado se demtrito previamente en el
capitulo 5 de “Materiales y Métodos” (apartados.5.¢ 5.2.5). A continuacién se
recogen Unicamente algunos datos concretos redasivpre-tratamiento y los ensayos

de potencial metanogénico.

a) Pre-tratamiento:

- Dispositivo experimental: La planta empleadaresponde al piloto Canibi

descrito en el apartado 5.1.1.

- Condiciones de operacion: Se recogen en la @bl (temperatura y tiempo).

Se observa que la temperatura se estudio en @ d&03220°C y el tiempo se fijé en 1,
5y 15 min. Estos valores conducen a factores derisad (log R, calculados con la

ecuacion 5.7) en el rango 1-5.

b) Ensayos BMP
- Sustrato: bagazo de cervecera procedente delkézirSA, fabrica de Madrid.
- Inoculo: Fango mixto digerido procedente de d$taeion de tratamiento de

aguas residuales de Valladolid con una concentratg@il2 g SV/kg.
c) Caracterizacion inicial del residuo

La tabla 6.1.1 muestra la caracterizacion inicella muestra de bagazo de cerveza

empleada.
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Tabla 6.1.1— Caracterizacion de la muestra original paraatgbo de cerveza

Parametro Valor Unidades
Solidos Totales ST 222.4+1.3 o/kg
Sdlidos Volatiles Sy 215.1+1.3 a/kg
Porcentaje de SV % SV 97
Demanda Quimica deDQO 311621+19000 g4xg
Oxigeno
Razén DQO/SV DQO/SV  1.45
Nitrégeno Kjendahl NKT 10506 mg N/kg
Carbono organico TOC 11.66+0.75 % peso
total
Relacion C/N C/N 11.10

d) Planteamiento experimental

La tabla 6.1.2 muestra las doce combinacionesmdpdratura-tiempo ensayadas.

e) Parametros de respuesta
Como parametros de respuesta al pre-tratamient@rsatilizado el factor de severidad
y el factor de biodegradabilidad descritos previatmen el capitulo 5 de “Materiales y
Métodos” como ecuaciones 5.7 y 5.8.

Factor de Severidad (logpR

T —100
logRy, = log| t.exp (m) (5.7)

Factor de Biodegradabilidad (FB)

mL CH,
< /gSVaﬁadido>
Hidrolizado

mL CH, /
gSVaﬁadido

FB = (5.8)

)No—Hidrolizado
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6.1.3. Resultados y Discusion

La tabla 6.1.2 muestra para las doce combinacid@ésmperatura-tiempo (TH1-TH12)
los resultados obtenidos, tanto de productividaglc(tados segun descrito en el
apartado 5.3) como en factor de biodegradabilidd® descrito en la ecuacion 5.8).
Dicho factor ha sido calculado con respecto alesmondiente bagazo no tratado

térmicamente (THO).

Tabla 6.1.2— Condiciones de pre-tratamiento y parametrogsieuesta

Thi {SC""; t(min) logRO mLCH4/gSV  FB
(30 dias) (30 dias)
THO No tratado 0,00 362 +8 1,00
TH1 1 1,47 348 £ 0 0,96
TH2 150 5 2,17 355+4 0,98
TH3 15 2,65 3567 0,98
TH4 1 2,06 313+7 0,86
TH5 170 5 2,76 370+ 8 1,02
TH6 15 3,24 369+1 1,02
TH7 1 2,94 363 +3 1,00
THS8 200 5 3,64 351 +5 0,97
TH9 15 4,12 241 + 3 0,67
TH10 1 3,53 345+ 6 0,95
TH11 220 5 4,23 257 + 21 0,71
TH12 15 471 164 + 4 0,45

La figura 6.1.1 presenta la evolucion de los ens®8MP correspondientes.
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Figura 6.1.1— Productividad en metano (mL @8 SVagadidd

A la vista de los resultados, la primera conclusadara es que ninguno de los
tratamientos realizados ha conducido a una mejoia eiodegradabilidad del bagazo
de cerveza.

Por lo contrario, algunos tratamientos han condu@dun empeoramiento en su
digestibilidad (tanto desde el punto de vista dertaluctividad final como de cinética).
En concreto, los tratamientos TH9, TH11 y TH12 deminuido notablemente el valor
final de productividad de metano, dando lugar afasa de retardo inicial de hasta 10

dias, y a una pendiente de produccion (cinétidajior a la del bagazo original (THO)

En la figura 6.1.2 se presenta el factor de bicattagpilidad (FB) frente al factor de
severidad (log R. Esta figura pone claramente de manifiesto qua palores de
severidad superiores a 3.50 el pre-tratamientayefhegativamente en la productividad
del metano, obteniéndose valores inferiores al robritHO, decrecientes a mayor
severidad.

Estos resultados coinciden cualitativamente coroliienidos en la investigacion con
ultrasonidos realizada por Sapci (2013), en quaddegradabilidad tras el tratamiento

de sonicacion fue menor que la inicial, y peor to@mayor energia aplicada.
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Figura 6.1.2 - Relacién Factor de biodegradabilidad (FB) coraetor de severidad

(log Ry) para los pre-tratamientos de hidrdlisis aplicaalbagazo de cerveza

6.1.4. Conclusiéon

La hidrdlisis térmica en las condiciones estudia(l#s0-220°C, 1-15 min) no ha
resultado un tratamiento adecuado como etapa peeVa digestion de bagazo de
cerveza, dado que no mejora la biodegradabilidadnrproductividad ni en cinética.
Por el contrario, en los tratamientos realizadoarefactor de severidad superior a 3.50
se produjo un empeoramiento del proceso de digegiasiblemente debido a la
formacion de compuestos inhibitorios o recalcigantiurante el pre-tratamiento que

pueden influir negativamente en el proceso anaerobi
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6.2.1. Introduccién

El zumo de naranja es hoy en dia una de las belnidaonsumidas, lo que lleva a que
el cultivo de naranjas sea una de las mayores tmasien los Estados Unidos y en los
paises mediterraneos, representando una componamefuerte en la economia
espafola (Faostat, 2010).

Adicionalmente a la produccion de zumo, aproximaslam 50-60% de la materia
prima se transforma en residuo (cascara, piel, llssmientre otros) (Wilkins et al.
2007).

Para reducir los problemas ambientales el residummddo debe de ser procesado
correctamente. Hasta muy recientemente el residuasinaranjas era utilizado como
alimento de ganado o simplemente quemado (Lapatgh 2008). La situacién actual
tanto en produccion como en legislacion conducesadr alternativas.

La digestion anaerobia constituye una alternatible y muy interesante para el
tratamiento y valorizacion del residuo generadojtotadesde el punto de vista
medioambiental como energético (valorizacion). retamiento anaerobio actualmente
se emplea con éxito con residuos organicos urbéipasura municipal y lodos de
depuradora), agricolas e industriales ya que $& ¢i® materia organica con elevadas
caracteristicas biodegradables (Chen et al. 2008).

Sin embargo, el residuo generado por la cascaradmja contiene aceites esenciales
(90% D-Limoneno), que es conocido como un agertiemamobiano, y por tanto puede
causar inhibiciones en los digestores (Wilkins, 2oluda-Aguilar et al. 2010). Los
aceites esenciales son empleados en la indussmética y en medicina, por lo que su
extraccidon se plantea como un estudio viable (Brekl@t al. 1986; Boluda-Aguilar et
al. 2010).

La digestion anaerobia de un residuo solido commatanja, esta limitada por la etapa
de hidrdlisis (segun se ha explicado en el cap8ule “Antecedentes Especificos”) por
lo que una etapa de pre-tratamiento ayudaria daguenacromoléculas resulten mas
accesibles a los microorganismos, facilitando sgestion. Por otro lado, algunas
investigaciones (Boluda-Aguilar et al. 2010 y Wik 2009) han concluido que

después del pre-tratamiento de hidrolisis térmicd58-160°C (4-6 bar) durante
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aproximadamente 2-4 minutos es posible hacer ugagf@ extraccion del contenido

residual de D-limoneno en la muestra.

En este capitulo se recoge el estudio realizadaseaca de naranja tratada mediante
hidrolisis térmica con explosion de vapor bajo idiss condiciones de temperatura-

tiempo.

6.2.2. Material y Métodos

La metodologia seguida y el equipo empleado se demtrito previamente en el
capitulo 5 de “Materiales y Métodos” (apartados.5.¢ 5.2.5). A continuacion se
recogen unicamente algunos datos concretos redasivpre-tratamiento y los ensayos

de potencial metanogénico.

a) Pre-tratamiento:

- Dispositivo experimental: La planta empleadaresponde al piloto Canibi

descrito en el apartado 5.1.1.

- Condiciones de operacion: Se recogen en la @Bla (temperatura y tiempo).

Se observa que la temperatura se estudio en & datt3190°C y el tiempo se fijo en 7,
15 y 30 min. Estos valores conducen a factoresderislad (log R calculados con la

ecuacion 5.7) en el rango 2-4.

b) Ensayos BMP
- Sustrato: cascara de naranja.
- Inoculo: Fango mixto digerido procedente de $éa€ion de tratamiento de
aguas residuales de Valladolid con una concentratgil2 g SV/kg.

c) Caracterizacion inicial del residuo

La tabla 6.2.1 muestra la caracterizacion inicella muestra de cascara de naranja

empleada.
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Tabla 6.2.1— Caracterizacion de la muestra original de casdamaranja

Parametro Valor Unidades
Solidos Totales ST 173.76 £ 1.52 a/kg
Sdlidos Volatiles Sy 167.65 £ 2.33 o/kg
Porcentaje de SV % SV 96
Demanda Quimica deDQO 152.00 £ 2.34 g £Zkg
Oxigeno

Relacion DQO/SV DQO/SV  0.91
Observacién: Para todos los experimentos realizaslosha reducido el tamafio de

particula entre 3-5 cm antes del pre-tratamiento.

d) Planteamiento experimental

La tabla 6.2.2 muestra las cinco combinacioneg@éeratura-tiempo ensayadas.

e) Parametros de respuesta
Como parametros de respuesta al pre-tratamient@rsatilizado el factor de severidad
y el factor de biodegradabilidad descritos previat@en el capitulo 5 de “Materiales y

Métodos” como ecuaciones 5.7 y 5.8.

Factor de Severidad (lopR

T —100
logRy, = log| t.exp (m) (5.7)

Factor de Biodegradabilidad (FB)

mL CH,
< /gSVaﬁadido>
Hidrolizado

FB = (5.8)

gSVaﬁadido

>N0—Hl’drolizad0
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6.2.3. Resultados y Discusion

La tabla 6.2.2 muestra para las cinco combinacidesgperatura-tiempo ensayadas

(TH1-TH5) los resultados obtenidos tanto de pradiszd (calculados segun descrito

en el apartado 5.3) como en factor de biodegradadil(FB descrito en la ecuacion

5.8). Dicho factor ha sido calculado con respedt@aarespondiente a cascara de

naranja no tratada térmicamente (THO).

Tabla 6.2.2— Condiciones de pre-tratamiento y parametrogesiguesta

THi T (°C) t (min) log Ro mL CH, g SV FB
(30 dias) (30 dias)
THO No tratado 0.00 236.3+8 1.00
TH1 7 2.91 2144 +7 0.91
TH2 170 15 3.24 187.9+6 0.80
TH3 30 3.54 159.3+5 0.67
TH4 190 15 3.83 1455+ 8 0.62
TH5 30 4.13 16.1+5 0.07
La figura 6.2.1 presenta la evolucion de los ens®8MP
300 Eae— 77A77 THO
250 - SoXo- THL X x
---E--- TH2 _ -- 'A _________ ~ —,:_’_ o 4
& x
200 - @ TH3 yig B o)
. .- D
o 15 . O TH P e ,4,._::16:—::*"‘@"
R = S
S K e
g 100 ﬁ IATTEEE A o , @‘* 7 A"A
> A o 8 &
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Figura 6.2.1— Productividad en metano (mL @8 SVasadidd
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La primera conclusion clara que se deduce es gtratamiento de hidrodlisis térmica a
las temperaturas ensayadas de 170 y 190°C empebiadegradabilidad de la cascara
de naranja, tanto en el valor final de productigid@mo en cinética. De hecho, durante
los primeros dias de ensayo la produccion de lss den sustrato pre-tratado fue
inferior a la del in6culo, y por ello las produdatizdes son negativas durante el periodo
inicial de test. Este empeoramiento resulta mayanto mayor es la severidad del pre-
tratamiento, como muestra la figura 6.2.2.

Si bien no se han realizado analiticas especifiaaxplicacion de este comportamiento
se encuentra probablemente en la formacion de cestgmiinhibitorios o recalcitrantes
en el pre-tratamiento, o bien en la liberacién tlesocompuestos, como el D-limoneno,

que inhiben las bacterias anaerobias.

1,20 T~ ~"~"~""~"—- TTT T T T TS =TT TTT==== r=--=-===- i T =TT T T =77 1

| i i i i i i
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Figura 6.2.2 — Relacion Factor de biodegradabilidad (FB) coffiaetor de severidad
(log Ry) en el pre-tratamiento de hidrdlisis aplicado
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6.2.4. Conclusiéon

El pre-tratamiento de hidrdlisis térmica a 170-1®@fMpeora la digestién anaerobia del
residuo cascara de naranja, siendo mayor dicho aapénto cuanto mayor es la
severidad del tratamiento (temperatura-tiempo).

Este empeoramiento es posiblemente debido a laataém de compuestos inhibitorios
o recalcitrantes, o a la liberacion de D-limonemo e medio, reconocido agente
antimicrobiano inhibidor de las bacterias anaembia

Podria resultar de interés el estudio de la inflisedel pre-tratamiento en condiciones
de menor severidad, pero no se ha realizado.

Finalmente, una caracterizacion con mayor detadlelas muestras antes y tras el

tratamiento mostraria qué sustancias inhibidordsmadormado o liberado.
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Influence of Thermal Pretreatment on Biomethanemtatl of Wheat Straw

Este apartado se describe en el articulo que siguesspondiente a una publicacion en la
revista ‘Bioresource Technology”.

“Ferreira, L.C., Donoso-Bravo, A., Nilsen, P.J., &=®olanco, F., Pérez-Elvira, S.1., 2013.
Influence of thermal pretreatment on biomethanepidl of wheat straw. Bioresource
Technology. 143, 251-257."

A continuacion se recoge dicho articulo, incluyé&®lona copia de la publicacion en el

capitulo de “Anexos”.
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Abstract

The biochemical methane potential of steam explodeeat straw was evaluated in a pilot
plant under different temperature-time combinatiofise optimum was obtained for 1min
and 220°C thermal pretreatment (3.5 severity factasulting in a 20% increase in

methane production respect non-treated straw. Fare msevere treatments the
biodegradability decreased due to a possible foomabf inhibitory compounds. The

results of the tests were modeled with a first orelguation to estimate the hydrolysis
constant and biodegradability extent, and the arfte of temperature and time on the
kinetic parameters was obtained with a responséacrstudy. The data processing
confirmed the accuracy of the model and the optimaperation conditions, and

demonstrated that the biomethanization of raw aetrgated wheat straw is limited by the
hydrolysis, being the individual influence of temgeire and time much more important

than the interaction between them.

Keywords: biochemical methane potential, thermal hydrolysipre-treatment,

mathematical modeling, wheat straw
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1. Introduction

In many countries, lignocellulosic materials areaémindant agricultural residue which can
be used either for animal feeding or for energedilorization in power plants. In Europe,
wheat straw represents the largest agriculturateydeeing in Spain an important part of
the crop wastes which could be used as biomasehewable energy production. The use
of renewable energy sources is becoming incregsimgtessary in order to cope with the
impacts of global warming. The conversion of biosmago energy can be achieved in a
number of ways, being anaerobic digestion a vesyasnable alternative.

Anaerobic digestion is a well-known process for treatment of wastewater of organic
wastes. This process presents advantages over comventional aerobic technologies,
such as the better handling of wet waste, the mtoatuof biogas as a renewable source of
energy and the attenuation of odor problems (Pakkoand Muller, 2000; Pérez-Elvira et
al., 2011; Pérez-Elvira et al., 2010). Furthermanmeaerobic digestion is the most cost-
effective treatment, due to high energy recoverg bow environmental impact (Mata-
Alvarez et al., 2000). However, the applicationraoferobic digestion with lignocellulosic
biomass has not been a subject of enough research.

Lignocellulosic material is mainly composed of #hdfferent types of polymers: cellulose,
hemicellulose and lignin. While cellulose has ddignd crystalline form, hemicellulose
has a lower molecular weight and short lateral rhaiwhich corresponds to an easy
hydrolysable polymer. The third compound, lignspne of the most abundant polymers in
nature. It is a complex and amorphous heteropolyswrsisting of three different
phenylpropane units, and is also non-water sol(fiendriks and Zeeman, 2009). Wheat

straw consists mainly of cellulose (30-40%), hehhibase (20-30%) and lignin (10-20%).
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The cellulose and hemicellulose fractions can beymatically hydrolyzed to monomeric
sugars after a pre-treatment aiming to hydrolygedrtially crystalline structure (Puls and
Schuseil, 1993).

The hydrolysis of this type of biomass is limiteg geveral factors, such as the lignin
content. In cellulose the molecules are linear, thiedefore they can form hydrogen bonds
between the chains that limit their solubility imter, and reduce the available surface area,
making cellulose difficult to degrade. A number pfetreatments for ligmocellulosic
biomass are currently available, such as mechamblihg into smaller pieces (Mshandete
et al., 2006; Palmowski and Muller, 2000), physat@mical such as dilute alkaline
pretreatment (Mcintosh and Vancov, 2011) or dilatéd pretreatment (Schell and el.,
2003), wet oxidation, thermal treatment (Sapci,3@0br a combination of them (Linde et
al., 2008; Nkemka and Murto, 2013). From the poiihview of its applicability, the total
energy balance of the global process (consideririy pre-treatment and digestion) must be
taken into consideration. Compared to other pretreat methods, the thermal hydrolysis
can be cost effective if a proper steam-explosiot @nergy recovery is performed. The
warranty that the process is energetically selfigeht is described in Pérez-Elvira and
Fdz-Polanco (2012). Furthermore, hydrothermal tneat can be performed without
addition of chemicals or oxygen, representing aipial solution for the pretreatment of
large quantities of lignocellulosic biomass inchgliwoods material (Horn et al., 2011a;
Sipos et al., 2010) and agricultural by-productsr(Het al., 2011b; Ohgren et al., 2006).
Thermal pretreatment is a method where the substiate subjected to heating under a
specific pressure during a certain period of tirAe.the end of the heating, a steam
explosion occurs, where the biomass is rapidlyhdisged into normal pressure causing an

explosion of the macromolecules. At temperaturesth@ range 150-180°C, parts of
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lignocellulosic materials will start to solubiliz&arrote et al., 1999). Some studies have
shown that the effect of the thermal treatment ddp@n several factors, such as: residence
time, operating temperature, chip size, and mastontent (Bauer et al., 2009; Han et al.,
2010; Zhang et al., 2008). A too harsh treatmedigabcellulosic biomass may result in a
lower methane yield and longer retention time. Témson is that when lignin is broken,
there is a risk of formation phenolic and hererdicycompounds from hemicellulose and
cellulose degradation, like furfural and hydroxyhmadfurfural (HMF), which are known to
inhibit many fermented microorganisms, includinggé involved in the biogas generation
(Hendriks and Zeeman, 2009). According to Raj (2a6@ concentration of furfural that
inhibits methanogens ranges from 2,400 to 3,000Lmg/

The aim of this research is to study the impat¢hefmal hydrolysis on the biodegradability
of wheat straw under mesophilic anaerobic condstidty using an experimental approach
and mathematical modeling of the results. The faqgblicable objective is to define the

pretreatment parameters that optimize the metharduptivity.
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2. Materials and Methods

2.1 Raw Material

Wheat straw was grown in Valladolid (Spain) andveated in 2011. For all the
experiments, the straw was cut into pieces of 1darg. The average values obtained in
wheat straw characterization are: 922+2 g TS/k§q¥3/TS), 1078+8 g TCOD/kg, 4.72 g

N-TKN/kg, and a ratio C/N around 92.

2.2 Thermal Pre-Treatment pilot plant and operatoamditions

The Cambi thermal treatment plant, steam explosion unitsists of a 30 L reactor and a
flash tank with a removable bucket to collect thetqgated material (Fig. 6.3.1.1). The
steam is generated by a 25 kW electric steam b(2@0 L capacity) which can supply
steam up to a maximum pressure of 34 bar (240°@eat\Vstraw is loaded into de reactor
using a motorized (M) ball valve (V4) at the top tbe reactor. Steam is added to the
reactor from the bottom, through an air-actuateldevéVv1), heating the waste during the
time established. The desired operation pressoreegponding to a certain temperature) is
set on the control panel unit, controlled autonaditycby the air-actuated valve (V1). For
security reasons also a manual valve (V2) has topgemed to add steam to the pressure
reactor. An air-actuated ball valve at the bottointhe vessel (V3) is responsible for the
rapid pressure drop (explosion) and release optbeated biomass to the flash tank. The

pretreated biomass is collected in a removable étuakthe bottom of the flash tank. The
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steam that is leaving the flash tank is condensedled to a water tank (WT). Any steam

that is not condensed leaves the unit via a cafiien(CF) to remove smell.

Biomass
Input
—
Steam Out
V-M4
m RD1 RD2

Steam Pre-
Boiler treatment

200L Reactor )
33bar S_ CF

30L

V-5
V-M1
% Flash
Tank
V-2 V-A V-M3 | —————

Treated
( . ) V-B

Biomass
V-6

Water }n

Condensate - WT V-8

Water Out

Figure 6.3.1.1.Cambf® steam explosion unit. V - valves; VM - motorizealwes; VA,B —
one way valves; P — manometers to measure predlDre; safety valves; CF — carbon
filter; TB-T — treated biomass tank; WT — Waterktan

Different pre-treatment conditions were tested wayyboth temperature (ranging 150-
220°C) and time (ranging 1-15 minutes). In all égeriments, one kilogram of wheat
straw was used. The reactor was preheated for abunin at the same temperature

selected for the pre-treatment before startingetperiments.
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Temperature and time determine the severity factdhe treatment. This parameter (log
Ro, €q. 6.3.1.1) is most widely accepted for steaaitmratments (Hendriks and Zeeman,

2009) to express the severity of the pre-treatment:

logR, = Iog(t[éxp(z;l?OSOD (6.3.1.1)

wheret is the time (min)T the temperature (°CL00is the base temperature (100°C), and
14.75is the activation energy based on the assumptianhthe reaction is hydrolytic and
the overall conversion is first order (Xu et alQ12). This expression only takes into
account time and temperature, and does not considegffect of the flash. The study of
this effect is not assessed in this paper.

Theoretically, the more severe a treatment is,tioee cellulose is made available for
digestion. However, very severe pre-treatments lemd to formation of inhibitory
compounds from the macromolecules, driving to adir@ct relationship between the
severity factor and the biodegradability. Thereftrere should be an optimum value for

the severity factor.

2.3 Anaerobic Biodegradability

Batch anaerobic digestion tests (BMP) were caraedin triplicate to assess the wheat
straw biodegradability after the different pre-treant conditions applied. A control test
without substrate and a control with cellulose wareluded in order to check the
methanogenic activity of the inoculum. All the expeents were carried out at mesophilic
conditions in a thermostatic room (35.1+0.3°C)hvdgbnstant mixing in a rotary desk
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The anaerobic inoculum used for the batch test tatasn from a pilot-scale mesophilic
anaerobic digester treating mixed sludge from aioipel wastewater treatment plant, with
a volatile solids (VS) concentration of 12 gVS/Rée inoculum was pre-incubated for four
days (35.1+0.3°C) in order to minimize its residoialdegradable organic material content.
Bottles of 2L volume were used, made of borosiécgtass (260 mm height, 160 mm
diameter and a 40 mm bottleneck), placed horizhyntala rotary table to achieve a good
mixing. The liquid volume was 400 mL in order toveaenough headspace, and the
substrate/inoculum (S/I) ratio selected was 0.5gVS/ as suggested by Neves et al., 2004
and Angelidaki et al., 2009.
Biogas production was measured manually by a pregssansmitter (ifm, PN5007, range 1
bar) in the head space of each reactor and theabiogmposition was measured by gas
chromatography (Varian CP-3800 CG TCD). The biogesduction was followed for
about 40 days. All values of specific methane yi@hdl CHs/ gVSeq) are presented under
standard temperature and pressure conditions (STPC- 1 atm) defined by IUPAC
(International Union of Pure Applied Chemistry)dagivided by the mass of volatile solids
of substrate fed into the assay.
Theoretical methane vyield (NmCHy/kg VS) was calculated from the characterization
performed to the wheat straw as follows:

350 mL CH/g TCODemoveaX 1.27 g TCOD/g VS = 444 mL CHy VSeemoved
This value is in agreement with the one calculég#&aparaju et al. (2009) considering the

stoichiometric conversion of the organic matter6(#2_ CHy/g VSemoved-
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2.4 Analytical Method

Substrates, inoculum and digestates were charaatem all the experiments. Total and
volatile solids (TS and VS) and total Kjeldahl ogen (TKN) were measured following the
procedures given in Standard Methods for ExaminatibWater and Wastewater (APHA
et al., 2005). Total chemical oxygen demand (TCQis determined according to
standard UNE 77004:2002 based in dichromate metAocbmbustion infrared method,
with SHIMADZU TOC-SM5000A equipment, was used taedtenine the total organic
carbon (TOC). The biogas composition (®L,S, G, N, CH;) was measured by gas

chromatography in a Varian equipment CP-3800 CG ;Tie&lng helium the carrier gas.

2.5 Parameters determination and evaluation methago

2.5.1 Parameters determination from BMP test

When the hydrolysis reaction is the rate-limitirigpsof the global process, as happens in
the anaerobic degradation of lignocellulosic sudtes, the first order model (equation
6.3.1.2) is commonly used to estimate the reactirtent By (related to the substrate
biodegradability) and the hydrolysis constént,which both could be used in a global
model of the anaerobic digestion process (suchHd B to predict the performance of the

anaerobic digester (Batstone et al., 2009; DonaswBet al., 2010; Ge et al., 2011).
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B =B, [ (L-exp(k, (1)) (6.3.1.2)

whereB is the biogas production (ml/g\9
2.5.2 Model accuracy determination

Apart from obtaining the best combination of parter® it is even more important to
know the accuracy of the estimated values. TheeFishatrix (FIM) summarizes the
qguantity and quality of the information obtainedtire experiment and, assuming proper
model selection with no data autocorrelation ancouelated error, the inverse of the FIM

(equation 6.3.1.3) corresponds to the parametena&sbn covariance matrixX)

C, =(F(9))™ where F(8) = i{%} Q{{W} (6.3.1.3)

Finally, once the covariance matrix is available agproximation of the standard deviation

of the parameters can be estimated through equiidri.4).

(@) =\C; (6.3.1.4)
2.5.3 Response surface methodology (RSM)

This methodology allows evaluating the combine@detfiof several variables (temperature
and time in this case) and the interaction betwhem on a specific response (in this case,
those parameters obtained in sub-section 2.5.2¢ pélynomial shown in equation
(6.3.1.5) considers the effect of both variablesvall as the combined influence of them.

The coefficients of the equation were obtained lnyinmzing the least square function, and
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determination coefficient was calculated to know traction of the variability of the data
that is explained by the model. The analysis wasezhout in Matlab®.

Y=R+RpX+t g%+t Qx> (6.3.1.5)
where Y is the variable response; is the pretreatment times, is the pretreatment

temperature, ang...p, are the regression coefficients of the model.

3. Results and Discussion

3.1 Pre-treatment experimental study

The temperature-time combinations selected forsthey are presented in Table 6.3.1.1.

For each experiment the severity factor (log Was calculated according to equation

(6.3.1.1). The last column in Table 6.3.1.1 presetite results for the normalized

production on methane (FN) defined as the ratiovéen the production of methane for the

treated and untreated wheat straw: (mLy)@l/ (ML CHg)untreated

134



Influence of Thermal Pretreatment on Biomethanemtatl of Wheat Straw

Table 6.3.1.1 Conditions applied for the different experimengsfprmed

Experiments Ref. P T time logRy MLCH 4/g VSeq FN
(bar) (°C) (min)

Untreated 0 226+11
TH-1 1 150 15 2.65 185+28 0.82
TH-2 2 170 5 2.76 159116 0.70
TH-3 3 170 15 3.24 250+19 1.10
TH-4 4 16 200 3.25 211422 0.93
TH-5 5 16 200 5 3.64 238118 1.05
TH-6 6 16 200 15 4.12 20212 0.89
TH-7 7 23 220 1 3.53 27343 1.21
TH-8 8 23 220 5 4.23 214428 0.95

Compared to the theoretical methane productivitd4(dmL CHJ/g VSemoved, the

experimental value obtained in the BMP test of tidreated wheat straw indicates that

only 51% of the volatile solids were converted intethane. For the best thermal

hydrolysis conditions (TH-7) the anaerobic biodeigtality increased until a value of 61%.

Figure 6.3.1.2 shows the relation between the ggactor and the normalized production

of methane. The influence of the severity factayugie clear: when increasing the severity

factor, the production of methane increases ueéithing a maximum. Over this optimum,

the efficiency of the pretreatment decreases amtetbre the methane production does,

probably due to the formation of inhibitory compdsnFor example, Thomsen et al (2009)
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obtained an increase in the furfural concentratirom 50mg/L to 1,200mg/L whe

increasing the pretreatment temperature from 1to 205°C (6 minutes treatmel

FN [{ml CHy) i/ {mL CH%) ynreateal

2,50 3,00 3,50 4,00 4,50
log RD

Fig. 6.3.1.2— Normalized methane productivity (FI(ML CHa)thi/(ML CHg)untreated) With

respect to the severity factor (log)

In the present studyhé highest improvement with respect to the untceaample
corresponds to the severity factor in the rang8-3.5.

Furtheranalysis of the results is necessary in order terdene the best way of couplit
temperature and time to ge desired severity factor (that is: short -treatment at high
temperature, or the contrar Therefore, subsequent modeling and RSM evaluatias

performed.
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3.2 Modeling of the results and parameters deteation

Fig. 6.3.1.3 presents the fitting process betwéenexperimental methane production and
the first order model curve. It can be observed thea model is able to reproduce the
methane production profiles in a proper way simcenost of the cases the model curve lies
inside the corridor given by the standard deviat{®D). Moreover, the determination
coefficients (R) are mostly above 0.98, which indicates that thialel is able to explain
around 98% of the experimental data variabilitybl€26.3.1.2 shows the values obtained in
the parameters estimation where it can be obsettvaidthe standard deviation of the
estimated parameters was not significant with retsfgethe mean values, hardly over 10%
compared to the optimized values, which is alsinditator of the model fitting procedure

SUcCCess.
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(control)

o 5 10 1% 20 2% 30 35

CH,volume {mL gVS1)

Time (d)
Fig. 6.3.1.3First order model fit. Experimental information bl points), model profile
(black solid line)
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Table 6.3.1.2Results of the parameters determination

First order Model
T t Bo Kn R*
Exp. (°C) (min) mean SD* mean SD*

0 0 0 252.1 9.2 0.069 0.006 0.997
150 15 194.6 8.2 0.085 0.009 0.989
170 5 163.4 3.0 0.097 0.005 0.997
170 15 250.6 3.6 0.110 0.004 0.998
200 2 209.2 4.0 0.138 0.008 0.995
200 5 240.7 6.8 0.164 0.015 0.987
200 15 208.6 9.3 0.175 0.025 0.968
220 1 275.5 6.9 0.168 0.014 0.989
220 5 2149 8.7 0.173 0.023 0.973

*SD: Standard deviation

0o N o o0 A WDN P

With respect to the values of the parameters,iteedrder model fit shows that the thermal

pretreatment had a positive influence on the hydislrate (Fig. 6.3.1.3): this means that
the higher the severity factor, the higher the biygis constant. These results show that the
solubilisation of particulate organic matter isasequence of both temperature and time
effects. Although the solubilized biomass is expddb be more available for the anaerobic
biomass, the results show that in some cases thieeptment lead to a decrease in
biodegradability, especially for the highest setyefactors. This can be explained due to

the appearance of some recalcitrant compoundsthéigaretreatment, as aforementioned.
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3.3 Response surface methodology (RSM) results

The parameters of the first order model were fitted polynomial equation to evaluate the
influence of the two independent variables (temfpeeaand time). The obtained equations

are shown next:

k, =0.152- 0.008T + 0.0014+ 0.00002F[t (6.3.1.6)

B, =-249.46+ 31.58T + 2.33- 0.158%[t (6.3.1.7)

In the operation range evaluated, the influencthefinteractions between both parameters
is low compared to the independent influence ofheace. In the case ok, the
determination coefficient (t was 0.958, which means that the model correlatesnd
96% of the variability in the parameter. Therefaitgs empirical model can be used to
predict the hydrolysis constant using the dateeofgerature and pretreatment time within
the studied design range. Hy; the determination coefficient was not as gooéxasected
(0.569), which may indicate that this type of pagmal model may not be the best option
to predict this parameter. The results of the agex# between thé&, and B, values
obtained from the BMP test and the predicted oniéis thie polynomial are presented in
Fig. 6.3.1.4. Globally, there is a good agreemesttvben the predicted and the actual

values of the parameter, especially in the caskeohydrolysis constant.
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Fig. 6.3.1.4Comparison between model prediction and the expariah data by using the
optimal set of parameter values. (a) Hydrolytic fioent (b) degradation extent. Light

blue bars: real values, grey bars: predicted byttgnomial

By applying these polynomial equations, two surfaesponses were built in order to
observe optimum region of the parameters in terfngemperature and time (Figure
6.3.1.5). In the case @&f;, the optimum zone (red zone) can be observed tbtira higher
values of both temperature and time, which musaiketitat the soluble fraction of the
organic matter increases when increasing thesahlas. By contrast fds,, the best values
were obtained at higher temperatures and shorstifieerefore, the conclusion about the
best way of coupling temperature and time to getobtimum severity factor around 3.5 is:
high temperature (220°C) and short time (1 mirgtadad of the contrary (lower temperature

but higher time).
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Fig. 6.3.1.5Response surface graphs (a) Hydrolytic coefficfphtiegradation extent

4. Conclusions

The influence of thermal pretreatment parametensgerature and time) on the anaerobic
biodegradation of wheat straw was evaluated. Imgeof “severity factor”, the optimum
was obtained at 3.5, corresponding to 220°C anthXneatment. A first order model fitted
accurately the experimental results on biodegrditigbtonfirming that the hydrolysis is
the limiting step. A surface response methodolo@s \applied to assess the combined
effect of the temperature and the time on the lkinparameters, which indicated that
influence of the interactions between these vasmbb low in comparison with the

separated influence of each one.
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Este apartado se describe en el articulo que siguespondiente a una publicacion en

la revista Chemical Engineering Journal”.

A continuacién se recoge dicho articulo, incluyé&®lona copia de la publicacion en el

capitulo de “Anexos”.
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Abstract

The anaerobic digestion of organic wastes such lasatwstraw represents a very
interesting means of generating biogas while reduthe amount of waste to disposal.
An enhancement in the hydrolysis limited digestiminstraw can be achieved by
optimizing operation and performing pre-treatments.this study, the influence of
particle size, water impregnation and thermal peetment was investigated through
biochemical methane potential tests (BMP). The maxn methane yield was obtained
by heating the straw at 200°C for 5 min followedsbgam explosion, obtaining a 27%
increase in methane productivity compared to neatéd straw (from 233 to 296 mL
CH4/gVSed). Cutting (3-5 cm) showed to be better than ngllikl mm), and the
impregnation of the straw with water helped to eeaBMP test results by 4-10%
(supposed better mixing due to a 10 times redudaifaolids concentration) but had no
effect on thermal pre-treatment. On the contramg, économic impact of milling and
water addition on a thermal pre-treatment wouldabsolutely negative, increasing the

operation cost necessary to reduce the size ameltiovater, respectively.

Keywords. biochemical methane potential (BMP), particleesithermal hydrolysis pre-

treatment, wheat straw
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1. Introduction

Wheat straw is the largest agricultural residu&umope, and the second largest in the
world, after rice straw [1, 2]. Nowadays straw ither used as bedding material for
livestock, applied to the soil as natural fertitioe as biomass for energetic valorization.
The search for renewable energy sources togettiertia@ concern on greenhouse gas
emissions have increased the interest on ligndosltumaterials as a source of energy
[3, 4], which is particularly well suited for engrgpplications because of its large-scale
availability, low cost and large production.

Anaerobic digestion of biomass is a more economaca environmentally beneficial
way of biomass utilization compared to typical pedlys to biodiesel or bioethanol [5].
However, the main obstacle impeding a more widegprapplication of straw as
feedstock for anaerobic digestion is its low digmisty due to its refractory structure.
Like other lignocellulosic biomass, wheat strawaiscomplex mixture of cellulose,
hemicellulose and lignin. Bioconversion of wheatast is favored because of its
relatively low lignin content (15-20%) and high lbahydrate content (30-40 and 20-30
%w/w cellulose and hemicellulose, respectively). [Bgnin surrounds and seals the
cellulose structure while hemicellulose serves esrmection between both of them [7].
Therefore, hydrolysis is a slow and difficult presd8, 9].

In order to improve the biodegradability of whetrtaw, several methods have been
investigated, such as mechanical size reductian fte organic particulate matter [10,
11, 12, 13], or the introduction of a lysis preatreent, such as physico-chemical
alkaline dilution [14], microwave pre-treatment [1%] or thermal steam explosion [17,
18, 19]. This last option has proven to be vergnasting, as it can be cost effective if a

proper energy recovery is performed. Hydrotherntebhrs explosion is performed
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without the addition of chemicals or oxygen, représg a potential solution for the
pre-treatment of large quantities of lignocellutosiomass [1; 20].

In a steam explosion, biomass is heated and ragidbharged to atmospheric pressure
causing the explosion of the macromolecules, viiéhaim of upgrading the digestibility
of lignocellulosic materials, by increasing porgsiremoving lignin content and
promote hemicellulose hydrolysis [18, 21]. Althougfie successful use of steam
explosion has been proved from the point of view fefmentation and ethanol
production [1, 22, 23, 24, 25], the evaluation bé tmethane potential of steam-
exploded straw is more recent [19, 21, 26], anchdpanany other wastes (corn stover,
maizecrop waste, rice straw, herbaceous waste, masewage sludge).

The studies performed specifically with wheat stfdw18, 21] have shown that the
effect of the thermal pre-treatment depends on raévfactors, such as chip size,
temperature and time. It is generally accepted ttherte is an optimum temperature in
the range of 150-220°C and 5-20 minutes, but camstrbe paid for too severe
treatments due to the formation of inhibiting phen@and heterocyclic compounds,
such as furfural [10].

Chip size is a crucial parameter, as any sort tfnguor milling is necessary to avoid
clogging and heat transfer problems during thermegtment (overcooking the outside
of large chips and formation of inhibitory composhdHowever, a promising finding is
that enzymatic hydrolysis is improved for largeorbass particle sizes [27], as milling
IS an energy intensive and expensive process. Begathe anaerobic digestion
process, the effect of particle size reduction athane yield of agricultural wastes is
contradictory: positive in some studies [12, 28], 2¢hile negative in others [30, 31].
Therefore, the influence of particle size on whsi@aw digestibility is still open to

research.
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The effect of water impregnation on thermal hydsdyis a novel study in this paper.
The impregnation of straw with acid or alkali haseb successfully applied in
enzymatic hydrolysis, while the influence of hunydon steam explosion effect is
unexplored from the point of view of later methaatian. From another point of view,
dilution can be imperative to avoid overload orilition during the anaerobic digestion
[32].

The aim of the present study is to evaluate thecefof particle size, dilution and
thermal pre-treatment variables (temperature, tand water impregnation) on the
biodegradability of wheat straw. For this purpdssch anaerobic biodegradability tests
were performed in order to check the biochemicathamee potential (BMP) under
different milling, washing and thermal hydrolysienclitions to determine individual
and combined effects. Furthermore, a kinetic mbdslbeen used to obtain the specific

rate constants to assess the relationship of ttzereders evaluated.
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2. Materialsand Methods

2.1 Raw Material and experimental set-up

Wheat straw was grown in Valladolid (Spain), hatedsin 2012 and characterized
(Table 6.3.2.1). The original straw was ground (8 or milled (<1 mm), according

to the experimental set-up in Table 6.3.2.2.

Table 6.3.2.1. Average characteristics of the original wheatvgtra

TS VS TCOD TKN TOC

(g/kg)  (g/kg)  (gkg) (g N/kg) (% weigh)
SeriesA-B 895+11 821+9 1075+8 4.723 43230 92

Series C 924+9 846+5 10896 4.578 43.4+0.2 92

C/N

Table 6.3.2.2. Experimental set-up

Series A Series B Series C

Particle _. . T t log T t Washing
Test size Dilution Test (C) (min) Ry Test (C) (min) time ()
Al 3-5cm No BO Untreated C1 0
A2 3-5cm Yes Bl1 170 15 3.2 C2

200 5

A3 <1lmm No B2 200 5 3.6 C3 12
A4 <Imm Yes B3 220 1 35 C4 24

Three series of experiments (A, B and C) were peréal (Table 6.3.2.2) to cover the
three scenarios to study: A. Influence of partgilee and water dilution on wheat straw
digestibility; B. Influence of steam explosion greatment; and C. Influence of water

impregnation time on thermal hydrolysis and digesti
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2.2 Particle size reduction and water impregnation

Based on bibliography (where references to parsces ranging from 0.2 mm to 10
cm can be found), two particle sizes were seletbedseries A: 3-5 cm pieces and
powder < 1mm. In most of the references, the gdarsize influence is not assessed but
established in the range of 1-5cm [12, 18, 21, 33].

The larger particle size was chopped with a craonget the desired interval 3-5 cm. A
laboratory mill (Philips, HR7775) was used to grihé straw into a minor particle size
(<1 mm) controlled with a sieve (CISA™). In the dies of series B and C only the
major particle size were used.

Water addition in series A and C was performed hying the straw with water. In
series A, the water was added when preparing th® Bddts (1:10 dilution), while in

series C the straw was soaked for a desired wasinmeg

2.3 Thermal steam explosion pre-treatment unitfplan

The pre-treatment was performed at the steam arpl@slot plant facility designed by
Cambi AS and located at the wastewater treatmeant pff Salamanca, Spain.

The steam explosion unit consists of a 30 L reagtssel and a flash tank with a
removable bucket to collect the pretreated mateffay). 6.3.2.1). The steam is
generated by a 25 kW electric steam boiler (20@pacity) which can supply steam up
to a maximum pressure of 34 bar (240°C). Wheatvasdoaded into the reactor using a
motorized ball valve (V1) at the top of the reactdteam is added to the reactor from

the bottom, through an air-actuated valve (V2),tingathe waste during the time
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established. The desired operation pressure (gmneling to a certain temperature) is
set on the control panel unit, controlled autonadlycby the air-actuated valve (V2).
For security reasons also a manual valve (V3) baset opened to add steam to the
pressure reactor. An air-actuated ball valve at blottom of the vessel (V4) is
responsible for the rapid pressure drop (explosionl) release of the pretreated biomass
to the flash tank. The pretreated biomass is deltein a removable bucket at the
bottom of the flash tank. Any steam that is notd=rsed leaves the unit via a carbon

filter to remove smell.

Wheat Straw

Vi

Incondensable
Vapours

X V3 REACTOR

V2 V4

BOILER Carbon Filter

Figure 6.3.2.1 CambiSA steam explosion unit. V - valves

In all the experiments, one kilogram of wheat stveas used. The reactor was fed to the
unit and the reactor was pre-heated for 15 minreesftarting the experiments.
The effects of temperature and time were evalub#sgd on the severity factor (log, R

Equation 6.3.2.1), which is the common term usestéam pre-treatments [11].
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T-100 .
lo =log| tCex Equation 6.3.2.1
gR, 9( r{ 1 4.75D (Eq )

wheret is the time (min) and the temperature (°C).

Different pre-treatment conditions were tested wayyemperature (ranging 170-220°C)
and time (ranging 1-15 minutes), based on prevstugies [14, 21, 26] concluding that
the optimum severity factor (logoR- Equation 1) is in the range 3.3-3.6, and this
criteria was considered to establish the combinatimf temperature and time for series

B.
2.4 Biochemical methane potential tests (BMP)

Batch anaerobic digestion tests were carried outrder to assess the wheat straw
biodegradability after the different pre-treatmeonditions applied. All tests were in
triplicate in a 2 L borosilicate glass (260 mm Intjgl60 mm diameter and a 40 mm
bottleneck) with 400 mL of a mixture of wheat stramd inoculum (with 12 g VS/kg
and collected from a pilot digester treating waatgivated sludge at 35°C). The
substrate to inoculum ratio (S/1) selected wasgO\BS/g VS as suggested in a previous
researchers [32, 34]. A control test without swdistivas included in order to check the
methanogenic activity of the inoculum.

Before starting the test, the bottles were closdth wiber stoppers and aluminium
crimps and degassed. Helium gas was circulatedermgas chamber for 5 minutes, and
the test started after releasing the pressureth&ll experiments were carried out at

mesophilic conditions in a thermostatic room (3B.B2C), with constant mixing in a
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rotary desk. All the assays were finished whenntte¢thane production was below 5%
of the total cumulative production.

The biogas volume was monitored by period measunesraf the headspace pressure
by a manually pressure transmitter (ifm, PN500dgeal bar).

The methane production of a control test performvégd only inoculum was subtracted
to obtain the real methane production from thewstfehis value was finally expressed
as specific methane yields (mL @Bl VSeg), presented under standard temperature and
pressure conditions (STP — 0°C, 1 atm) definedUBAC (International Union of Pure
and Applied Chemistry), and divided by the massadétile solids of substrate fed into
to the assay.

The kinetics of methane production was calculatedgua first-order model (Equation
6.3.2.2), applied successfully in other reportsanaerobic biodegradability tests [26,

35].

( (—Rm (t- H)))
B=P|1-exp|——— .
] p (Equation 6.3.2.2

Where B is the methane production (mL @HVS), P is the maximum methane
production (mL CH/gVS), Rm is the maximum biogas production rate (mL
CH4/gVS-d), 4 is the lag time (d) andl is the time of the assay (d). The data were

analysed with Statgraphics® [36].
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2.5 Analytical methods

Total and volatile solids (TS and VS) and total Id@hl nitrogen (TKN) were measured
following the procedures given in Standard Methéals Examination of Water and
Wastewater [37]. Total chemical oxygen demand (T¢C@Bs determined according to
standard UNE 77004:2002 based in dichromate mefB8d A combustion infrared

method, with SHIMADZU TOC-SM5000A equipment, waeddo determine the total
organic carbon (TOC). The biogas composition {®S, &, N,, CH;) was measured

by gas chromatography in a Varian equipment CP-38@0TCD, being helium the

carrier gas.

3. Results and Discussion

3.1 Series A: Influence of particle size and ddnton wheat straw digestibility

Figure 6.3.2.2 and Table 6.3.3.3 present the e$oitthe methane production curves

(from BMP tests) and kinetic parameters for théesenf tests A.
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Figure 2 Methane vyield for series A

Table 6.3.2.3. Results for methane yield and kinetic parametarsdoes A

Parameter

Al A2 A3

A4

P (mL CHy/gVS)?
Rm (mL CH/gVS.d)"
A (day)*

R2

239 245 232
20.2 23.2 15.9

0.9 0.8 1.2

239
18.3
1.2

0.996 0.994 0.991 0.988

2p: maximum methane productiohRm: maximum biogas production
rate;“A: lag time (according to Equation 6.3.2.2)

The results show that when adding water (tests AZémpared to A1-A3) methane

production slightly increased (4% increase for &&&tcompared to Al, at 3-5cm straw

size, and 10% increase for test A4 compared tcaA3mm straw size), and also did the

production rate (5% increase for test A2 compaoedl, and 15% increase for test A4

compared to A3). The reason is probably relatett wibetter mixing in the BMP tests

performed with water (A2 and A4), as the solids aamiration in the test decreased

from 200g/kg to 20 g/kg.
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Analyzing the influence of the particle size by gmaring tests A1-A2 with A3-A4, it
can be observed that the methane production wa¥&#igher for the larger particle
size, and the kinetics were also faster. Theseltseswe in agreement with those
obtained by De la Rubia et al. (2011) [30] for $ower oil cake, and Izumi et al. (2010)
[31] for food waste, but disagree with the resalitained by other authors.

Sharma et al. (1988) [39] found a significant ir@® in methane productivity of wheat
straw by size reduction from 30 mm (192 mL/gVSiitam (241 mL/gVS) but only a
small effect for further size reduction to 0.1 nirjorth et al. (2011) [29] obtained 70%
increase in methane production for extruded strespect non-extruded straw (150
mL/gVS), although no particle size values for tegbstraw are given. Friction heat and
shear forces in the extruder could play an impontale additional pre-treatment to the
cutting. Palmowski and Mdller (2000) [12] obtaingd® and 86% increase in methane
yield for particles of 5 cm and 0.2 cm respectiyely compared to the untreated sample
(182 mL/gVs).

Putting together these results with those obtainethe present research, it can be
concluded that the composition of the biowaste khbe assessed to compare small
and large chip sizes, as the content of carbohgslratroteins and lipids is not uniform
in the different particle size fractions but havelear different methane potential. If no
organic matter is removed during the mechanicalitnent cutting seems to be better to
milling or grinding in order to minimize the energyput, as milling is not considered
economically feasible due to the high energy remuments,

Based on these results, wheat straw with 3-5 cmselxted to be used in series B and

C.
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3.2 Series B: Influence of steam explosion pretineat
The results of the BMP tests performed for series& the kinetic parameters obtained
are presented in Figure 6.3.2.3 and Table 6.3vihére BO corresponds to non-treated

wheat straw, cut to 3-5 mm.

300
7 3 % %
250 - @ X A
ua:" E g X A A
o 200
> X A A
o
4 X
E 150 E A A BO
O x A
E o\ B2
50 -+ MA o B3
o

0 5 10 15 20 25 30 35 40 45 50
time(days)

Figure 6.3.2.3. Methane yield for series B

Table 6.3.2.4. Results for methane yield and kinetic parametarsdoes B

Parameter BO Bl B2 B3

P (mL CH/gVS)? 245 291 304 301
Rm (mL CH/gVS.d)> 16.1 206 285 26.2
A (day)® 0.8 0.4 0.9 1

R® 0.985 0.997 0.995 0.991

2p: maximum methane productiohRm: maximum biogas production
rate;“A: lag time (according to Equation 6.3.2.2)
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In all steam-explosion experiments (B1-B3), thelmaat yield was higher than BO (233
mL/dVS) in the range of 24-27% (288-296 mL/gVS)eTkinetic study shows that the

methane production rate was also 19-24% higheho@ifgh similar results for tests B1-

B2-B3, the highest productivity and production ratere for test B2, performed at

200°C for 5 minutes (increase of 27% in the methaele), corresponding to a severity
factor (log R) of 3.64.

These results prove the effectiveness of the segstosion pre-treatment, and concur
with those obtained by other authors. The studyigiidgd on methane production from
steam-exploded wheat straw [21] agrees with thaltsee®btained here. Bauer et al.
(2009) [21] increased methane production from 2¥331 mL/gVS when treating the

straw at 180°C for 15 minutes. [26] have previousptimized the pre-treatment

conditions to a severity factor in the range 3.Zm33finding the optimum at 200°C and

5minutes. This optimal agrees with the one herainbd.

3.3 Series C: Influence of water impregnation tonehermal hydrolysis

This series was conducted with 3-5 cm wheat sthresntally pretreated at 200°C for 5
min (according to the optimum results for seriesa’d B), with the objective of
evaluating if water impregnation of wheat straw lag positive effect on the pre-
treatment. The hypothesis that supports the thiealgpossibility of increasing the
steam explosion effect by washing the straw isctience of the water to penetrate in
the biomass structure, leading to a possible s&oihgsis effect by steam explosion

during the pressure drop.
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Figure 6.3.2.4 and Table 6.3.2.5 present the edaitthe methane yield and kinetic
parameters for series of tests C. The results shaegligible influence of the washing
time on the thermal steam explosion pre-treatmamntthe results obtained were very
similar in the different tests. Only the kinetichowved to be slightly faster, but
negligible. Therefore, the water added probably mid penetrate in the wheat straw

structure, and did not help to disrupt the fibmighe decompression step.
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Figure 6.3.2.4. Methane yield for series C

Table 6.3.2.5. Results for methane yield and kinetic parametarsdoes C

Parameter C1 C2 C3 C4

P (mL CH/gVS)? 316 315 293 323
Rm (mL CH/gVS.d)> 234 282 244 267
A (day)® 1.3 1.3 1.4 1.3

R? 0.971 0.963 0.962 0.964

2p: maximum methane productiohRm: maximum biogas production
rate;“A: lag time (according to Equation 6.3.2.2)
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Although according to Jakoviak et al. (2011) [1#]e humidity of the biomass may
cause differences on the contents of cellulose Fmdicellulose of wheat straw, the
evaluation of the chemical composition of the stiawerms of lipids, carbohydrates

and proteins would again be determining to confaimg hypothesis.

4. Conclusions

The methane production of 30-50 mm wheat strawegiegas 10.4% higher than the
powder <1 mm. Therefore, for process performanceemonomics, cutting is desirable
to milling. Thermal pre-treatment enhanced methg@neduction by 19-24% for
temperatures in the range 170-220°C and 1-15 ndtirtgetime, being the optimum for
200°C and 5 min, which increased methane yield B Afrom 233 to 296 mL
CH4/gVSed). The impregnation of straw with water showed arguositive effect in the
BMP tests, but no effect on thermal steam explosamart from a clear worsening of

the process economics if water was added.
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Este apartado se describe en el articulo que siueespondiente a una publicacion

enviada a la revista “Waste Managenient

A continuacion se recoge dicho articulo, incluyé&elona copia de la publicacion en el
capitulo de “Anexos”.
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Abstract

The assessment of the biodegradability of therntehrs-exploded pig manure was
performed compared to untreated samples. The eatatent was performed under
different combinations of temperature and timegnag 150-180°C and 5-60 minutes, and
used as substrate in a series of batch biochemme#iane potential (BMP) tests. Results
were analyzed in terms of methane vyield, kinetiapeeters and severity factor. In all the
pre-treatment conditions, methane yield and degi@udaates increased when compared to
untreated pig slurry. An ANOVA study determinedttbemperature was the main factor,
and the optimum combination of temperature - tinhepi@treatment was 170 °C - 30
minutes, doubling methane production from 159 t@ &1 CH/gVSes. These operation
conditions correspond to a severity factor of 3\sHich was considered an upper limit for
the pretreatment due to the possible formationnbfbitory compounds, hindering the

process if this limit is trespassed.

Keywords: biochemical methane potential, thermal hydrolygisetreatment, methane

yield, pig slurry; steam-explosion

178



Thermal steam explosion pretreatment to enhanceralpia biodegradability of the solid fraction ofjpi
manure

1. Introduction

In Spain, currently the second largest producepigf manure in the European Union
(PNIR, 2007-2015), manure management has becomenaironmental issue. The
traditional application of manure is as land feét (Schoder, 2005), contributing to
maintaining the soil organic carbon and nutrientsclss. However, due to the
intensification of livestocks production, in mangeas the organic waste nutrients exceed
the requirement for crop production (Wnetrzak et aD13), resulting in groundwater
contamination, nitrates leaching and eutrophicatimerefore, any kind of treatment for
pig wastes must be implemented according to theamwmental legislation, such as the EU
Nitrates Directive (S.1. NO. 610, 2010).

The valorization of the organic matter content ig manure to biogas through anaerobic
digestion (AD) is a very interesting option (Krisha et al., 2013; Mata-Alvarez et al.,
2000), although ammonia inhibition issues have @éadken into account for considering
manure as a sole substrate (Hansen et al., 19988)eVer, similar to other types of organic
wastes, biogas production from pig manure is nadtilow: from 290 to 550 L Chikg of
organic matter (Burton and Turner, 2003), due ® lilmiting hydrolysis step of the fiber
content (Menardo et al., 2012). Some treatmentonptiare reported to increase AD
performance, such as acidification (Moset et &12 Sutaryo et al., 2013) or separation of
solid and liquid fractions (Fangueiro et al., 200&ller et al., 2007).

Thermal pre-treatment appears as a very interesiitign and a potential solution for a
large quantity of lignocellulosic biomass. The o$a thermal pre-treatment to enhance the
anaerobic digestion of sewage sludge is reporteseveral references (Pérez-Elvira et al.,

2011; Bougrier et al., 2008), and has been devdlfgescale. However, the application to
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other organic wastes such as agricultural wastesdira et al., 2013; Qiao et al., 2011) or
manure is very recent, and still open to resegome references can be found concerning
thermal pretreatment to chicken manure (Ardic aadh&r, 2005; Bujoczek et al., 2000),
swine manure (Mladenovska et al., 2006; Chae ¢2@08), dairy manure (Yoneyama et
al., 2006; Rico et al., 2011; Rico et al., 2012 aig manure (Bonmati et al., 2001; Cuetos
et al., 2008; Carrere et al., 2009; Menardo et28l1,1). In the references found on thermal
pre-treatment of manure the study was performedsidering only the effect of
temperature (with or without chemicals), but noleation on the influence or optimization
of temperature-time combinations are reported.

Finally, the application of any thermal technolagguires to concentrate the waste (Pérez-
Elvira & Fdz-Polanco, 2012). Several referenceshmfound about separation of solid and
liquid fractions of pig slurry in order to economizransport or increase the energy
potential through biogas production (Mgller et &007; Nolan et al., 2012; Xie et al.,
2012).

The aim of this study was to evaluate the methaetl yof steam exploded pig slurry
(separated solid fraction of pig manure) undereddht temperature-time combinations,
compared to a control of untreated slurry. BMP stestere performed and kinetic

parameters were evaluated.
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2. Material and Methods

2.1Manure samples: thickening and characterization

Pig slurry was collected from a piggery in Sego¢&pain) and characterized before

(“original sample”) and after centrifugation at ®0fpm for 5 min (“solid fraction”). Table

6.4.1 presents the results from the analyticaladtarization.

Table 6.4.1Average characteristics of the original sample solil fraction of pig manure

(before and after centrifugation, respectively).

Parameter Original sample Solid fraction  Units
Total solid: TS 46.6+£ 2.1 166.4+ 0.2 a/kg
Volatile Solid: VS 36.8+ 2.7 138.6+ 0.2 a/kg
Percentage of v % VS 79 83
Chemical oxygen dema  COD 54.20+ 0.€ 197+3 g0./kg
Total kjeldahl nitroge TKN 7.4C 6.0t gN/kg
Total organic carbc TOC 6.2¢ 7.4¢ % weigh
Ratio C/N C/N 8.5 122 -
Ammoniurn NH," 4671 gNH4"-N/g
Ratio COD/V¢ COD/VE  1.47 1.4z -
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As expected, the concentrated pig slurry (manureggnted a higher percentage of volatile
solids, which means a higher content of organictenaffhe C/N ratio increased when

compared to the original sample, which allows bettaditions for the treatment.
2.2 Thermal pretreatment pilot plant and operation cibiots

As shown in Figure 6.4.1, the thermal hydrolysiganpl consisted of a reactor (2L)

connected to a boiler by a control valve (V1) andtflash tank (5L) by a decompression
valve (V2). The operation was batch: 250g of pighara were fed to the reactor, and then
heated with steam from the boiler (180°C, 10 bar)the desired period of time. Once

completed the operation time, the steam inlet (19losed and the decompression valve
(V2) is opened in a sudden decompression, releasieghydrolysed pig slurry to the

atmospheric flash tank. Before starting the expenits, the reactor was pre-heated for
approximately 5 min at the same temperature seleftte the pretreatment, in order to

minimize condensation.

W1
Steam inlet % V2

Manure inlet —[;E]—l' %
m ¥ ¥

REACTOR FLASH TANK

Figure 6.4.1— Thermal steam-explosion pilot plant
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Different pretreatment conditions were tested vagyoth temperature (ranging from 120-
180°C) and time (ranging from 5-60 minutes), imtaltof 15 different operation conditions

(Table 6.4.2).

Table 6.4.2Thermal onditions applied, experimental results and kinpacameters for the
different experiments performed

Experimental Results Kinetic Parameters
THi . L SFee:/Sgﬁy FN Rm % (d) P R
°C) (min) (logRo) mL CH 4/gVS.q.d mL CH 4/gVSiq square

THO 0 0 0.00 1.00 32.1 0.22 159 0.9852
TH1 120 5 1.29 1.26 31.6 0.10 200 0.9547
TH2 120 15 1.76 1.59 41.2 0.15 253 0.9737
TH3 120 30 2.07 1.63 48.2 0.12 259 0.9684
TH4 120 60 2.37 1.67 70.8 0.22 265 0.9821
TH5 150 5 2.17 1.70 47.9 0.21 271 0.9825
TH6 150 15 2.65 1.75 55.0 0.25 278 0.9876
TH7 150 30 2.95 1.72 78.3 0.32 273 0.9893
TH8 150 60 3.25 1.72 116.3 0.38 274 0.9875
TH9 170 5 2.76 1.84 63.1 0.45 292 0.9973
TH10 170 15 3.24 1.93 72.3 0.47 308 0.9950
TH11 170 30 3.54 2.07 106.1 0.45 329 0.9868
TH12 170 60 3.84 1.53 88.3 0.45 244 0.9844
TH13 180 5 3.05 1.99 70.6 0.39 317 0.9863
TH14 180 15 3.53 1.77 62.4 0.45 282 0.9971
TH15 180 30 3.83 1.70 87.7 0.47 271 0.9839
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The combination temperature and time of pretreatrdefine the severity factor (logoR
eq. 6.4.1). This parameter is most widely accefpedteam pretreatments (Hendriks and

Zeeman, 2009) to express the severity of the @attrent.

log I lo (t exp (T — 10“))
gllg =log| t.exp\—F—=—
0 14.75 (6.4.1)

in which t is the time (min) and the temperature (°C), 100 is the base temperature
(100°C), and 14.75 is the activation energy basedhe assumption that the reaction is
hydrolytic and the overall conversion is first ard®u et al., 2011). This expression only
takes into account time and temperature, and doesamsider the effect of the flash. The
study of this effect was not assessed in this paper

Theoretically, the more severe the pretreatmesptnibre organic matter is made available
for digestion. However, very severe pretreatmerts ead to formation of inhibitory
compounds from the macromolecules, driving to adir@ct relationship between the
severity factor and the biodegradability. Therefdhere should be an optimum value for

the severity factor.
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2.3 Anaerobic biodegradability

Biochemical methane potential (BMP) tests wereiedrout in triplicate to assess the pig
slurry biodegradability before and after the diéfier pretreatment conditions applied,
following standardized methodology (Angelidaki dt, 2009). A control test without
substrate was included in order to check the metpamc activity of the inoculum. All the
experiments were carried out at mesophilic conadiitim a thermostatic room (35.1+0.3°C),
with constant mixing in a shacker desk.

The anaerobic inoculum used was taken from a pillotige digester treating activated
sludge (containing 12 gVS.RYy and pre-incubated for four days (35.1+0.3°C) iideo to
minimize its residual biodegradable organic mattertent.

Borosilicate glasses of 300mL volume were usedénBMP tests, with a reaction volume
of 110mL in order to have enough headspace for dso@ccumulation. The
substrate/inoculum (S/1) ratio selected was 0.5 .¢W&S)*, as suggested by Neves et al.
(2004) and Angelidaki et al. (2009).

Biogas production was measured manually by a pregsgansmitter (ifm, PN5007, range 1
bar) in the headspace of each reactor. From thgabi@roduction curves, the specific
methane yield (mL CkHgVSeq) was calculated at test-day 20 under standard ésatyre
and pressure conditions (STP — 0°C, 1 atm) detayeldl PAC (International Union of Pure
Applied Chemistry), by dividing the methane prodoct due to the substrate (once

subtracted the production due to the inoculum)hgyquantity of volatile solids of substrate

fed to the test (MdubstrateX 9 VS/MLsypstrat-
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2.4 Analytical Methods

Substrates, inoculum and digestates were charaetem all the experiments. Total and
volatile solids (TS and VS, respectively) and tégaldahl nitrogen (TKN) were measured
following the procedures given in tt&tandard Methods for Examination of Water and
Wastewater(APHA et al., 2005). Chemical oxygen demand (COkys determined
according to standard UNE 77004:2002 based in itleramate method. A combustion
infrared method, with SHIMADZU TOC-SM5000A equipniewas used to determine the
total organic carbon (TOC). The biogas compositi@0,, H.S, &, N, CH; was
measured by gas chromatography in a Varian equip@Br3800 CG TCD, being helium

the carrier gas.

2.5Data analysis and kinetic approach

Apart from obtaining the specific methane yieldd. (BH,/gVSeq), a kinetic approach was
also employed to analyze the obtained data. Thetiksr of methane production were

calculated using a reaction curve-type model (e4.25 applied successfully in other

studies regarding anaerobic biodegradability tgstsreira et al., 2013).

-t A)
5 =P (1 - exp (—))
P (6.4.2)
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in which B is the methane production (mL @HVS), P is the maximum methane
production (mL CH/gVS), Ry is the maximum methane production rate (mL/@QMS-d),

A is the lag time (d) and is the time of the assay (d). The data were aedlyith
StatgraphicS.

Finally, to evaluate the influence of temperaturel dime of pretreatment on methane
production, the results obtained were comparedhbyanalysis of variance methodology

(ANOVA), using Microsoft Excél, with a confidence level of 95%.

3. Results and Discussion

3.1Batch tests and methane yield

Figure 6.4.2 presents the evolution of methane ymipdty (mL CH4/gVSeq) in all the

BMP assays performed, compared to the control at@de substrate (THO). For better
comparison, Table 6.4.2 present the final speaifgthane yield improvements respect the
control as normalized production of methane (FMfjretd as the ratio at day 20 between

the production of methane for the treated and atdte waste, (mL Chni/(mL

CH4)untreated
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Figure 6.4.2— BMP assays for the different experimental cood# applied

3.2Evaluation of temperature-time combinations

An initial evaluation of the results presentedhie tExperimental results” column of Table

6.4.2 show that all the pre-treatments performetH1¢TH15) enhanced the initial

biodegradability of the pig slurry (THO), from 26€420°C, 5 min) to 107% (170°C, 30

min), being the latter the best pre-treatment domdievaluated. Comparing the influence

of temperature and time, it can be observed a rdifte behaviour depending on the
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temperature level. For low temperatures (120°Q),itfluence of pre-treatment time was
the most noticeable. For moderate temperatureQ)5€the influence of the pre-treatment
time was not so strong. For high temperatures @wD186C), time played a crucial role
from the point of view of inhibition. Pre-treatmetimhes over 30 minutes at 170°C or over
15 minutes at 180°C caused a reduction in methehd, probably due to the formation of
inhibitory compounds.

Based on this qualitative analysis, a quantitatimalysis of variance was performed. The
data concerning pre-treatment time of 60 min weoé considered for this study, as
methane yield was mostly inhibited. The resultdhaf ANOVA study showed that in all
cases temperature caused significant statistiff@reince between data{fs = 6.29, Fitical

= 4.76), while pre-treatment time did not«E= 2.81, Frica = 5.14). This indicates that,
when dealing with both variables, temperatures shbe considered as the main parameter
as the basis to define the best pre-treatment time.

Figure 6.4.3 presents a graphical approach of fleeteof both temperature and time on
FN. It can be observed that the best improvemenisiethane yield are centered in the
combination 178C, 30 min, which is in accordance to the globalbcepted values
regarding thermal hydrolysis of sludge (Fdz-Polaetal., 2008). This suggests that these
thermal hydrolysis conditions are the optimum faorh&ncing the methane yield of

concentrated pig slurry.
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180

t (min)

Figure 6.4.3— Effect of temperature and time of pretreatmentdl. Darker areas mean

regions in which values of FN are higher

3.3 Evaluation of kinetic parameters

The kinetic parameters obtained by fitting equatta.2 to the experimental data on
methane production are presented in the “Kinetramp@ters” column of Table 6.4.2. The
results obtained concerning the maximum methaneuystmon (P) match with those
previously discussed: increase for temperaturetiamel increase, but decreasing trend for
the longest times at temperatures above 170°C. Hawenaximum methane production
rates (R,), seemed to differ slightly from this trend. Thghest value of R was obtained

for 150C, 60 min, and lower Rvalues were obtained for higher temperatures. Agdin,
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pre-treatment times over 30 minutes for 170°C avet 45 minutes for 180°C caused a
reduction in methane production rates.

Figure 6.4.4 present the effect of temperaturetand on R, Although similar to Figure
6.4.2 with respect to the optimum (170°C, 30 migytéhe trend for higher temperature-
time values is different. These results suggest ithtaibition of the maximum methane
production is not necessarily coupled to lower ddgtion rates in the same levels. Even
with the formation of refractory compounds due ighhtemperatures and pretreatment
times, those conditions might still be able to ioy#& rates, leading to reduced size of
digesters as one possible advantage. Howevercas@rehoice would depend on economic

studies that take into account several variableslaa process as a whole.

180
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R,, (ML CH ,.(gSV.d)?)

150
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Figure 6.4.4 — Effect of pre-treatment temperature - time corabons on the methane

production rates (). Darker areas mean regions in which valuespéfe higher
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3.4 Evaluation of the severity factor

Figure 6.4.5 presents the relationship between stweerity factor and the normalized
production of methane (FN). The influence of theesiy factor on the response of the
methane vyield presents some differences when temper and time change. For
temperatures of 120 and {60it is clear by Figure 6.4.5 that FN always ires with the
severity factor. However, for the higher temperesuof 170 and 18Q, there is a limit in
the severity factor that, once surpassed, a remtuati FN occurred. According to Figure
6.4.5 and Table 6.4.2, the optimum value for theesty factor would be 3.54 for a
temperature of 17C. For a temperature of 18D, however, this severity factor led to
lower values of FN. For higher values of the sayefactor, inhibition in methane
production was observed. This suggests that aigevactor of 3.54 could be considered
an upper limit in which some instability in perfaunrce may be expected depending on

operational conditions.
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Figure 6.4.5- Normalized methane productivity (FNNiL CHgs)thi/(ML CHa)untreated) With

respect to the severity factor (log)R

Conclusions

The influence of thermal pretreatment parametensferature and time) on the anaerobic
biodegradation of the solid fraction of pig slumsas evaluated. All the conditions tested
were better than the untreated condition, which meethat the thermal pretreatment
improved the anaerobic digestion of this type ofst®a not only concerning
biodegradability, but also degradation rates. Ressiliggested that temperature has a
greater effect on methane yield than pretreatmerg,tand that the best combination of
parameters would be 170 and 30 min, which was able to maximize methaeystion

up to 200% when compared to untreated samples (f8®nto 329 mL CHQgVSeq). This
corresponds to a severity factor of 3.54, whichnssgk to be an upper limit not to be

trespassed to avoid the formation of inhibitory ponnds.
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Este apartado se describe en el articulo que siguespondiente a una publicacidon en

la revista “Bioresource Technoladgy

“Theo S.O. Souza, Liliana Catarina Ferreira, levapRaite, Sara |. Pérez-Elvira,
Fernando Fdz-Polanco, 2013. Thermal pretreatmeiot laydraulic retention time in
continuous digesters fed with sewage sludge: Assagsusing the ADM1. Bioresource
Technology. 148, 317-324.”

A continuacion se recoge dicho articulo, incluy&wlana copia de la publicacién en el

capitulo de “Anexos”.
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Abstract:

Thermal pretreatment is an interesting techniqué oy for increasing sludge
biodegradability, leading to higher methane prowhtyt but also degradation rates,
allowing full-scale plants to reduce the size dajediters. In this study, the Anaerobic
Digestion Model No. 1 (ADM1) was used as a toolassess the effects of thermal
pretreatment and hydraulic retention time (HRT tloe performance of three pilot-scale
digesters fed with mixed sludge with/without pratreent applied to the waste
activated sludge fraction. Calibration procedurgsg batch tests showed an increase of
up to five times in the model disintegration coaéfnt due to the pretreatment, and the
validations performed presented good accuracy Whth experimental data, with
under/overestimation lower than 15% in both averagd global accumulated GH
productions. Therefore, the ADM1 demonstrated #ssibility and usefulness in

predicting and assessing the behavior of the digesinder these conditions.

Keywords. ADM1, anaerobic digestion, modeling, sludge matment, thermal

hydrolysis
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1INTRODUCTION

Wastewater treatment plants (WWTPs) based on tineated sludge system as the core
unit are globally spread, due to its reliabilitydaefficiency in a wide range of
environmental and operational conditions. Howetleg alternative presents two main
economical drawbacks: aeration costs and largemwlaf sludge to be disposed. The
disposal of primary and waste activated sludge @8 WAS, respectively) may
represent up to 50% of the total operating costeV@fTPs (Appels et al., 2008), and
thus attention must be strongly directed in thgard. Among the procedures for sludge
stabilization, anaerobic digestion (AD) is commoapplied, with advantages including
lower costs and conversion of organic matter tchane®, which can be used for energy
generation. Sludge biodegradability and degradataies are a matter of concern,
though, and inherently linked to AD energy integnatand economic viability. WAS is
mainly composed of microbial cells/flocs, presegtiow biodegradability; especially
when produced by activated sludge systems operaidd extended aeration; in
contrast, PS is more biodegradable (Carlsson g@L2). Nevertheless, both may be
mixed and thickened for further treatment (Carreteal., 2010). Increasing the
degradation extent and rates, leading to improvethame production, solids reduction
and overall process optimization, is therefore afamount importance in sludge
management.

Several sludge pretreatment techniques have beeiedtin the past years, with the
purpose of improving AD of sludge and other sulbegra They include thermal,
mechanical, chemical, biological, wet oxidationgelze/thaw, microwave and pulsed
electric field pretreatments (Carrére et al., 20rdeleau and Droste, 2011; Carlsson

et al., 2012). Among the available alternativesrrial hydrolysis has been shown to be
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of particular interest to improve the AD of WAS (and Noike, 1992; Fdz-Polanco et
al., 2008). Thermal hydrolysis may account for empriovement of up to 100% in
biogas production (Li and Noike, 1992; Carrére let 2010), with additional solids
reduction, pathogens elimination (Pérez-Elvira dt, 2011) and increase in
dewaterability (Neyens and Baeyens, 2003). Increasebiodegradability and
degradation rates, and subsequent improvementsethame production, are related
mainly to COD solubilization when thermal pretreatihis applied (Carlsson et al.,
2012). Temperatures usually between 160°C8(ressures of 600 to 2500 kPa and
treatment times of 30-60 min (Carrere et al., 204:@) able to disrupt cell walls and
flocs, solubilizing organic matter and increasihg hydrolytic limiting-step considered
responsible for low biodegradability and degradatrates of WAS (Li and Noike,
1992). Aside from the benefits already mentionedirawlic retention time (HRT) of
digesters can also be reduced (Graja et al., 2005).

The assessment of thermal hydrolysis pretreatnféedte on the AD of sludge, as well
as the influence of decreasing the HRT of digestessich conditions, can be done not
only through regular monitoring of physicochemigahrameters. Modeling is a
powerful tool to provide additional information alidviological processes, improving
the understanding of the system, the formulatiah\alidation of hypotheses and being
able to predict system’s performance (Donoso-Brawal., 2011a). Among the wide
collection of AD models developed in the last deasadWA’s Anaerobic Digestion
Model No. 1 (ADM1) is a structured and more conmplapproach, embracing several
biochemical steps, as well as physicochemical pimnena (Batstone et al., 2002). It has
been applied to the AD of several types of wastar(@nsaat and Keller, 2005; Gali et

al, 2009; Mairet et al.,, 2011) and has potential foedicting effects of sludge
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pretreatments on AD (Souza et al., 2013), includiregmal pretreatment (Phothilangka
et al., 2008; Ramirez et al., 2009).

This study aimed to evaluate the effects of therpnatreatment on the AD of sewage
sludge, including the possibility of reducing HRT digesters. The ADM1 was

calibrated using batch tests data and employedtaeldor assessing the behavior of
three continuous digesters, two of them fed witmiature of raw PS and thermally
pretreated WAS at different HRTs, and one used @n#rol and fed with a mixture of

raw PS and raw WAS.

2MATERIAL AND METHODS

2.1 Waste characteristics

PS and WAS were obtained from the WWTP of VallatlolSpain. Both were

concentrated and mixed at a 50/50% ratio (gVS/guW&h a final feeding concentration
of approximately 40 gVS:L The procedure and VS feeding concentrations reze

same regardless of whether WAS was pretreated brAsa result, two types of
substrate were obtained: S1, consisting of a mextfr PS and thermally pretreated
WAS (TPWAS); and S2, consisting of a mixture of &l raw WAS (RWAS). S1 and
S2 were characterized through systematic monitoointpe digesters’ feeding for one

month, and average parameter values are showrbie ©b.1.
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Table6.5.1. Average waste characteristics.

S1 S2
Composition (gVS/gVS) PS (50%) + TPWAS (50%) PS (50%) + RWAS (50%)
pH - 6.09 + 0.07 6.38 + 0.14

COD (9. 60.17 + 2.02 62.00 + 2.65
COD(sY (9.l 15.46 + 4.74 5.50 + 2.68

TS (9.1 57.12 + 4.73 59.79 + 4.98

VS (g.Lh 37.75+2.35 40.22 + 1.69

TKN (gN.L™h) 2.71+0.13 2.84+0.20

TKN(s) (gN.LY 1.27 +0.03 0.34+0.11

NH,"-N (gN.L'Y 0.31+0.03 0.15+0.1

Proteins (%bCOD) 40 40
Carbohydrates (%bCOD) 30 30

Lipids (%bCOD} 30 30

Nomenclature:

TS: Total Solids; VS: Volatile Solids; TKN: Totaljé&dahl Nitrogen
®Soluble fraction

®Percentage of the biodegradable COD

2.2 Continuous digestersand thermal pretreatment

Three identical 200-L digesters (A, B and C) weperated at 35°C to treat sludge from
the WWTP. Digester A and B were fed with substf@ie and digester C was kept as a
control and fed with substrate S2 (Table 6.5.1peBters A and C were operated at a
HRT of 20 days, while digester B was operated atrédduced HRT of 10 days. WAS
was concentrated until 12-14% TS using a commepgaatrifuge and then thermally
pretreated in a Continuous Thermal Hydrolysis (CTihtustrial prototype operating
with of 40 min, temperature of 170°C and pressure’.6 bar followed by steam

explosion to atmospheric pressure. The main elesnehtthe CHT prototype were
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preheated receiving steam from flash, reactor withct injection of steam at 10 bar
and flash tank at atmospheric pressure. An ovenoaéwthe experimental set-up is

presented in 6.5.1.

Biogas A Biogas B Biogas C
Effluent A o] Effluent B (/s Effluent C
09 D7
7% 7
N
2Q Q
S1 S2
NN A
TH T WAS T
T PS T

Figure 6.5.1. Overview of the experimental set-up. PS: primdudge; WAS: waste activated
sludge; T: thickening; TH: thermal hydrolysis; Stibstrate type 1; S2: substrate type 2; Q:
flow rate.

Digesters were operated in three distinct phasesuating for approximately 160 days
of operation. Phase | consisted of a startup pesio80 days, for which simulations
were not done, due to the instability of the reaatathe period. Phase 1l regarded the
stable operation of the digesters, for approxinyadél days, with a feeding substrate of
40 gVS.L%, both for S1 (digesters A and B) and S2 (dige§ter The final 30-day
period was defined as phase lll, in which the catregion of the feeding was increased
to 55 gVS.L%. To eliminate punctual variability, as well as swin the simulations, and
for better comparison with experimental resultgrfrthe digesters, a moving average
considering a factor of 3 days was applied to iated outlet data.
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2.3 Batch tests

Biochemical methane potential (BMP) tests wereiedrout in order to assess the
sludge biodegradability and to provide data for elazhlibration. This was performed
in three different series, each representing tlmeent situation of digesters A, B and C,
by combining the mixed sludge fed to each dige@ebstrate) with the corresponding
effluent digested sludge (inoculum). This procedwes done for three timed samples
collected throughout one month in phase Il, andrage results were used as dats
source for further calibration.

All tests were made in triplicate at mesophilic ditions in a thermostatic room (35.1 +
0.3°C) with constant mixing in a shaker desk. Thethmdology used was the one
suggested by Angelidaki et al. (2009). The subssfiredaculum ratio (S/I) used was 0.5
gVS/gVs, as recommended by Neves et al. (2004praral test without substrate was
included in order to account for the methanogemitvidy of the inoculum. All the
assays were finished when the methane productios bedlow 5% of the total
cumulative production.

The biogas volume was monitored by periodic measengs of the headspace pressure
by a manually pressure transmitter (IFM, PN5007geal bar), and was expressed as
methane yield (ML CH(gVSuded™), under standard temperature and pressure

conditions (0 °C, 1 atm).
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2.4 Analytical methods

Unless specified otherwise, all analyses were pad in agreement with tt&tandard
Methods for the Examination of Water and Wastewd®PHA et al.,, 2005).
Carbohydrates (as glucose) were measured accdaingbois et al. (1956), and lipids
were determined using the Soxhlet extraction metiRvdteins were calculated using
NH,;" and TKN data (Girault et al., 2012). Biogas conijpms was measured by gas

chromatography (Varian CP-3800 CG) using heliurnaaser gas.

2.5 Modd implementation

The ADM1 was implemented following the guidelinesBatstone et al. (2002), and
modifications proposed by Rosén and Jeppsson (2088)g Matlab/Simulink. The
disintegration and hydrolysis parameters containeitte ADM1 (kiis, Knydch Knydpr and
Knyai) were estimated for each digester by minimizidgast-square cost-function using
data obtained in BMP tests (section 2.3), as prgdsy Souza et al. (2013). The
remaining parameters were set according to Batstora. (2002). For model inputs,
COD was fractioned considering substrate charaetiéon (Table 6.5.1), following the
procedures described by Souza et al. (2013). Bradedple and inert COD fractions
were defined according to the biodegradability wied in BMP tests.

COD corresponding to biomass of the seven micrgimaulations contained in
the ADM1 (Xsu, Xaa Xtar Xca, Xpro, Xae Xn2) Were defined for BMP tests by performing

a continuous simulation during a large period, tstgrwith low concentrations of
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biomass and feeding the model with the same substisaapplied to the batch tests,
until each biomass variable stabilized, as don&iogult et al. (2012), representing thus
an overall proportion of microbial communities et in the inoculum. The same
procedure was applied for simulating the continutigesters.

With the set of hydrolysis parameters estimated éaich digester, continuous
simulations were performed considering variationsthe flow rate and adjusting

proportionately the COD fractioning to the inletncentrations during operation.

Simulations were then compared with experimenttd ttaassess the effects of thermal

pretreatment and HRT reduction on the digesters.

3 RESULTSAND DISCUSSION

3.1 Digester s performance

Table 6.5.2 shows the performance of digesters AanB C considering the main

parameters, in phases Il and Ill. Phase | was vadtiated since it consisted of a startup

phase, and comparison was not possible under gteonditions.
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Table 6.5.2. Average performance of digesters A, B and C irsphdl and III.

Phase Il Phase Il
A B C A B C

CH, production
104+17 162+29 89+20 120+25 219+57 117+1

(L.d™h
Effluent COD
a 28+2 30+2 33+3 29+ 2 32+2 32+3
(9 G.LY)
Effluent NH,"
@ N.LY 14+01 13+01 10+x0pP 16+02 16+0.2340.1
g N.

Throughout the 80 days of operation in phase llenethough variations in the
parameters were observed mainly due to feedincahiity, in overall the average
results were in accordance to the expected, @blduction was the lowest for digester
C, presented a small improvement for digester A argignificant improvement for
digester B. When compared to the control dige€i¢rdigester A showed a 17% higher
CH, production in phase Il. This increase may appear &t first, but it must be
considered that the thermal pretreatment was appinty to the WAS fraction of the
substrate and, although a gldroduction increase of 33% was reported in similar
conditions (Pérez-Elvira and Fdz-Polanco, 2014jeinces in the composition of PS
and WAS in the mixed sludge, as well as operatioaakbility may have caused the
lower production. A much more significant gproduction in phase Il was obtained in
digester B, though, accounting for an average 8ak&mrcement when compared to the
control. This shows the potential of thermal hygstd not only in increasing
biodegradability and methane productivity of WA8{ blso in allowing lower HRTs to

be employed, and consequently reducing the sigiégesters in full-scale applications.
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Phase Il showed a similar behavior regarding thmmarison of digester B with the
control (Table 6.5.2), but CHproduction was almost the same for digesters AGnd
this phase, operation was much more unstable due¢hdoincrease in feeding
concentration and operational problems, as disdulssther in section 3.3, and a sharp
drop in performance was observed for digesters & Bn Therefore, results were
affected by such variations, hindering the evabrabased on average parameters.
Effluent COD did not present sharp variations, egrained averagely in the range of
28-33 g Q. L™ for all digesters, according to Table 6.5.2. Hoereeffluent ammonium
presented itself in different levels, depending tbe type of substrate fed to the
digesters, with higher values for digesters A anded with TPWAS. Indeed, thermal
pretreatment is responsible for an increase in amumo concentrations during
anaerobic digestion, as also reported by Phothikareg al. (2008), and this effect was
even more pronounced in phase Ill. More detailedudision about the behavior of the

digesters in specific periods is presented in ge@i3, coupled with modeling analyses.

3.2 Calibration of disintegration and hydrolysis coefficients

The differences in ClHproductivity given by the results of BMP tests elearly visible
in Fig. 6.5.2. Results corresponding to conditiapplied to digester C (Fig. 6.5.2¢c)
were not much higher than 300 mL ©£(dVSaded ™, While tests corresponding to
digesters A and B (Figs. 6.5.2a and 6.5.2b, resmdg} reached 350 mL
CHs.(QVSadced ™.

Regarding anaerobic biodegradability, BMP test lteduin values of 63.4, 61.4 and

53.7%, for samples corresponding to digesters An& C, respectively. Moreover, the
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initial kinetics of CH, production for digesters A and B were evidentlgtéa than for
digester C. This confirms the potential of therrpedtreatment in not only increasing
the degradation extent of sludge in anaerobic timgsbut also the degradation rates.
When comparing results for digesters A and B, thougp clear difference can be
observed between the data points, indicating teatHRT did not affect the inoculum
specific CH productivity.

Calibration for ADM1 disintegration and hydrolysteefficients produced optimum
curves with good fits for experimental data, as banseen in Fig. 6.5.2. Calibrated
coefficients that generated the optimum fits factheaase are shown in Table 6.5.3. Two
separate behaviors could be inferred by the resutioefficients: one associated to the
disintegration coefficientds, and the other related to the hydrolysis coeffitsdqydcn
Knyapr @nd kyai @s @ group. The coefficiengikwas the most affected when comparing
calibration results between the different digestassshown in Table 6.5.3. Five-fold
and three-fold increases for this coefficient webgained, when comparing digesters A
and B with digester C, respectively. Increases Kigtich Knydpr and kyai were less

representative in both cases, though.
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Figure 6.5.2. Experimental results of the BMP test$ &nd model fit (continuous line) after
calibration regarding ADM1 disintegration and hylgisis coefficients for digesters A (a), B (b)

and C (c).

The sharp increase ofgikis in accordance to the expected effect causedhby

pretreatment on the ADML1 disintegration step. Highalues of this coefficient

represent that the destruction of bigger and coxnpéeticles is enhanced by the applied
pretreatment, increasing the kinetics of this dpestep. Similarly, Souza et al. (2013)
obtained an increase from 0.24 @ 5.60 d in the coefficient ks when a low-thermal

pretreatment was applied to sewage WAS. To desprifygerly the anaerobic digestion

of thermally pretreated WAS, Phothilangka et al0@) had to changejkfrom 0.25 to
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1.5, which is also in accordance with the obtairesilts. Regarding calibration for raw
WAS, Batstone et al. (2009) and Donoso-Bravo et28l10) obtained single hydrolysis
coefficients of 0.15-0.251 In the case of the present study, coefficienthérange of
0.42-0.56 & were obtained for digester C (Table 6.5.3), arab¢hvalues are higher
than the reported ones because in this study aumixif PS and WAS was fed to the
tests, therefore presenting faster kinetics duthéomore biodegradable nature of the
feeding.

The three hydrolysis coefficientsaylcn knyapr and kyaqi, Varied less significantly among
digesters and among themselves, with all threegbigirthe same range for each case.
Due to this characteristic, kinetics of the initeteps of anaerobic digestion in the
ADML1 in this study presented themselves in two nsages for digesters A and B: a
fast disintegration stage and a subsequent slowolygis stage. In this sense, the
numerical difference of 4 between digesters A and B (Table 6.5.3) may not be
important, since both represent non-limiting step#) probably no significant physical
meaning regarding their difference. For digestertl@ugh, both disintegration and
hydrolysis steps may play an important role in niode since they are all in the same

range.
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Table 6.5.3. Calibrated disintegration and hydrolysis coefintgefor digesters A, B and C.

Digester A B C
Substrate type S1 S1 S2
HRT (d) 20 10 20

Kais () 2.57 1.62 0.56
Knyacn (d7) 0.66 0.78 0.51
Knydpr (0 0.78 0.79 0.44
Knyaii (d) 0.88 0.84 0.42

R? 0.989 0.994 0.992

3.3 Validation using continuous digester s data

The experimental CHproduction throughout the operation of digestey8Aand C, as
well as the simulations using the calibrated modedach case, are presented in Fig.
6.5.3. Simulations followed really close the bebawf the digesters in some regions of
the graphics, while in others some deviations vedrgerved, as further discussed. Due
to the instability of the startup phase (phasesithulations are not presented in the
graphics or discussed for this phase.

For digesters A and B, the initial regions of phds¢al) and (b1), were characterized
by an overestimation of the Glgroduction, as can be seen in Figs. 6.5.3a an8l6.8
similar, but minor, effect was also observed fagediter C, in the region (cl) of Fig.
6.5.3c, but embracing model underestimation as. Wélké observed simulation results
for the mentioned regions may be explained by thet that those regions are
immediately after the startup period of the digestend, while some experimental
instability were occurring in those regions, préidics were more optimistic for CH

production (mainly for digesters A and B), causihg differences. In this sense, it can
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be inferred that the model recovered faster from itistabilities of phase | than the
digesters themselves. For digester C, region (eajvs instability as well, which was
not properly followed by the simulations, resultimgunder and overestimation in this
specific period.

After the initial periods of phase II, simulatiopeedicted the behavior of the digesters
with higher accuracy, which is evident mainly igians (a3), (b3), (c2) and (c4) shown
in Fig. 6.5.3. Predictions had good quality everewlkharp experimental variations in
CH, production were observed, such as the ones cewtairegions (a2), (b2) and, in a
lesser degree, (c3). The peaks and drops weredeiathe influent COD that presented
a high variability in those regions and, sinceghme variations were fed as COD to the
model, predictions also followed the tendenciesictvishowed good model robustness

in this sense.
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Figure 6.5.3. Validation of the calibrated model with respechtethane production, using data
from digesters A (a), B (b) and C (c)) experimental data, (—) simulation. Discontinuous

vertical lines represent changes in operationas@hand codes in parenthesis are used to name

different regions of the graphics for enhancedwison.
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Phase Il presented an increase ingsQirbduction for all digesters, due to increased
feeding concentrations, and consequently higherarocg loading rates. The
improvement in Chlproduction was sustained during the whole phasdifgester C, as
shown in Fig. 6.5.3, but the same was not truedigesters A and B, which suffered a
sharp drop in performance after approximately oreknof operation in this phase, with
a later recovery at the end of the period. Nonei®el model predictions followed
correctly this behavior, representing well the eélegions (a4), (a6), (b4) and (b6))
and drops of performance (regions (a5) and (b5igefler C responded faster to the
increase in organic loading rates than the modelcam be seen in region (c5), and
simulations only reached the higher levels of,Qifoduction at the end of phase Il
(region (c6)).

The instability observed in phase Il for digestArand B were not caused by variations
in the inlet COD as happened punctually in phaseblit the sharp drop in GH
production resulted from operational problems with feeding, which was done with
reduced flow rates for some days, decreasing @dduction in the period. Since the
model takes into account the flow rates appliethedigesters, this phenomenon was
accurately followed in the simulations. Digesterd@ not present this operational
problem; therefore such a drop in performance veasletected.

Concerning the ammonium concentrations, the modslable to predict this parameter
accurately as well. The simulated average ammomantentrations in phase Il were
1.49, 1.39 and 0.91 g NiLfor digesters A, B and C, respectively. During gall,
those concentrations were 1.64, 1.69 and 1.15 ¢ Nri_the same order of digesters.
When compared to the average experimental dathifoparameter, presented in Table

6.5.2, simulated values presented good performawid, average differences not
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higher than 12%. This indicated that the model alas able to predict the effect of
thermal pretreatment on the increase of ammoniutndreffluent.

In overall, it can be observed in Fig. 6.5.3 thed tifferences in operation conditions
for each digester, regarding the application ofrpegment and reduction of HRT, were
correctly represented by the model. Increasesdnvéttiues mainly of the disintegration
coefficients of the ADM1, as well as the solubitipa of COD promoted by the thermal
pretreatment, coupled to the increased flow ragiegh to the model (for digester B
only) were assumed to be responsible for thoséendidbehaviors. The changes in £H
production levels are evident when comparing dagest (Fig. 6.5.3a) and C (Fig.
6.5.3c), and even more when considering the high @bduction of digester B (Fig.
6.5.3b), and the simulations were able to folloasely those tendencies. In respect to
the accuracy of the model considering the averadde gtoduction, Table 6.5.4 shows
the high quality of the predictions in both phasegh average overestimations (or
underestimations) lower than 15%, and as low a%21This clearly demonstrates that
the procedures and considerations used to perfoensimulations with the calibrated

model were successful in predicting the behavidhefthree digesters.
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Table 6.5.4. Comparison between experimental and simulatechgeemethane production for
the three digesters in phases Il and lll, as wethadel’'s overestimation in each case.

Phase Il Phase Il
A B C A B C

Experimental
CH, production 104 +17 162+29 89%x20 120+25 219+57 117/+1
(L.d?
Simulated CH

production 119+14 185+36 90%+16 134+29 233+58 10B+1
(L.d?
Overestimation
(%)

14.4 14.2 11 11.7 6.4 -18.7

®Negative values means that the simulation undenastid the parameter.

3.4 Thermal pretreatment and HRT assessment

The effect of the thermal pretreatment and changedRT on the performance of
digesters A, B and C were assessed using the atatethuCH production curves
throughout the whole operation period (not considephase I), as shown in Fig. 6.5.4,
both for experimental data and simulation resulisis was done to account for the
global differences between each digester, regardbéspunctual variations of CH
production, and a similar approach was also regdsyePhothilangka et al. (2008).

It can be observed in Fig. 6.5.4a that the globaumulated Chiproduction of digester
A suffered a small increase of only 12%, when camgao the control digester (C). As
also discussed in section 3.1, this improvemenbuger than expected, since other
studies obtained increases in £ptoduction of 20-30% when treating mixed sludge
(Barjenbruch and Kopplow, 2003; Pérez-Elvira and-Pdlanco, 2012), although there
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are reports of lower increases in the range ofQ%-2Haug et al., 1978; Donoso-Bravo
et al., 2011b), which depend on experimental comust variability of results and
performance of digesters in each case. The impremem CH, production for digester
A was more optimistic according to simulation résyFig. 6.5.4b), accounting for an
enhancement of 32.1% when compared to digesten€s sverestimation was evident
in some operation periods, such as the one depittedion (al) (Fig. 6.5.3a).

When the accumulated GHproduction of digester B is compared with digester
increases in this parameter were 83.6% and 60 dexperimental data and simulation
results, respectively (Fig. 6.5.4). Those diffeeavere affected by the results of
digester A, discussed above. Nonetheless, whenstdigd3 is compared with the
control, differences in CH accumulation were accurately represented by the
simulations, accounting for an enhancement of @b 92.5%, for experimental data
and simulations results, respectively. These reshbw that reducing the HRT from 20
to 10 days had a great effect on OQ#toduction, and digester B could sustain such an
increase in organic load throughout the operatienog. Although the flow rate is
doubled in this case, GHbroduction does not double as well, due to thé taat the
anaerobic digestion process is limited under su@tl Hand organic load, and the
specific CH yield (L.(gVSed™) is reduced. In this context, Pérez-Elvira and-Fdz
Polanco (2012) obtained an increase in biogas ptmiuof 71.4% when reducing the
HRT from 17 to 9 days in digesters fed with a stdtetsimilar to S1, with a coupled
decrease in the specific biogas yield from 65208 b.(gVSeq) . The reported increase
in biogas production is similar to both the expemtal (83.6%) and simulated (60.4%)

increases in Clproduction when comparing digesters A and B.
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Figure 6.5.4. Experimental (a) and simulated (b) methane accatedlthroughout the operation
period (not considering phase 1) for digesters-A,(B (---) and C (-). Upward arrows represent
the improvement in methane production between pautof digesters.
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Considering the final amount of Giroduced in each digester, Table 6.5.5 shows that
the model presented extremely high accuracy foedegs B and C, with a slight
underestimation of the accumulated £B8imulations related to digester A, however,
presented less quality in this regard, with an esemation of 13.4%. Nevertheless,
those are acceptable levels of accuracy takingantmunt the variability of operation.
Therefore, results demonstrate the feasibility asefulness of using the ADM1 under
the studied conditions to predict the effects athba thermal hydrolysis pretreatment

and the manipulation of HRT in the operation ofigiel digesters.

Table 6.5.5. Comparison between experimental and simulatetin@thane accumulation
throughout operation in phases Il and Il for edifester, and overestimation of the
predictions.

A B C
Experimental Claccumulation
5 11.9 22.0 10.7
(m)
Simulated CHaccumulation (1) 13.5 21.7 10.2
Overestimation (%) 13.4 -1.4 -4.7

*Negative values mean that the simulation underasticnthe parameter.
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4 CONCLUSIONS

The results provided by the present study demadestithe feasibility and usefulness of
using the ADM1 to predict and assess the effectbath thermal pretreatment and
changes in HRT in the performance of sewage sldaggsters. The calibration results,
obtained via BMP assays, showed an important iseréa the disintegration step,
caused by the pretreatment, and the validatiomefcalibrated model presented good
accuracy even considering operational variabiltyth under/overestimation of both

average and accumulated Qptoduction lower than 15% in all cases.

227



Apartado 6.5

Acknowledgements

This research group is “Grupo de Excelencia GR7Bdenta de Castilla y Ledn” and
member of the Consolider_Novedar framework (PraeD2007-00055, Programa
Ingenio 2010, Spanish Ministry of Education ande8Sce). The experimental data of
CTH were obtained within the project SostCO2 leddgyas de Barcelona (Aqualogy).

The authors would like to thank Guzman Garcia ferdontribution.

228



Thermal pretreatment and hydraulic retention timedntinuous digesters fed with sewage sludge:
Assessment using the ADM1

References

American Public Health Association/American Wateo$ Association/Water
Environment Federation (APHA/AWWA/WEF), 2005. Standl Methods for the
Examination of Water and Wastewater. 21st editfonerican Public Health
Association/American Water Works Association/Wd&earironment Federation,
Washington DC, USA.

Angelidaki, 1.; Alves, M.; Bolzonella, D.; Borzacep L.; Campos, J.L.; Guwy, A.J.;
Kalyuzhnyi, S.; Jenicek, P.; Van Lier, J.B. (2009&fining the biomethane potential
(BMP) of solid organic wastes and energy cropsop@sed protocol for batch assays.
Water Science and Technolog§9(5), 927-934.

Appels, L.; Baeyens, J.; Degreve, J.; Dewil, RO@0 Principles and potential of the
anaerobic digestion of waste-activated sludRyegress in Energy and Combustion
Science34, 755-781.

Barjenbruch, M.; Kopplow, O. (2003). Enzymatic, rnagical and thermal pre-
treatment of surplus sludg&dvances in Environmental Researéh715-720.

Batstone, D.J., Keller, J., Angelidaki, I., Kalymsf, S., Pavlostathis, S.G., Rozzi, A.,
Sanders, W., Siegrist, H., Vavilin, V. (IWA Taskdsip on Modelling of Anaerobic
Digestion Processes), 2002. Anaerobic DigestionéWibib. 1 (ADM1). IWA
Publishing, London.

Batstone, D.J.; Tait, S.; Starrenburg, D. (2008}ir&ation of hydrolysis parameters in
full-scale anaerobic digesteBiotechnology and Bioengineerintp2(5), 1513-1520.

Blumensaat, F., Keller, J., 2005. Modelling of tatage anaerobic digestion using the
IWA Anaerobic Digestion Model No. 1 (ADM1Water Researct89, 171-183.

229



Apartado 6.5

Bordeleau, E.L.; Droste, R.L. (2011). Comprehensaxew and compilation of
pretreatments for mesophilic and thermophilic aokierdigestionWater Science and
Technology63(2), 291-296.

Carlsson, M.; Lagerkvist, A.; Morgan-Sagastumg2B12). The effects of substrate
pre-treatment on anaerobic digestion systems: kweWaste managemer®2, 1634-
1650.

Carrére, H.; Dumas, C.; Battimelli, A.; BatstoneJDDelgenés, J.P.; Steyer, J.P.;
Ferrer, 1. (2010). Pretreatment methods to impsiudge anaerobic degradability: A

review.Journal of Hazardous Material483, 1-15.

Donoso-Bravo, A.; Pérez-Elvira, S.I.; Fdz-Polani€o(2010). Application of simplified
models for anaerobic biodegradability tests. Eviabneof pre-treatment processes.
Chemical Engineering Journal60, 607-614.

Donoso-Bravo, A.; Mailier, J.; Martin, C.; Rodriguédl.; Aceves-Lara, C.A.; Vande
Vouwer, A. (2011a). Model selection, identificatiand validation in anaerobic
digestion: A reviewWater Researchl5, 5347-5364.

Donoso-Bravo, A.; Pérez-Elvira, S.; Aymerich, EdzFPolanco, F. (2011b).
Assessment of the influence of termal pre-treatrtieTe on the macromolecular
composition and anaerobic biodegradability of semslgdgeBioresource Technology
102, 660-666.

Fdz-Polanco, F.; Velazquez, R.; Perez-Elvira, &4&sas, C.; del Barrio, D.; Cantero,
F.J.; Fdz-Polanco, M.; Rodriguez, P.; Panizo, erf&, J.; Rouge, P. (2008).
Continuous thermal hydrolysis and energy integraiinosludge anaerobic digestion
plants.Water Science and Technolo§y(8), 1221-1226.

Gali, A., Benabdallah, T., Astals, S., Mata-Alvaréz 2009. Modified version of
ADM1 model for agro-waste applicatioBioresource Technolog$00, 2783-2790.

230



Thermal pretreatment and hydraulic retention timedntinuous digesters fed with sewage sludge:
Assessment using the ADM1

Girault, R., Bridoux, G., Nauleau, F., Poullain, Buffet, J., Steyer, J.P., Sadowski,
A.G., Béline, F., 2012. A waste characterisatioocpdure for ADM1 implementation
based on degradation kinetidgater Researchi6, 4099-4110.

Graja, S.; Chauzy, J.; Fernandes, P.; Patria, lete@ot, D. (2005). Reduction of sludge
production from WWTP using thermal pretreatment anldanced anaerobic
methanisationWater Science and Technolo§®(1-2), 267-273.

Haug, R.T.; Stuckey, D.C.; Gossett, J.M.; McCary,. (1978). Effect of thermal
pretreatment on digestibility and dewaterabilityoofanic sludgeslournal Water

Pollution Control FederationJanuary, 73-85.

Li, Y.Y.; Noike, T. (1992). Upgrading of anaeroluigestion of waste activated sludge
by thermal pretreatmentVater Science and Technologg(3-4), 857-866.

Mairet, F., Bernard, O., Ras, M., Lardon, L., SteyeP., 2011. Modeling anaerobic
digestion of microalgae using ADMBioresource Technologp2, 6823-6829.

Neves, L.; Oliveira, R.; Alves, M.M. (2004). Inflnee of inoculum activity on the bio-
methanization of a kitchen waste under differenstenoculum ratioProcess
Biochemistry39, 2019-2024.

Neyens, E.; Baeyens, J. (2003). A review of thershadge pre-treatment processes to

improve dewaterabilityJournal of Hazardous Material898, 51-67.
Pérez-Elvira, S.1.; Fdz-Polanco, M.; Fdz-Polancg2B11). Enhancement of the

conventional anaerobic digestion of sludge: congpariof four different strategies.
Water Science and Technology(2), 375-383.

231



Apartado 6.5

Pérez-Elvira, S.1.; Fdz-Polanco, F. (2012). Coraumithermal hydrolysis and anaerobic
digestion of sludge. Energy integration studifater Science and Technolo§$(10),
1839-1846.

Photilangka, P.; Schoen, M.A.; Huber, M.; LucheRg,Winkler, T.; Wett, B. (2008).
Prediction of thermal hydrolysis pretreatment oaaanbic digestion of waste activated
sludge Water Science and Technolo§8(7), 1467-1473.

Ramirez, |.; Mottet, A.; Carrerre, H.; Déléris, 8edrenne, F.; Steyer, J.P. (2009).
Modified ADM1 disintegration/hydrolysis structurés modeling batch thermophilic
anaerobic digestion of thermally pretreated wastwated sludgeWater Research3,
3479-3492.

Rosén, C., Jeppsson, U., 2006. Aspects on ADMlaemehtation within the BSM2
framework. Department of Industrial Electrical Emggring and Automation, Lund

University, Lund, Sweden.

Souza, T.S.0.; Carvajal. A.; Donoso-Bravo, A.; Réfla Fdz-Polanco, F. (2013).
ADML1 calibration using BMP tests for modeling tHéeet of autohydrolysis
pretreatment on the performance of continuous gluligestersWater Researghl7,
3244-3254.

232



Capitulo 7

Conclusiones y evaluacion energética



Capitulo 7

234



Conclusiones y evaluacién energética

Es obligado relacionar las conclusiones que seaextel término de la tesis con el
objetivo planteado inicialmente, recogido en el i@ap 4: “OPTIMIZACION DE LA
DIGESTION ANAEROBIA DE DISTINTOS RESIDUOS ORGANICOS
INDUSTRIALES, AGRICOLAS, GANADEROS Y URBANOS MEDIAN TE LA
INTRODUCCION DE UN PRE-TRATAMIENTO DE HIDROLISIS TE RMICA
CON EXPLOSION DE VAPOR”..

Comoparametro de evaluacionse tomo el factor de biodegradabilidad, definidomo

la produccion de metano del residuo hidrolizadmiéamente con respecto al residuo
no tratado. El ajuste de los resultados de losyessde potencial metanogénico
mediante ecuaciones de primer orden permiti6 cdmupldos resultados de

productividad con parametros relativos a las aiaétde degradacion.

Las condiciones de operaciéra optimizar fueran temperatura y tiempo de hidigli

cuya combinacion fue aunada en_el factor de seagdrique ha sido el parametro

manejado a lo largo de la tesis. La evaluacioradafluencia de ambos parametros se

realiz6 mediante la metodologia de superficie dpuesta o analisis de varianza, con el

objetivo de determinar qué parametro presenta miaflaencia.

La primera conclusion clara que se ha obtenido trabajando con distirgssluos es

gue la hidrdlisis térmica no consigue mejorar ladegradabilidad de cualquier residuo
organico. Por tanto, antes de plantear la impleacginn de un pre-tratamiento de
hidrolisis (térmico o de cualquier naturaleza), rexesario un estudio previo que
confirme si el tratamiento conduce a un aumentageoductividad y/o a una mejora

de la cinética de degradacion.

La segunda conclusiones relativa a las condiciones de pre-tratamieBtodptimo
resultante de la combinacion de temperatura-tiedeploidrolisis no coincide para todos
los residuos, y por ello es igualmente necesamdizeg una optimizacién especifica

para cada uno.
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A continuacion se resumpara cada uno de los cinco residuos ensayadosas

principalesconclusionesobtenidas en las condiciones ensayadas:

Bagazo de cerveza

Las condiciones ensayadas (150-220°C y 1-15 mijutmsrespondientes a
factores de severidad en el rango 1.5-4.7, hanratwstque el tratamiento
térmico no conduce a una mejora en la biodegradatidel bagazo de cerveza.
Para factores de severidad superiores a 3.5 lasigireidades obtenidas fueron
inferiores a la correspondiente al bagazo no tead880 mL CH/g SVaiim).

Céscara de naranja

Las condiciones ensayadas (170-190°C y 7-30 mijutmsrespondientes a
factores de severidad en el rango 2.9-4.2, hanratwstque el tratamiento

térmico no conduce a una mejora en la biodegradabilde la cascara de
naranja.

Las productividades obtenidas fueron siempre iofes a la correspondiente a
la cascara de naranja no tratada (236 ml/@€BV,im), Yy menores cuanto mayor
fue la severidad del tratamiento.

Este empeoramiento podria deberse a la formacideracion de compuestos
inhibitorios o recalcitrantes, como el D-limonemeconocido inhibidor de las

bacterias anaerobias.
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Paja de trigo

Las condiciones ensayadas (150-220°C y 1-15 mijutmsrespondientes a
factores de severidad en el rango 1.5-4.3, hanrattstjue no todo tratamiento
térmico conduce a una mejora en la biodegradadilidala paja de trigo.

El 6ptimo de productividad se obtuvo en torno altda de severidad de 3.5,
correspondiente a las condiciones de operacio®aeC25min y 220°C-1min.

En dichas condiciones Optimas, la productividad entd del orden de un 20-
25% (de 230 a 290 mL CHj SVaim).

Igualmente, la velocidad de degradacién practicéensa duplicd (de 15 a 28
mL CH,/g SV.d).

El estudio cinético realizado mostré que la hidiéli resulta limitante,
aumentando el valor de la constante de hidrolisi®® ensayos con paja tratada.
El estudio de la influencia de pardmetros talesacetrtamarno de particula o la
adicién de agua (de gran interés desde el puntistiede la operacion a escala
real) mostraron que la inversibn econdémica en mdhaey en dilucion no

favorecen los resultados finales de productividad.

Purines de cerdo

Las condiciones ensayadas (120-180°C y 5-60 miputmsrespondientes a
factores de severidad en el rango 1.3-4, han nuustqae todo tratamiento

térmico conduce a una mejora en la biodegradadilit purin de cerdo.

El 6ptimo de productividad se obtuvo en torno atdade severidad de 3.5-4,
correspondiente a las condiciones de operacion/@eCt15min, 170°C-30min,

180°C-5min.

En dichas condiciones 6ptimas, la productividad entd del orden de un 200%
(de 160 a 310-320 mL CHy SVaim).

La velocidad de degradacion para el purin predoatae mas de dos a tres
veces mayor (de 32 a 70-100 mL ZgiSV.d).
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Lodos de depuradora

- La unica condicién ensayada (170°C y 40 minutasyespondiente a un factor
de severidad de 3.7, ha conducido a un incrememtta goroductividad de
metano de aproximadamente un 20%. Se debe temeleata que el tratamiento
se realiz6 Unicamente a lodo secundario, y la tigese realiz6 a lodo mixto.

- Las condiciones de operacion se han fijado tomaoo referencia estudios
previos.

- El Anaerobic Digestion Model NYADM1), calibrado mediante los resultados
obtenidos en ensayos BMP, ha demostrado ser unaabusrramienta para

simular y predecir el comportamiento de digestoprados en continuo.

Finalmente, resulta interesante resumir que deila® residuos ensayados, soélo en tres
de ellos (paja, purin y lodos de EDAR) la hidr&ligérmica ha conducido a una mejora
en la biodegradabilidad del residuo. En concrdtmagor aumento en productividad ha
correspondido al purin de cerdo, en que se hadhaaj mientras que para la paja y el
lodo el incremento obtenido corresponde a un 20-30%
Con respecto a las condiciones de operacion, égsréisiduos han mostrado un 6ptimo
en factor de severidad en torno a 3.5, si biemhabinacion temperatura-tiempo 6ptima
ha sido diferente:

- Paja de trigo: 200°C y 5 min

- Purin de cerdo y lodos: 170°C y 15-30 min

A continuacion se realiza una breve reflexion s@sgectos energéticos a partir de las

conclusiones experimentales extraidas en mateigantticiones de operacion.
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Evaluacion energética

Aunque no es el objetivo de la tesis, a partiraderésultados obtenidos se ha planteado
una evaluacion energéticaque muestre si el tratamiento de hidrélisis téamic
investigado presenta un interés econodmico, 0 siepapntrario el balance energético

resulta absolutamente negativo, y por tanto de ayliaabilidad real.

Las basessobre las que se debe asentar una evaluaciénéénarg un proceso de este

tipo son:

1- Caracteristicas de la alimentacion, siendo foreddal el pardmetro de
concentracién, dado que la cantidad de agua calateam el residuo esta directamente
relacionada con el desperdicio térmico en calediano agua, y no en la propia

hidrolisis.

2- La integracion energética en la unidad de hisigdly entre la unidad de pre-

tratamiento y la de digestion es crucial (se amgdi@ idea en los siguientes puntos 3y
4).

3- En una unidad de hidrdlisis térmica bien disefiadl vapor generado en el flash se
emplea para precalentar la alimentacion al reat#onidrolisis hasta 100°C, de modo
que la energia requerida para operar el sistemr@spunde al calentamiento desde
100°C hasta la temperatura de operacion (ejempfClpara lodos y purines, y 200°C

para paja).

4- Esta energia térmica necesaria se debe obtgraetiadel biogas generado, siendo la

opcion prioritaria el empleo de un ciclo combina€eio,que se obtenga energia eléctrica

y el calor residual de los gases de escape seaesié para generar el vapor necesario
en el pre-tratamiento térmico. La alternativa demar biogas en una caldera carece de

interés economico, al perderse la capacidad de@elemergia verde”.
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La Figura 7.1 muestra el esquema propuesto.

ELECTRICIDAD +—— Cogeneracidn

&

BIOGAS
VAPOR
RESIDUO —— Hidrdlisis | Digestidn
térmica | anaerohia
- RESIDUOD
DIGERIDO
—

VAPOR VIVO

Figura 7.1.- Esquema de integracion energética propuesto

La configuracion ideal corresponderia a las condiciones de operaciénpguaitan
operar con un aporte nulo de vapor vivo, obteniéadin embargo un incremento en la
generacion de biogas (energia) y un descensocami@ad de residuo resultante.
Como se ha indicado anteriormente, en este selatidoncentracion de la alimentacion
juega un papel fundamental desde el punto de distaninimizar la energia térmica
requerida para el pre-tratamiento, y maximizardega de digestion, y por tanto de

generacion de biogas, y consiguiente energiagiebegttérmica.

El balance energético correspondiente al tratamiaté lodos de depuradora se
encuentra ampliamente descrito en la referencieespondiente a Pérez-Elvira S.I. &
Fdz-Polanco F. (2012), que concluye afirmando @guéntegracion buscada se logra
operando la hidrdlisis de lodo secundario a una@amacion de 13%ST, y posterior

digestién de lodo mixto.
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Se ha realizado un balance similar a los resida@s@e trigo y purines de cerdo con el
objetivo de comparar lanergia térmica requerida para el pre-tratamiento(ETR) y
la energia térmica generada en el ciclo combinad&TG). Las ecuaciones 7.1y 7.2

muestran respectivamente el modo en que se haramdcambas.

ETR (kj/kresiauo) = Cp * AT (7.1)
donde:
Cp (kJ/kg.°C): capacidad calorifica
AT (°C): diferencia entre la temperatura de opera@a el reactor de pre-
tratamiento (170°C, 200°C, 220°C) y la alcanzadarde el precalentamiento
(100°C)

ETG (k] /kGresiauo) = 0.9 * 0.33 % Pry % SV * AHcomp cH, (7.2)

donde:

0.9: eficacia supuesta al cambiador de calor queergevapor a partir de los

gases de escape

0.33: suposicion de que aproximadamente 1/3 dedegé generada en el ciclo

combinado es evacuada como gases de escape

Pru (NL CH4/Kg SVaimentadd: pProductividad de metano obtenida para el residuo

tratado térmicamente

SV (g SV/kg): concentracion de soélidos volatilesseresiduo de alimentacion

AHcomb cha(KJ/NL CHy): entalpia de combustiéon del metano (35.8 kJ/NL)CH
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La Tabla 7.1 recoge los valores de caracterizagioproductividad manejados
experimentalmente, y los residuos obtenidos pasaeleergias requerida (ETR) y
generada (ETG).

Paja de trigo Purin de cerdo

Cp (kJ/kg.°C): 1.63 3.52
SV (g SV/Kg) 0.850 0.140
AT (°C) 100 70
Pri (NL CH4/Kg SVaimentado) 270 329
ETR (KJ/KG residuc) 163 246
ETG (kJ/KQresiduc) 2437 490

Tabla 7.1.- Resultados del balance de energia realizadgalpdrigo y purin de cerdo

Los valores obtenidos muestran lb@alance energético positiveen ambos, siendo el
caso de la paja extremadamente positivo.

La justificacion de este hecho es clara: la gragusdad de la paja (<10% de humedad)
conduce a un valor muy elevado de generacion dgiengor unidad de residuo.

Este factor, unido a la capacidad de incremenitadga en los digestores obtenida en la
experimentacion realizada en los ensayos de BMRofanen la cinética) conducen a
gue resulte de gran interés plantear el co-tratamientode distintos residuos de
modo que aquellos mas concentrados (i.e.: pajarige) tgaranticen el balance

energético de aquellos de mayor contenido en dgdas| purines,...).

Desde un punto de vista mas global, un balanceyéties completo deberia considerar
otros aspectos tales como el calentamiento delstdiggara asegurar la operacion
mesofila deseada. La introduccion de un pre-traatai de hidrolisis térmica y la
consiguiente posibilidad de operacion de digestaresayor carga de la convencional
que incremente la generacion de biogas apuntaneaetyproceso global resulte
ventajoso frente al convencional, si bien es peepéslizar los calculos especificos al

caso concreto de implementacién que se considere.
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Como se ha resumido en las conclusiones, el estutdiiadual realizado a los distintos
residuos ha dado lugar a un rango de condiciongmap (coincidentes o no entre
ellos) y a unas perspectivas positivas desde ebplevista energético.

Si bien el estudio de laboratorio ha sido rigurasmsiderando como norte una posible
aplicabilidad practica, existen una serie de caeet que deberian ser observadas, y
gue se exponen a continuacion como propuesta elslfaturas de trabajo:

1 - La primera es el pasooperacion de digestores piloto en continyalimentados
con el/los residuos sometidos a pre-tratamientmitér. De este modo, se pueden
garantizar y chequear tanto las condiciones éptieagre-tratamiento como los temas

de reologia y mezcla, posibles inhibiciones, cadgasabajo, etc.

2 - Tanto por las coincidentes condiciones Optidekidrdlisis térmica experimentadas
para algunos residuos, como por el interés eneogétiie supone el pre-tratamiento
térmico de corrientes de elevada concentracion, uraycampo muy interesante de
trabajo enco-pretratamiento y enco-digestion de distintos residugscon el objetivo

de optimizar la economia global del tratamientdodedistintos residuos.

3 - Finalmente, las propuestas 1 y 2 se deben etanglon un&valuacion energética

apoyada en una o varias situaciones concretasufies ftle alimentacion, consumos
energéticos en pre-tratamiento y digestién, y prodidlades finales de biogas que
permitan hacer un balance energético global quepameel incremento en el consumo
energético al introducir un pre-tratamiento térmitente al beneficio energético

derivado del incremento en biogas.
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The biochemical methane potential of steam exploded wheat straw was evaluated in a pilot plant under
different temperature-time combinations. The optimum was obtained for 1 min and 220 °C thermal pre-
treatment (3.5 severity factor), resulting in a 20% increase in methane production respect non-treated
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lysis constant and biodegradability extent, and the influence of temperature and time on the kinetic
parameters was obtained with a response surface study. The data processing confirmed the accuracy
of the model and the optimum operation conditions, and demonstrated that the biomethanization of
raw and pretreated wheat straw is limited by the hydrolysis, being the individual influence of tempera-
ture and time much more important than the interaction between them.

Keywords:

Biochemical methane potential
Thermal hydrolysis
Pre-treatment

Mathematical modeling

Wheat straw

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In many countries, lignocellulosic materials are an abundant
agricultural residue which can be used either for animal feeding
or for energetic valorization in power plants. In Europe, wheat
straw represents the largest agricultural waste, being in Spain an
important part of the crop wastes which could be used as biomass
for renewable energy production. The use of renewable energy
sources is becoming increasingly necessary in order to cope with
the impacts of global warming. The conversion of biomass into en-
ergy can be achieved in a number of ways, being anaerobic diges-
tion a very sustainable alternative.

Anaerobic digestion is a well-known process for the treatment
of wastewater of organic wastes. This process presents advantages
over some conventional aerobic technologies, such as the better

* Corresponding author. Tel.: +34 983184934; fax: +34 983423013.
E-mail address: sarape@iq.uva.es (S.I. Pérez-Elvira).

0960-8524/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
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handling of wet waste, the production of biogas as a renewable
source of energy and the attenuation of odor problems (Palmowski
and Muller, 2000; Pérez-Elvira et al., 2011, 2010). Furthermore,
anaerobic digestion is the most cost-effective treatment, due to
high energy recovery and low environmental impact (Mata-Alva-
rez et al., 2000). However, the application of anaerobic digestion
with lignocellulosic biomass has not been a subject of enough
research.

Lignocellulosic material is mainly composed of three different
types of polymers: cellulose, hemicellulose and lignin. While cellu-
lose has a rigid and crystalline form, hemicellulose has a lower
molecular weight and short lateral chains, which corresponds to
an easy hydrolysable polymer. The third compound, lignin, is one
of the most abundant polymers in nature. It is a complex and amor-
phous heteropolymer consisting of three different phenylpropane
units, and is also non-water soluble (Hendriks and Zeeman, 2009).
Wheat straw consists mainly of cellulose (30-40%), hemicellulose
(20-30%) and lignin (10-20%). The cellulose and hemicellulose
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fractions can be enzymatically hydrolyzed to monomeric sugars
after a pre-treatment aiming to hydrolyze its partially crystalline
structure (Puls and Schuseil, 1993).

The hydrolysis of this type of biomass is limited by several fac-
tors, such as the lignin content. In cellulose the molecules are lin-
ear, and therefore they can form hydrogen bonds between the
chains that limit their solubility in water, and reduce the available
surface area, making cellulose difficult to degrade. A number of
pretreatments for ligmocellulosic biomass are currently available,
such as mechanical, milling into smaller pieces (Mshandete et al.,
2006; Palmowski and Muller, 2000), physico-chemical such as di-
lute alkaline pretreatment (McIntosh and Vancov, 2011) or dilute
acid pretreatment (Schell et al., 2003), wet oxidation, thermal
treatment (Sapci, 2013), or a combination of them (Linde et al.,
2008; Nkemka and Murto, 2013). From the point of view of its
applicability, the total energy balance of the global process (con-
sidering both pre-treatment and digestion) must be taken into con-
sideration. Compared to other pretreatment methods, the thermal
hydrolysis can be cost effective if a proper steam-explosion and
energy recovery is performed. The warranty that the process is
energetically self-sufficient is described in Pérez-Elvira and
Fdz-Polanco (2012). Furthermore, hydrothermal treatment can be
performed without addition of chemicals or oxygen, representing
a potential solution for the pretreatment of large quantities of lig-
nocellulosic biomass including woods material (Horn et al., 2011a;
Sipos et al., 2010) and agricultural by-products (Horn et al., 2011b;
Ohgren et al., 2006).

Thermal pretreatment is a method where the substrates are
subjected to heating under a specific pressure during a certain
period of time. At the end of the heating, a steam explosion oc-
curs, where the biomass is rapidly discharged into normal pres-
sure causing an explosion of the macromolecules. At
temperatures in the range 150-180 °C, parts of lignocellulosic
materials will start to solubilize (Garrote et al., 1999). Some stud-
ies have shown that the effect of the thermal treatment depends
on several factors, such as: residence time, operating tempera-
ture, chip size, and moisture content (Bauer et al., 2009; Han
et al., 2010; Zhang et al., 2008). A too harsh treatment of lignocel-
lulosic biomass may result in a lower methane yield and longer
retention time. The reason is that when lignin is broken, there
is a risk of formation phenolic and hererocyclic compounds from
hemicellulose and cellulose degradation, like furfural and hydrox-
ymethylfurfural (HMF), which are known to inhibit many fer-
mented microorganisms, including those involved in the biogas
generation (Hendriks and Zeeman, 2009). According to Raj
(2009) the concentration of furfural that inhibits methanogens
ranges from 2400 to 3000 mg/L.

The aim of this research is to study the impact of thermal
hydrolysis on the biodegradability of wheat straw under meso-
philic anaerobic conditions, by using an experimental approach
and mathematical modeling of the results. The final applicable
objective is to define the pretreatment parameters that optimize
the methane productivity.

2. Methods
2.1. Raw material

Wheat straw was grown in Valladolid (Spain) and harvested in
2011. For all the experiments, the straw was cut into pieces of
10 cm long. The average values obtained in wheat straw character-
ization are: 922+2g TS/kg (92%VS/TS), 1078 £8 g TCOD/kg,
4.72 g N-TKN/kg, and a ratio C/N around 92.

2.2. Thermal pre-treatment pilot plant and operation conditions

The Cambi® thermal treatment plant, steam explosion unit,
consists of a 30 L reactor and a flash tank with a removable bucket
to collect the pretreated material (Fig. 1). The steam is generated
by a 25 kW electric steam boiler (200 L capacity) which can supply
steam up to a maximum pressure of 34 bar (240 °C). Wheat straw
is loaded into de reactor using a motorized (M) ball valve (V4) at
the top of the reactor. Steam is added to the reactor from the bot-
tom, through an air-actuated valve (V1), heating the waste during
the time established. The desired operation pressure (correspond-
ing to a certain temperature) is set on the control panel unit, con-
trolled automatically by the air-actuated valve (V1). For security
reasons also a manual valve (V2) has to be opened to add steam
to the pressure reactor. An air-actuated ball valve at the bottom
of the vessel (V3) is responsible for the rapid pressure drop (explo-
sion) and release of the pretreated biomass to the flash tank. The
pretreated biomass is collected in a removable bucket at the bot-
tom of the flash tank. The steam that is leaving the flash tank is
condensed and led to a water tank (WT). Any steam that is not con-
densed leaves the unit via a carbon filter (CF) to remove smell.

Different pre-treatment conditions were tested varying both
temperature (ranging 150-220 °C) and time (ranging 1-15 min).
In all the experiments, one kilogram of wheat straw was used.
The reactor was preheated for about 15 min at the same tempera-
ture selected for the pre-treatment before starting the experiments.

Temperature and time determine the severity factor of the
treatment. This parameter (log Ro, Eq. (1)) is most widely accepted
for steam pre-treatments (Hendriks and Zeeman, 2009) to express
the severity of the pre-treatment:

log Ry = log (t - exp <T1:1717(;0>> 1)

where t is the time (min), T the temperature (°C), 100 is the base
temperature (100 °C), and 14.75 is the activation energy based on
the assumption that the reaction is hydrolytic and the overall con-
version is first order (Xu et al., 2011). This expression only takes
into account time and temperature, and does not consider the effect
of the flash. The study of this effect is not assessed in this paper.

Theoretically, the more severe a treatment is, the more cellulose
is made available for digestion. However, very severe pre-treat-
ments can lead to formation of inhibitory compounds from the
macromolecules, driving to an indirect relationship between the
severity factor and the biodegradability. Therefore there should
be an optimum value for the severity factor.

2.3. Anaerobic biodegradability

Batch anaerobic digestion tests (BMP) were carried out in trip-
licate to assess the wheat straw biodegradability after the different
pre-treatment conditions applied. A control test without substrate
and a control with cellulose were included in order to check the
methanogenic activity of the inoculum. All the experiments were
carried out at mesophilic conditions in a thermostatic room
(35.1 £ 0.3 °C), with constant mixing in a rotary desk.

The anaerobic inoculum used for the batch test was taken from
a pilot-scale mesophilic anaerobic digester treating mixed sludge
from a municipal wastewater treatment plant, with a volatile sol-
ids (VS) concentration of 12 gVS/kg. The inoculum was pre-incu-
bated for four days (35.1£0.3°C) in order to minimize its
residual biodegradable organic material content.

Bottles of 2 L volume were used, made of borosilicate glass
(260 mm height, 160 mm diameter and a 40 mm bottleneck),
placed horizontally in a rotary table to achieve a good mixing.
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Fig. 1. Cambi® steam explosion unit. V - valves; VM - motorized valves; VA,B - one way valves; P - manometers to measure pressure; RD — safety valves; CF - carbon filter;

TB-T - treated biomass tank; WT - water tank.

The liquid volume was 400 mL in order to have enough headspace,
and the substrate/inoculum (S/I) ratio selected was 0.5 gVS/gVSs as
suggested by Neves et al., 2004 and Angelidaki et al., 2009.

Biogas production was measured manually by a pressure trans-
mitter (ifm, PN5007, range 1 bar) in the head space of each reactor
and the biogas composition was measured by gas chromatography
(Varian CP-3800 CG TCD). The biogas production was followed for
about 40 days. All values of specific methane yield (mL CH4/gVSteq)
are presented under standard temperature and pressure conditions
(STP - 0°C, 1 atm) defined by IUPAC (International Union of Pure
Applied Chemistry), and divided by the mass of volatile solids of
substrate fed into the assay.

Theoretical methane yield (Nm> CH,4/kg VS) was calculated
from the characterization performed to the wheat straw as fol-
lows:350 mL CH4/g TCOD;emoved X 1.27 g TCOD/g VS =444 mL
CH4/g VSremoved-

This value is in agreement with the one calculated by Kaparaju
et al. (2009) considering the stoichiometric conversion of the or-
ganic matter (426 mL CH4/g VS emoved)-

2.4. Analytical method

Substrates, inoculum and digestates were characterized in all
the experiments. Total and volatile solids (TS and VS) and total
Kjeldahl nitrogen (TKN) were measured following the procedures
given in Standard Methods for Examination of Water and Waste-
water (APHA et al., 2005). Total chemical oxygen demand (TCOD)
was determined according to standard UNE 77004:2002 based in

Table 1
Conditions applied for the different experiments performed.

Experiments Ref. P T Time log mLCH4/g FN
(bar) (°C)  (min) Ro VSfed

Untreated 0 - - - - 226+11 -
TH-1 1 5 150 15 265 185+28 0.82
TH-2 2 8 170 5 276 159+16 0.70
TH-3 3 8 170 15 324 25019 1.10
TH-4 4 16 200 2 325 211%22 0.93
TH-5 5 16 200 5 364 238+18 1.05
TH-6 6 16 200 15 412 202+2 0.89
TH-7 7 23 220 1 353 273%3 1.21
TH-8 8 23 220 5 423 214%28 0.95

dichromate method. A combustion infrared method, with SHIMA-
DZU TOC-SM5000A equipment, was used to determine the total or-
ganic carbon (TOC). The biogas composition (CO,, H,S, O, N,, CHy)
was measured by gas chromatography in a Varian equipment CP-
3800 CG TCD, being helium the carrier gas.

2.5. Parameters determination and evaluation methodology

2.5.1. Parameters determination from BMP test

When the hydrolysis reaction is the rate-limiting step of the
global process, as happens in the anaerobic degradation of ligno-
cellulosic substrates, the first order model (Eq. (2)) is commonly
used to estimate the reaction extent By (related to the substrate
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Fig. 2. Normalized methane productivity (FN [(mL CHg)ryi/(mL CHyg)untreated]) With
respect to the severity factor (log Ro).

biodegradability) and the hydrolysis constant kp,, which both could
be used in a global model of the anaerobic digestion process (such
as ADM1) to predict the performance of the anaerobic digester
(Batstone et al., 2009; Donoso-Bravo et al., 2010; Ge et al., 2011).

B =By (1—exp(—Ky- 1)) 2)
where B is the biogas production (ml/gVSseq)
2.5.2. Model accuracy determination

Apart from obtaining the best combination of parameters, it is
even more important to know the accuracy of the estimated
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values. The Fisher matrix (FIM) summarizes the quantity and qual-
ity of the information obtained in the experiment and, assuming
proper model selection with no data autocorrelation and uncorre-
lated error, the inverse of the FIM (Eq. (3)) corresponds to the
parameter estimation covariance matrix (G).

n [6%“70)%4 o E

G = (F(0))™" where F(0)=)_ 50 ; 0

i=1

Finally, once the covariance matrix is available, an approxima-
tion of the standard deviation of the parameters can be estimated
through Eq. (4).

a(0) =G (4)

2.5.3. Response surface methodology (RSM)

This methodology allows evaluating the combined effect of sev-
eral variables (temperature and time in this case) and the interac-
tion between them on a specific response (in this case, those
parameters obtained in Section 2.5.2). The polynomial shown in
Eq. (5) considers the effect of both variables as well as the com-
bined influence of them. The coefficients of the equation were ob-
tained by minimizing the least square function, and determination
coefficient was calculated to know the fraction of the variability of
the data that is explained by the model. The analysis was carried
out in Matlab®.

Y =Dy + DoX1 + P3X2 + PaXiXo (5)

@ = (5)

20 30 40 10 20 30 40

(7) l (8)

20 30 40 0 10 20 30 40

Time (d)

Fig. 3. First order model fit. Experimental information (blue points), model profile (black solid line). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Table 2
Results of the parameters determination.

Exp. T (°C) t (min) First order model
By kn R?
mean SD® mean SD?
0 0 0 252.1 9.2 0.069 0.006 0.997
1 150 15 194.6 8.2 0.085 0.009 0.989
2 170 5 163.4 3.0 0.097 0.005 0.997
3 170 15 250.6 3.6 0.110 0.004 0.998
4 200 2 209.2 4.0 0.138 0.008 0.995
5 200 5 240.7 6.8 0.164 0.015 0.987
6 200 15 208.6 93 0.175 0.025 0.968
7 220 1 275.5 6.9 0.168 0.014 0.989
8 220 214.9 8.7 0.173 0.023 0.973

¢ SD: standard deviation.

where Y is the variable response, x; is the pretreatment time, x; is
the pretreatment temperature, and p;...p4 are the regression coeffi-
cients of the model.

3. Results and discussion

3.1. Pre-treatment experimental study

The temperature-time combinations selected for the study are
presented in Table 1. For each experiment the severity factor
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(log Ro) was calculated according to Eq. (1). The last column in Ta-
ble 1 presents the results for the normalized production on meth-
ane (FN) defined as the ratio between the production of methane
for the treated and untreated wheat straw: (mL CHg)ry;/(mL
CH4)untreated-

Compared to the theoretical methane productivity (444 mL
CH4/g VSiemoved), the experimental value obtained in the BMP test
of the untreated wheat straw indicates that only 51% of the volatile
solids were converted into methane. For the best thermal hydroly-
sis conditions (TH-7) the anaerobic biodegradability increased un-
til a value of 61%.

Fig. 2 shows the relation between the severity factor and the
normalized production of methane. The influence of the severity
factor is quite clear: when increasing the severity factor, the pro-
duction of methane increases until reaching a maximum. Over this
optimum, the efficiency of the pretreatment decreases and there-
fore the methane production does, probably due to the formation
of inhibitory compounds. For example, Thomsen et al. (2009) ob-
tained an increase in the furfural concentration from 50 mg/L to
1200 mg/L when increasing the pretreatment temperature from
190 °C to 205 °C (6 min treatment).

In the present study, the highest improvement with respect to
the untreated sample corresponds to the severity factor in the
range 3.25-3.5.

Further analysis of the results is necessary in order to determine
the best way of coupling temperature and time to get a desired
severity factor (that is: short pre-treatment at high temperature,
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Fig. 4. Comparison between model prediction and the experimental data by using the optimal set of parameter values. (a) Hydrolytic coefficient (b) degradation extent. Light
blue bars: real values, grey bars: predicted by the polynomial. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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or the contrary). Therefore, subsequent modeling and RSM evalua-
tion was performed.

3.2. Modeling of the results and parameters determination

Fig. 3 presents the fitting process between the experimental
methane production and the first order model curve. It can be ob-
served that the model is able to reproduce the methane production
profiles in a proper way since in most of the cases the model curve
lies inside the corridor given by the standard deviation (SD). More-
over, the determination coefficients (R?) are mostly above 0.98,
which indicates that this model is able to explain around 98% of
the experimental data variability. Table 2 shows the values ob-
tained in the parameters estimation where it can be observed that
the standard deviation of the estimated parameters was not signif-
icant with respect to the mean values, hardly over 10% compared
to the optimized values, which is also an indicator of the model fit-
ting procedure success.

With respect to the values of the parameters, the first order
model fit shows that the thermal pretreatment had a positive influ-
ence on the hydrolysis rate (Fig. 3): this means that the higher the
severity factor, the higher the hydrolysis constant. These results
show that the solubilisation of particulate organic matter is a con-
sequence of both temperature and time effects. Although the solu-
bilized biomass is expected to be more available for the anaerobic
biomass, the results show that in some cases the pretreatment lead
to a decrease in biodegradability, especially for the highest severity
factors. This can be explained due to the appearance of some recal-
citrant compounds after the pretreatment, as aforementioned.

3.3. Response surface methodology (RSM) results

The parameters of the first order model were fitted to a polyno-
mial equation to evaluate the influence of the two independent
variables (temperature and time). The obtained equations are
shown next:

Ky =0.152-0.003-T+0.0014 -t + 0.000027 - T - t (6)

By =-24948 +3158-T+233-t-0.1582-T -t (7)

In the operation range evaluated, the influence of the interac-
tions between both parameters is low compared to the indepen-
dent influence of each one. In the case of kg, the determination
coefficient (R?) was 0.958, which means that the model correlates
around 96% of the variability in the parameter. Therefore, this
empirical model can be used to predict the hydrolysis constant
using the data of temperature and pretreatment time within the
studied design range. For By, the determination coefficient was
not as good as expected (0.569), which may indicate that this type
of polynomial model may not be the best option to predict this
parameter. The results of the agreement between the kg and By val-
ues obtained from the BMP test and the predicted ones with the
polynomial are presented in Fig. 4. Globally, there is a good agree-
ment between the predicted and the actual values of the parame-
ter, especially in the case of the hydrolysis constant.

By applying these polynomial equations, two surface responses
were built in order to observe optimum region of the parameters in
terms of temperature and time (Fig. 4). In the case of ky, the opti-
mum zone (red zone) can be observed toward the higher values of
both temperature and time, which must entail that the soluble
fraction of the organic matter increases when increasing these
variables. By contrast for By, the best values were obtained at high-
er temperatures and short times. Therefore, the conclusion about
the best way of coupling temperature and time to get the optimum
severity factor around 3.5 is: high temperature (220 °C) and short

time (1 min), instead of the contrary (lower temperature but high-
er time).

4. Conclusions

The influence of thermal pretreatment parameters (tempera-
ture and time) on the anaerobic biodegradation of wheat straw
was evaluated. In terms of “severity factor”, the optimum was ob-
tained at 3.5, corresponding to 220 °C and 1 min treatment. A first
order model fitted accurately the experimental results on biode-
gradability, confirming that the hydrolysis is the limiting step. A
surface response methodology was applied to assess the combined
effect of the temperature and the time on the kinetic parameters,
which indicated that influence of the interactions between these
variables is low in comparison with the separated influence of each
one.

Acknowledgements

This work was financially supported by the company Cambi®,
project “Thermal hydrolysis of solid wastes”. The group of Vallado-
lid University is Grupo de Excelencia GR 76 de la Junta de Castilla y
Le6n and member of the Consolider-Novedar framework (Progra-
ma Ingenio 2010). A. Donoso-Bravo is supported by the “Direccién
de Investigacion (DII)” of the Pontificia Universidad Catélica de
Valparaiso.

References

Angelidaki, 1., Alves, M., Bolzonella, D., Borzacconi, L., Campos, J.L, Guwy, AJ.,
Kalyuzhnyi, S., Jenicek, P., Van Lier, J.B., 2009. Defining the biomethane potential
(BMP) of solid organic wastes and energy crops: a proposed protocol for batch
assays. Water Science and Technology 59 (5), 927-934.

APHA, AWWA, WPDF, 2005. Standard Methods for the Examination of Water and
Wastewater, 21st ed. American Public Health Association, Washington DC.
Batstone, D.J., Tait, S., Starrenburg, D., 2009. Estimation of hydrolysis parameters in
full-scale anaerobic digesters. Biotechnology and Bioengineering 102 (5), 1513-

1520.

Bauer, A., Bosch, P., Friedl, A., Amon, T., 2009. Analysis of methane potentials of
steam-exploded wheat straw and estimation of energy yields of combined
ethanol and methane production. Journal of Biotechnology 142, 50-55.

Donoso-Bravo, A., Pérez-Elvira, S.I., Fdz-Polanco, F., 2010. Application of simplified
models for anaerobic biodegradability tests. Evaluation of pre-treatment
processes. Chemical Engineering Journal 160, 607-614.

Garrote, G. Dominguez, H., Parajé, ]J.C., 1999. Hydrothermal processing of
lignocellulosic materials. European Journal of Wood and Wood Products 57
(3), 191-202.

Ge, H., Jensen, P.D., Batstone, D.J., 2011. Temperature phased anaerobic digestion
increases apparent hydrolysis rate for waste activated sludge. Water Research
45 (4), 1597-1606.

Han, G., Deng, ]., Zhang, S., Bicho, P., Wu, Q., 2010. Effect of steam explosion
treatment on characteristics of wheat straw. Industrial Crops and Products 31
(1), 28-33.

Hendriks, AT.W.M., Zeeman, G., 2009. Pretreatments to enhance the digestibility of
lignocellulosic biomass. Bioresource Technology 100, 10-18.

Horn, S.J., Estevez, M.M., Nilsen, H.K,, Linjordet, R., Eijsink, V.G.H., 2011a. Biogas
production and saccharification of Salix pretreated at different steam explosion
conditions. Bioresource Technology 102, 7932-7936.

Horn, S.J., Nguyen, Q.D., Westereng, B., Nilsen, P.J., Eijsink, V.G.H., 2011b. Screening
of steam explosion conditions for glucose production from non-impregnated
wheat straw. Biomass and Bioenergy 35, 4879-4886.

Kaparaju, P., Serrano, M., Thomsen, A.B., Kongjan, P., Angelidaki, 1., 2009. Bioethanol,
biohydrogen and biogas production from wheat straw in a biorefinery concept.
Bioresource Technology 100, 2562-2568.

Linde, M., Jakobsson, E.L., Galbe, M., Zacchi, G., 2008. Steam pretreatment of dilute
H,SO4-impregnated wheat straw and SSF with low yeast and enzyme loadings
for bioethanol production. Biomass and Bioenergy 32, 326-332.

Mata-Alvarez, J., Macé, S., Llabrés, P., 2000. Anaerobic digestion of organic solid
wastes. An overview of research achievements and perspectives. Bioresource
Technology 74 (1), 3-16.

Mclntosh, S., Vancov, T., 2011. Optimisation of dilute alkaline pretreatment for
enzymatic saccharification of wheat straw. Biomass and Bioenergy 35, 3094-
3103.

Mshandete, A., Bjornsson, L., Kivaisi, A.K., Rubindamayugi, M.S.T., Mattiasson, B.,
2006. Effect of particle size on biogas yield from sisal fibre waste. Renewable
Energy 31 (4), 2385-2392.


http://refhub.elsevier.com/S0960-8524(13)00825-0/h0005
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0005
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0005
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0005
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0010
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0010
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0015
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0015
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0015
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0020
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0020
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0020
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0025
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0025
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0025
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0030
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0030
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0030
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0035
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0035
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0035
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0040
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0040
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0040
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0045
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0045
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0050
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0050
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0050
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0055
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0055
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0055
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0060
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0060
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0060
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0065
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0065
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0065
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0065
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0065
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0070
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0070
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0070
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0075
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0075
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0075
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0080
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0080
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0080

L.C. Ferreira et al./Bioresource Technology 143 (2013) 251-257 257

Neves, L., Oliveira, R., Alves, M.M., 2004. Influence of inoculum activity on the bio-
methanization of a kitchen waste under different waste/inoculum ratios.
Process Biochemistry 39, 2019-2024.

Nkemka, V.N., Murto, M., 2013. Biogas production from wheat straw in batch and
UASB reactors: the roles of pretreatment and seaweed hydrolysate as a co-
substrate. Bioresource Technology 128, 164-172.

Ohgren, K., Rudolf, A., Galbe, M., Zacchi, G., 2006. Fuel ethanol production from
steam-pretreated corn stover using SSF at higher dry matter content. Biomass
and Bioenergy 30, 863-869.

Palmowski, L.M., Muller, J.A., 2000. Influence of the size reduction of organic waste
on their anaerobic digestion. Water Science and Technology 41 (3), 155-162.

Pérez-Elvira, S.I., Fdz-Polanco, F. 2012. Continuous thermal hydrolysis and
anaerobic digestion of sludge. Energy integration study. Water Science &
Technology 65 (10), 1839-1846.

Pérez-Elvira, S.I., Fdz-Polanco, M., Fdz-Polanco, F., 2011. Enhancement of the
conventional anaerobic digestion of sludge: comparison of four different
strategies. Water Science and Technology 64 (2), 375-383.

Pérez-Elvira, S.I., Ferreira, L.C., Donoso-Bravo, A., Fdz-Polanco, M., Fdz-Polanco, F.,
2010. Full-stream and part-stream ultrasound treatment effect on sludge
anaerobic digestion. Water Science and Technology 61 (6), 1363-1372.

Puls, J., Schuseil, J., 1993. Chemistry of hemicelluloses - relationship between
hemicellulose structure and enzymes required for hydrolysis. In: Coughlan,

M.P., Hazlewood, G.P. (Eds.), Hemicellulose and Hemicellulases, vol. 4. Portland
Press, London, pp. 1-27.

Raj, B., 2009. Anaerobic biotransformation of furfural to furfuryl alcohol by a
methanogenic archaebacterium. Biodeterioration & Biodegradation 63 (8),
1070-1072.

Sapci, Z., 2013. The effect of microwave pretreatment on biogas production from
agricultural straws. Bioresource Technology 128, 487-494.

Schell, D., Farmer, ], Newman, M. McMillan, ], 2003. Dilute-sulfuric acid
pretreatment of corn stover in pilot-scale reactor. Applied Biochemistry and
Biotechnology 105 (1), 69-85.

Sipos, B., Kreuger, E., Svensson, S.E., Réczey, K., Bjérnsson, L., Zacchi, G., 2010. Steam
pretreatment of dry and ensiled industrial hemp for ethanol production.
Biomass and Bioenergy 34, 1721-1731.

Thomsen, M.H., Thygesen, A. Thomsen, A.B., 2009. Identification and
characterization of fermentation inhibitors formed during hydrothermal
treatment and following SSF of wheat straw. Applied Microbiology and
Biotechnology 83, 447-455.

Xu, ], Chen, Y., Cheng, J.J., Sharma-Shivappa, R.R., Burns, J.C., 2011. Delignification of
switchgrass cultivars for bioethanol production. Bioresources 6 (1), 707-720.

Zhang, LH., Li, D., Wang, LJ., Wang, T.P., Zhang, L., Chen, X.D., Mao, Z.H., 2008. Effect
of steam explosion on biodegradation of lignin in wheat straw. Bioresource
Technology 99, 8512-8515.


http://refhub.elsevier.com/S0960-8524(13)00825-0/h0085
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0085
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0085
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0090
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0090
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0090
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0095
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0095
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0095
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0100
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0100
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0105
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0105
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0105
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0110
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0110
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0110
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0115
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0115
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0115
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0120
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0120
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0120
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0120
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0125
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0125
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0125
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0130
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0130
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0135
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0135
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0135
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0140
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0140
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0140
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0145
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0145
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0145
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0145
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0150
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0150
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0155
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0155
http://refhub.elsevier.com/S0960-8524(13)00825-0/h0155

Accepted Manuscript

CHEMICAL
Biomethane potential of wheat straw: influence of particle size, water impreg- ENGINEERING
nation and thermal hydrolysis JOURNAL R

L.C. Ferreira, Pal J. Nilsen, F. Fdz-Polanco, S.I. Pérez-Elvira

PIL: S1385-8947(13)01085-1

DOL: http://dx.doi.org/10.1016/j.cej.2013.08.041
Reference: CEJ 11145

To appear in: Chemical Engineering Journal

Received Date: 25 April 2013

Revised Date: 1 August 2013

Accepted Date: 12 August 2013

Please cite this article as: L.C. Ferreira, P.J. Nilsen, F. Fdz-Polanco, S.I. Pérez-Elvira, Biomethane potential of wheat
straw: influence of particle size, water impregnation and thermal hydrolysis, Chemical Engineering Journal (2013),
doi: http://dx.doi.org/10.1016/j.cej.2013.08.041

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.cej.2013.08.041
http://dx.doi.org/http://dx.doi.org/10.1016/j.cej.2013.08.041

10

11

12

13

Biomethane potential of wheat straw: influence of
particle size, water impregnation and thermal

hydrolysis

L. C. Ferreira®, Pal J. Nilsen®, F. Fdz-Polanco®, S. I. Pérez-Elvira®

* Department of Chemical Engineering and Environmental Technology, University of
Valladolid, C/ Dr. Mergelina, s/n, 47011 Valladolid, Spain

® Cambi AS, Skysstasjon 11%, 1383 Asker, Norway

*Corresponding author. Tel.: +34 983184934; Fax: +34 983423013

E-mail address: sarape@jiqg.uva.es




14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Abstract

The anaerobic digestion of organic wastes such as wheat straw represents a very
interesting means of generating biogas while reducing the amount of waste to disposal.
An enhancement in the hydrolysis limited digestion of straw can be achieved by
optimizing operation and performing pre-treatments. In this study, the influence of
particle size, water impregnation and thermal pre-treatment was investigated through
biochemical methane potential tests (BMP). The maximum methane yield was obtained
by heating the straw at 200°C for 5 min followed by steam explosion, obtaining a 27%
increase in methane productivity compared to non-treated straw (from 233 to 296 mL
CH4/gVSgq). Cutting (3-5 cm) showed to be better than‘milling (<1 mm), and the
impregnation of the straw with water helped to enhance BMP test results by 4-10%
(supposed better mixing due to a 10 times reduction of solids concentration) but had no
effect on thermal pre-treatment. On the contrary, the economic impact of milling and
water addition on a thermal pre-treatment would be absolutely negative, increasing the

operation cost necessary to reduce the size and to heat water, respectively.

Keywords: biochemical methane potential (BMP), particle size, thermal hydrolysis pre-

treatment, wheat straw
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1. Introduction

Wheat straw is the largest agricultural residue in Europe, and the second largest in the
world, after rice straw [1, 2]. Nowadays straw is either used as bedding material for
livestock, applied to the soil as natural fertilizer or as biomass for energetic valorization.
The search for renewable energy sources together with the concern on greenhouse gas
emissions have increased the interest on lignocellulosic materials as a source of energy
[3, 4], which is particularly well suited for energy applications because of its large-scale
availability, low cost and large production.

Anaerobic digestion of biomass is a more economical and environmentally beneficial
way of biomass utilization compared to typical pathways to biodiesel or bioethanol [5].
However, the main obstacle impeding a more widespread application of straw as
feedstock for anaerobic digestion is its low digestibility due to its refractory structure.
Like other lignocellulosic biomass, wheat straw is a complex mixture of cellulose,
hemicellulose and lignin. Bioconversion of wheat straw is favored because of its
relatively low lignin content (15-20%) and high carbohydrate content (30-40 and 20-30
%w/w cellulose and hemicellulose, respectively) [6]. Lignin surrounds and seals the
cellulose structure while hemicellulose serves as a connection between both of them [7].
Therefore, hydrolysis is a slow and difficult process [8, 9].

In order to improve the biodegradability of wheat straw, several methods have been
investigated, such as mechanical size reduction from the organic particulate matter [10,
11, 12, 13], or the introduction of a lysis pre-treatment, such as physico-chemical
alkaline dilution [14], microwave pre-treatment [15, 16] or thermal steam explosion [17,
18, 19]. This last option has proven to be very interesting, as it can be cost effective if a

proper energy recovery is performed. Hydrothermal steam explosion is performed
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without the addition of chemicals or oxygen, representing a potential solution for the
pre-treatment of large quantities of lignocellulosic biomass [1; 20].

In a steam explosion, biomass is heated and rapidly discharged to atmospheric pressure
causing the explosion of the macromolecules, with the aim of upgrading the digestibility
of lignocellulosic materials, by increasing porosity, removing lignin content<and
promote hemicellulose hydrolysis [18, 21]. Although the successful use of steam
explosion has been proved from the point of view of fermentation and ethanol
production [1, 22, 23, 24, 25], the evaluation of the methane potential of steam-
exploded straw is more recent [19, 21, 26], and open to many other wastes (corn stover,
maizecrop waste, rice straw, herbaceous waste, manure; sewage sludge).

The studies performed specifically with wheat straw [1, 18, 21] have shown that the
effect of the thermal pre-treatment depends on several factors, such as chip size,
temperature and time. It is generally accepted that there is an optimum temperature in
the range of 150-220°C and 5-20 minutes, but care must be paid for too severe
treatments due to the formation of inhibiting phenolic and heterocyclic compounds,
such as furfural [10].

Chip size is a crucial parameter, as any sort of cutting or milling is necessary to avoid
clogging and heat transfer problems during thermal treatment (overcooking the outside
of large chips and formation of inhibitory compounds). However, a promising finding is
that enzymatic hydrolysis is improved for larger biomass particle sizes [27], as milling
is an energy intensive and expensive process. Regarding the anaerobic digestion
process, the effect of particle size reduction on methane yield of agricultural wastes is
contradictory: positive in some studies [12, 28, 29], while negative in others [30, 31].
Therefore, the influence of particle size on wheat straw digestibility is still open to

research.
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The effect of water impregnation on thermal hydrolysis is a novel study in this paper.
The impregnation of straw with acid or alkali has been successfully applied in
enzymatic hydrolysis, while the influence of humidity on steam explosion effect is
unexplored from the point of view of later methanization. From another point of view,
dilution can be imperative to avoid overload or inhibition during the anaerobic digestion
[32].

The aim of the present study is to evaluate the effect of particle size, dilution and
thermal pre-treatment variables (temperature, time and water impregnation) on the
biodegradability of wheat straw. For this purpose, batch anaerobic biodegradability tests
were performed in order to check the biochemical methane potential (BMP) under
different milling, washing and thermal hydrolysis conditions to determine individual
and combined effects. Furthermore, a kinetic model has been used to obtain the specific

rate constants to assess the relationship of the parameters evaluated.

2. Materialsand M ethods

2.1 Raw Material and experimental set-up

Wheat straw was grown in Valladolid (Spain), harvested in 2012 and characterized
(Table 1). The original straw was ground (3-5 cm) or milled (<1 mm), according to the
experimental set-up in Table 2.

Three series of experiments (A, B and C) were performed (Table 2) to cover the three
scenarios to study: A. Influence of particle size and water dilution on wheat straw
digestibility; B. Influence of steam explosion pre-treatment; and C. Influence of water

impregnation time on thermal hydrolysis and digestion.
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2.2 Particle size reduction and water impregnation

Based on bibliography (where references to particle sizes ranging from 0.2 mm to 10
cm can be found), two particle sizes were selected for series A: 3-5 cm pieces and
powder < Imm. In most of the references, the particle size influence is not assessed but
established in the range of 1-5cm [12, 18, 21, 33].

The larger particle size was chopped with a cramp to get the desired interval 3-5 cm. A
laboratory mill (Philips, HR7775) was used to grind the straw into-a minor particle size
(<1 mm) controlled with a sieve (CISA™). In the studies of series B and C only the
major particle size were used.

Water addition in series A and C was performed by mixing the straw with water. In
series A, the water was added when preparing the BMP tests (1:10 dilution), while in

series C the straw was soaked for a desired washing time.

2.3 Thermal steam explosion pre-treatment unit plant

The pre-treatment was performed at the steam explosion pilot plant facility designed by
Cambi AS and located at the wastewater treatment plant of Salamanca, Spain.

The' steam explosion unit consists of a 30 L reactor vessel and a flash tank with a
removable bucket to collect the pretreated material (Fig. 1). The steam is generated by a
25 kW electric steam boiler (200 L capacity) which can supply steam up to a maximum
pressure of 34 bar (240°C). Wheat straw is loaded into the reactor using a motorized ball
valve (V1) at the top of the reactor. Steam is added to the reactor from the bottom,
through an air-actuated valve (V2), heating the waste during the time established. The

desired operation pressure (corresponding to a certain temperature) is set on the control
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panel unit, controlled automatically by the air-actuated valve (V2). For security reasons
also a manual valve (V3) has to be opened to add steam to the pressure reactor. An air-
actuated ball valve at the bottom of the vessel (V4) is responsible for the rapid pressure
drop (explosion) and release of the pretreated biomass to the flash tank. The pretreated
biomass is collected in a removable bucket at the bottom of the flash tank. Any steam
that is not condensed leaves the unit via a carbon filter to remove smell.

In all the experiments, one kilogram of wheat straw was used. The reactor was fed to the
unit and the reactor was pre-heated for 15 min before starting the experiments.

The effects of temperature and time were evaluated based on the severity factor (log Ry,

Equation 1), which is the common term used in steam pre-treatments [11]

logR, = log(t-exp(T_loo D (Equation 1)

14.75

where ¢ is the time (min) and 7 the temperature (°C).

Different pre-treatment conditions were tested varying temperature (ranging 170-220°C)
and time (ranging 1-15 minutes), based on previous studies [14, 21, 26] concluding that
the optimum severity factor (log Ry — Equation 1) is in the range 3.3-3.6, and this
criteria was considered to establish the combinations of temperature and time for series

B.

2.4 Biochemical methane potential tests (BMP)

Batch anaerobic digestion tests were carried out in order to assess the wheat straw
biodegradability after the different pre-treatment conditions applied. All tests were in
triplicate in a 2 L borosilicate glass (260 mm height, 160 mm diameter and a 40 mm
bottleneck) with 400 mL of a mixture of wheat straw and inoculum (with 12 g VS/kg
and collected from a pilot digester treating waste activated sludge at 35°C). The

substrate to inoculum ratio (S/I) selected was 0.5 g VS/g VS as suggested in a previous

7
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researchers [32, 34]. A control test without substrate was included in order to check the
methanogenic activity of the inoculum.

Before starting the test, the bottles were closed with ruber stoppers and aluminium
crimps and degassed. Helium gas was circulated in the gas chamber for 5 minutes, and
the test started after releasing the pressure. All the experiments were carried out at
mesophilic conditions in a thermostatic room (35.1+£0.3°C), with constant mixing in a
rotary desk. All the assays were finished when the methane production was below 5%
of the total cumulative production.

The biogas volume was monitored by period measurements of the headspace pressure
by a manually pressure transmitter (ifm, PN5007, range'1 bar).

The methane production of a control test performed with only inoculum was subtracted
to obtain the real methane production from the straw. This value was finally expressed
as specific methane yields (mL CHa4/g VSteq), presented under standard temperature and
pressure conditions (STP — 0°C,1 atm) defined by IUPAC (International Union of Pure
and Applied Chemistry), and divided by the mass of volatile solids of substrate fed into
to the assay.

The kinetics of methane production was calculated using a first-order model (Equation

2), applied successfully in other reports on anaerobic biodegradability tests [26, 35].

—Bm(t—2)
B =P. (1 - exp (—)) .
P (Equation 2)

Where B is the methane production (mL CH4/gVS), P is the maximum methane
production (mL CH4/gVS), Rm is the maximum biogas production rate (mL
CH4/gVS-d), 4 is the lag time (d) and ¢ is the time of the assay (d). The data were

analysed with Statgraphics® [36].

2.5 Analytical methods
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Total and volatile solids (TS and VS) and total Kjeldahl nitrogen (TKN) were measured
following the procedures given in Standard Methods for Examination of Water and
Wastewater [37]. Total chemical oxygen demand (TCOD) was determined according to
standard UNE 77004:2002 based in dichromate method [38]. A combustion infrared
method, with SHIMADZU TOC-SM5000A equipment, was used to determine the total
organic carbon (TOC). The biogas composition (CO,, H,S, O, N, CHy4) was measured
by gas chromatography in a Varian equipment CP-3800 CG TCD, being helium the

carrier gas.

3. Results and Discussion

3.1 Series A: Influence of particle size and dilution on wheat straw digestibility

Figure 2 and Table 3 present the results for the methane production curves (from BMP
tests) and kinetic parameters for the series of tests A.

The results show that when adding water (tests A2-A4 compared to A1-A3) methane
production slightly increased (4% increase for test A2 compared to Al, at 3-5cm straw
size, and 10% increase for test A4 compared to A3, at Imm straw size), and also did the
production rate (5% increase for test A2 compared to Al, and 15% increase for test A4
compared to A3). The reason is probably related with a better mixing in the BMP tests
performed with water (A2 and A4), as the solids concentration in the test decreased
from 200g/kg to 20 g/kg.

Analyzing the influence of the particle size by comparing tests A1-A2 with A3-A4, it
can be observed that the methane production was 5-13% higher for the larger particle

size, and the kinetics were also faster. These results are in agreement with those
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obtained by De la Rubia et al. (2011) [30] for sunflower oil cake, and Izumi et al. (2010)
[31] for food waste, but disagree with the results obtained by other authors.

Sharma et al. (1988) [39] found a significant increase in methane productivity of wheat
straw by size reduction from 30 mm (192 mL/gVS) to Imm (241 mL/gVS) but only a
small effect for further size reduction to 0.1 mm. Hjorth et al. (2011) [29] obtained 70%
increase in methane production for extruded straw respect non-extruded straw (150
mL/gVS), although no particle size values for treated straw are given. Friction heat and
shear forces in the extruder could play an important role additional pre-treatment to the
cutting. Palmowski and Miiller (2000) [12] obtained 57% and 86% increase in methane
yield for particles of 5 cm and 0.2 cm respectively, as compared to the untreated sample
(182 mL/gVS).

Putting together these results with those obtained in the present research, it can be
concluded that the composition of the biowaste should be assessed to compare small
and large chip sizes, as the content of carbohydrates, proteins and lipids is not uniform
in the different particle size fractions but have a clear different methane potential. If no
organic matter is removed during the mechanical treatment cutting seems to be better to
milling or grinding in order to minimize the energy input, as milling is not considered
economically feasible due to the high energy requirements,

Based on these results, wheat straw with 3-5 cm was selected to be used in series B and

C.

3.2 Series B: Influence of steam explosion pre-treatment
The results of the BMP tests performed for series B and the kinetic parameters obtained
are presented in Figure 3 and Table 4, where B0 corresponds to non-treated wheat

straw, cut to 3-5 mm.

10
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In all steam-explosion experiments (B1-B3), the methane yield was higher than B0 (233
mL/dVS) in the range of 24-27% (288-296 mL/gVS). The kinetic study shows that the
methane production rate was also 19-24% higher. Although similar results for tests B1-
B2-B3, the highest productivity and production rate were for test B2, performed at
200°C for 5 minutes (increase of 27% in the methane yield), corresponding to a severity
factor (log Ry) of 3.64.

These results prove the effectiveness of the steam explosion pre-treatment, and concur
with those obtained by other authors. The study published on methane production from
steam-exploded wheat straw [21] agrees with the results obtained here. Bauer et al.
(2009) [21] increased methane production from 275 to 331 mL/gVS when treating the
straw at 180°C for 15 minutes. [26] have previously optimized the pre-treatment
conditions to a severity factor in the range 3.25-3.53, finding the optimum at 200°C and

Sminutes. This optimal agrees with the one here obtained.

3.3 Series C: Influence of water impregnation time on thermal hydrolysis

This series was conducted with 3-5 cm wheat straw thermally pretreated at 200°C for 5
min (according to the optimum results for series A and B), with the objective of
evaluating if water impregnation of wheat straw had any positive effect on the pre-
treatment. The hypothesis that supports the theoretical possibility of increasing the
steam explosion effect by washing the straw is the chance of the water to penetrate in
the biomass structure, leading to a possible stronger lysis effect by steam explosion
during the pressure drop.

Figure 4 and Table 5 present the results for the methane yield and kinetic parameters for
series of tests C. The results show a negligible influence of the washing time on the

thermal steam explosion pre-treatment, as the results obtained were very similar in the

11
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different tests. Only the kinetics showed to be slightly faster, but negligible. Therefore,
the water added probably did not penetrate in the wheat straw structure, and did not help
to disrupt the fibrils in the decompression step.

Although according to Jakoviak et al. (2011) [16], the humidity of the biomass may
cause differences on the contents of cellulose and hemicellulose of wheat straw, the
evaluation of the chemical composition of the straw in terms of lipids, carbohydrates

and proteins would again be determining to confirm any hypothesis.

4. Conclusions

The methane production of 30-50 mm wheat straw pieces was 10.4% higher than the
powder <1 mm. Therefore, for process performance and economics, cutting is desirable
to milling. Thermal pre-treatment enhanced methane production by 19-24% for
temperatures in the range 170-220°C and 1-15 min heating time, being the optimum for
200°C and 5 min, which increased methane yield by 27% (from 233 to 296 mL
CH4/gVSgq). The impregnation of straw with water showed a poor positive effect in the
BMP tests, but no effect on thermal steam explosion, apart from a clear worsening of

the process economics if water was added.

12
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388  Figurecaptions
389

390 Figure 1 Cambi SA steam explosion unit. V - valves; VM - motorized valves; VA,B —
391  one way valves; P — manometers to measure pressure; RD — safety valves; CF — carbon
392  filter; TB-T — treated biomass tank; WT — Water tank

393

394  Figure 2 Methane yield for series A

395

396  Figure 3 Methane yield for series B

397

398  Figure4 Methane yield for series C
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417 Tables
418

419  Table 1. Average characteristics of the original wheat straw

TS VS TCOD TKN TOC

(g/kg) (g/kg) (g/kg) (g N/kg) (% weigh)
Series A-B 895+11 821+9 1075+8 4.723 432+03 92

Series C 924+9 846+5 1089+6 4.578 434+0.2 92

C/N

420

421  Table 2. Experimental set-up

Series A Series B Series C
Particle . . T t log Tt Washing
Test Dilut Test Test
b size pahon St o) (min) R “HeC) (min) time (h)
Al 3-5cm No BO  Untreated C1 0
A2 3-5cm Yes Bl 170 15 32 C2
200 5
A3 <Ilmm No B2 200 5 36 C3 12
A4 <Ilmm Yes B3 220 1 35 C4 24

422

423  Table 3. Results for methane yield and kinetic parameters for series A

Parameter Al A2 A3 A4

P (mL CH4/gVS)* 239 245 232 239

Rm (mL CHy/gVS.d)™ 202 232 15.9 18.3

A(day) © 0.9 0.8 1.2 1.2

R’ 0.996 0.994 0991 0.988
424 “P: maximum methane production; *Rm: maximum biogas production
425 rate; “A: lag time (according to Equation 2)
jgg Table 4. Results for methane yield and kinetic parameters for series B

Parameter BO B1 B2 B3

P (mL CH4/gVS)* 245 291 304 301

Rm (mL CHy/gVS.d)™  16.1 20.6 285 262

A (day) © 0.8 0.4 0.9 1

R’ 0985 0.997 0.995 0.991
428 *P: maximum methane production; ®Rm: maximum biogas production
429 rate; “A: lag time (according to Equation 2)
430

23



431  Table5. Results for methane yield and kinetic parameters for series C

Parameter Cl C2 C3 C4
P (mL CH4/gVS)* 316 315 293 323
Rm (mL CHy/gVS.d)> 234 282 244 267
A (day) © 1.3 1.3 1.4 1.3
R’ 0971 0.963 0.962 0.964
432 *P: maximum methane production; ®Rm: maximum biogas production
433 rate; “A: lag time (according to Equation 2)
434
435
436
437

24



438

439  Highlights

440 - Assessment of the influence of thermal pretreatment on the anaerobic
441 biodegradation of wheat straw

442 - Optimum severity factor at 200°C and 5 minute (3.6 severity factor)

443 - Evaluation through BMP tests: 27% increase in methane productivity of steam
444 exploded straw respect untreated straw

445 - Cutting (3-5 cm) wheat straw showed to be better than milling (< 1mm)

446

447
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Abstract

The assessment of the biodegradability of thermal steam-exploded pig manure was
performed compared to untreated samples. The pre-treatment was performed under
different combinations of temperature and time, ranging 150-180°C and 5-60 minutes, and
used as substrate in a series of batch biochemical methane potential (BMP) tests. Results
were analyzed in terms of methane yield, kinetic parameters and severity factor. In all the
pre-treatment conditions, methane yield and degradation rates increased when compared to
untreated pig slurry. An ANOVA study determined that temperature was the main factor,
and the optimum combination of temperature - time of pretreatment was 170 °C - 30
minutes, doubling methane production from 159 to 329 mL CH,/gVSsq. These operation
conditions correspond to a severity factor of 3.54, which was considered an upper limit for
the pretreatment due to the possible formation of inhibitory compounds, hindering the

process if this limit is trespassed.
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1. Introduction

In Spain, currently the second largest producer of pig manure in the European Union
(PNIR, 2007-2015), manure management has become an environmental issue. The
traditional application of manure is as land fertilizer (Schdder, 2005), contributing to
maintaining the soil organic carbon and nutrients stocks. However, due to the
intensification of livestocks production, in many areas the organic waste nutrients exceed
the requirement for crop production (Wnetrzak et al., 2013), resulting in groundwater
contamination, nitrates leaching and eutrophication. Therefore, any kind of treatment for
pig wastes must be implemented according to the environmental legislation, such as the EU
Nitrates Directive (S.l. NO. 610, 2010).

The valorization of the organic matter content in pig manure to biogas through anaerobic
digestion (AD) is a very interesting option (Krishania et al., 2013; Mata-Alvarez et al.,
2000), although ammonia inhibition issues have to be taken into account for considering
manure as a sole substrate (Hansen et al., 1998). However, similar to other types of organic
wastes, biogas production from pig manure is relatively low: from 290 to 550 L CH4/kg of
organic matter (Burton and Turner, 2003), due to the limiting hydrolysis step of the fiber
content (Menardo et al., 2012). Some treatment options are reported to increase AD
performance, such as acidification (Moset et al., 2012; Sutaryo et al., 2013) or separation of
solid and liquid fractions (Fangueiro et al., 2012; Mgller et al., 2007).

Thermal pre-treatment appears as a very interesting option and a potential solution for a
large quantity of lignocellulosic biomass. The use of a thermal pre-treatment to enhance the
anaerobic digestion of sewage sludge is reported in several references (Pérez-Elvira et al.,
2011; Bougrier et al., 2008), and has been developed full scale. However, the application to

other organic wastes such as agricultural wastes (Ferreira et al., 2013; Qiao et al., 2011) or
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manure is very recent, and still open to research. Some references can be found concerning
thermal pretreatment to chicken manure (Ardic and Tarner, 2005; Bujoczek et al., 2000),
swine manure (Mladenovska et al., 2006; Chae et al., 2008), dairy manure (Yoneyama et
al., 2006; Rico et al., 2011; Rico et al., 2012) and pig manure (Bonmati et al., 2001; Cuetos
et al., 2008; Carreére et al., 2009; Menardo et al., 2011). In the references found on thermal
pre-treatment of manure the study was performed considering only the effect of
temperature (with or without chemicals), but no evaluation on the influence or optimization
of temperature-time combinations are reported.

Finally, the application of any thermal technology requires to concentrate the waste (Pérez-
Elvira & Fdz-Polanco, 2012). Several references can be found about separation of solid and
liquid fractions of pig slurry in order to economize transport or increase the energy
potential through biogas production (Mgller et al., 2007; Nolan et al., 2012; Xie et al.,
2012).

The aim of this study was to evaluate the methane yield of steam exploded pig slurry
(separated solid fraction of pig manure) under different temperature-time combinations,
compared to a control of untreated slurry. BMP tests were performed and Kinetic

parameters were evaluated.

2. Material and Methods

2.1 Manure samples: thickening and characterization
Pig slurry was collected from a piggery in Segovia (Spain) and characterized before
(“original sample”) and after centrifugation at 5000 rpm for 5 min (“solid fraction). Table

1 presents the results from the analytical characterization.
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As expected, the concentrated pig slurry (manure) presented a higher percentage of volatile
solids, which means a higher content of organic matter. The C/N ratio increased when

compared to the original sample, which allows better conditions for the treatment.

2.2 Thermal pretreatment pilot plant and operation conditions

As shown in Figure 1, the thermal hydrolysis plant consisted of a reactor (2L) connected to
a boiler by a control valve (V1) and to a flash tank (5L) by a decompression valve (V2).
The operation was batch: 250g of pig manure were fed to the reactor, and then heated with
steam from the boiler (180°C, 10 bar) for the desired period of time. Once completed the
operation time, the steam inlet (V1) is closed and the decompression valve (V2) is opened
in a sudden decompression, releasing the hydrolysed pig slurry to the atmospheric flash
tank. Before starting the experiments, the reactor was pre-heated for approximately 5 min at
the same temperature selected for the pretreatment, in order to minimize condensation.
Different pretreatment conditions were tested varying both temperature (ranging from 120-
180°C) and time (ranging from 5-60 minutes), in a total of 15 different operation conditions
(Table 2). The combination temperature and time of pretreatment define the severity factor
(log Ro, eq. 1). This parameter is most widely accepted for steam pretreatments (Hendriks

and Zeeman, 2009) to express the severity of the pretreatment.

g 0 g bl s

in which t is the time (min) and T the temperature (°C), 100 is the base temperature
(100°C), and 14.75 is the activation energy based on the assumption that the reaction is

hydrolytic and the overall conversion is first order (Xu et al., 2011). This expression only
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takes into account time and temperature, and does not consider the effect of the flash. The
study of this effect was not assessed in this paper.

Theoretically, the more severe the pretreatment, the more organic matter is made available
for digestion. However, very severe pretreatments can lead to formation of inhibitory
compounds from the macromolecules, driving to an indirect relationship between the
severity factor and the biodegradability. Therefore, there should be an optimum value for

the severity factor.

2.3 Anaerobic biodegradability

Biochemical methane potential (BMP) tests were carried out in triplicate to assess the pig
slurry biodegradability before and after the different pretreatment conditions applied,
following standardized methodology (Angelidaki et al., 2009). A control test without
substrate was included in order to check the methanogenic activity of the inoculum. All the
experiments were carried out at mesophilic conditions in a thermostatic room (35.1+0.3°C),
with constant mixing in a shacker desk.

The anaerobic inoculum used was taken from a pilot sludge digester treating activated
sludge (containing 12 gVS.kg™) and pre-incubated for four days (35.1+0.3°C) in order to
minimize its residual biodegradable organic matter content.

Borosilicate glasses of 300mL volume were used in the BMP tests, with a reaction volume
of 110mL in order to have enough headspace for biogas accumulation. The
substrate/inoculum (S/1) ratio selected was 0.5 gVS.(gVS)™, as suggested by Neves et al.
(2004) and Angelidaki et al. (2009).

Biogas production was measured manually by a pressure transmitter (ifm, PN5007, range 1

bar) in the headspace of each reactor. From the biogas production curves, the specific
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methane yield (mL CH4/gVSsq) was calculated at test-day 20 under standard temperature
and pressure conditions (STP — 0°C, 1 atm) defined by IUPAC (International Union of Pure
Applied Chemistry), by dividing the methane production due to the substrate (once
subtracted the production due to the inoculum) by the quantity of volatile solids of substrate

fEd tO the teSt (m Lsubstrate X g VS/m Lsubstrate).

2.4 Analytical Methods

Substrates, inoculum and digestates were characterized in all the experiments. Total and
volatile solids (TS and VS, respectively) and total kjeldahl nitrogen (TKN) were measured
following the procedures given in the Standard Methods for Examination of Water and
Wastewater (APHA et al., 2005). Chemical oxygen demand (COD) was determined
according to standard UNE 77004:2002 based in the dichromate method. A combustion
infrared method, with SHIMADZU TOC-SM5000A equipment, was used to determine the
total organic carbon (TOC). The biogas composition (CO;, H,S, O, N,, CH,) was
measured by gas chromatography in a Varian equipment CP-3800 CG TCD, being helium

the carrier gas.

2.5 Data analysis and kinetic approach

Apart from obtaining the specific methane yields (mL CH4/gVSsq), a kinetic approach was
also employed to analyze the obtained data. The kinetics of methane production were
calculated using a reaction curve-type model (eq. 2), applied successfully in other studies

regarding anaerobic biodegradability tests (Ferreira et al., 2013).

5= (1- e (“TE2)) @
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in which B is the methane production (mL CH,/gVS), P is the maximum methane
production (mL CH4/gVS), Ry, is the maximum methane production rate (mL CH4/gVS.d),
A is the lag time (d) and t is the time of the assay (d). The data were analyzed with
Statgraphics®.

Finally, to evaluate the influence of temperature and time of pretreatment on methane
production, the results obtained were compared by the analysis of variance methodology

(ANOVA), using Microsoft Excel®, with a confidence level of 95%.

3. Results and Discussion

3.1 Batch tests and methane yield

Figure 2 presents the evolution of methane productivity (mL CH4/gVSsq) in all the BMP
assays performed, compared to the control untreated substrate (THO). For better
comparison, Table 2 present the final specific methane yield improvements respect the
control as normalized production of methane (FN), defined as the ratio at day 20 between

the production of methane for the treated and untreated waste, (mL CHg)ui/(mL

CH4)untreated-

3.2 Evaluation of temperature-time combinations

An initial evaluation of the results presented in the “Experimental results” column of Table
2 show that all the pre-treatments performed (TH1-TH15) enhanced the initial
biodegradability of the pig slurry (THO), from 26% (120°C, 5 min) to 107% (170°C, 30
min), being the latter the best pre-treatment condition evaluated. Comparing the influence

of temperature and time, it can be observed a different behaviour depending on the
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temperature level. For low temperatures (120°C), the influence of pre-treatment time was
the most noticeable. For moderate temperatures (150°C), the influence of the pre-treatment
time was not so strong. For high temperatures (170 and 180°C), time played a crucial role
from the point of view of inhibition. Pre-treatment times over 30 minutes at 170°C or over
15 minutes at 180°C caused a reduction in methane yield, probably due to the formation of
inhibitory compounds.

Based on this qualitative analysis, a quantitative analysis of variance was performed. The
data concerning pre-treatment time of 60 min were not considered for this study, as
methane yield was mostly inhibited. The results of the ANOVA study showed that in all
cases temperature caused significant statistical difference between data (Fratio = 6.29, Feritical
= 4.76), while pre-treatment time did not (Fraio = 2.81, Feriticar = 5.14). This indicates that,
when dealing with both variables, temperatures should be considered as the main parameter
as the basis to define the best pre-treatment time.

Figure 3 presents a graphical approach of the effect of both temperature and time on FN. It
can be observed that the best improvements in methane yield are centered in the
combination 170°C, 30 min, which is in accordance to the globally accepted values
regarding thermal hydrolysis of sludge (Fdz-Polanco et al., 2008). This suggests that these
thermal hydrolysis conditions are the optimum for enhancing the methane yield of

concentrated pig slurry.

3.3 Evaluation of kinetic parameters
The kinetic parameters obtained by fitting equation 2 to the experimental data on methane
production are presented in the “Kinetic parameters” column of Table 2. The results

obtained concerning the maximum methane production (P) match with those previously
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discussed: increase for temperature and time increase, but decreasing trend for the longest
times at temperatures above 170°C. However, maximum methane production rates (Rp),
seemed to differ slightly from this trend. The highest value of R, was obtained for 150°C,
60 min, and lower Ry, values were obtained for higher temperatures. And, again, pre-
treatment times over 30 minutes for 170°C and over 15 minutes for 180°C caused a
reduction in methane production rates.

Figure 4 present the effect of temperature and time on R,. Although similar to Figure 2
with respect to the optimum (170°C, 30 minutes), the trend for higher temperature-time
values is different. These results suggest that inhibition of the maximum methane
production is not necessarily coupled to lower degradation rates in the same levels. Even
with the formation of refractory compounds due to high temperatures and pretreatment
times, those conditions might still be able to improve rates, leading to reduced size of
digesters as one possible advantage. However, a precise choice would depend on economic

studies that take into account several variables and the process as a whole.

3.4 Evaluation of the severity factor

Figure 5 presents the relationship between the severity factor and the normalized
production of methane (FN). The influence of the severity factor on the response of the
methane vyield presents some differences when temperature and time change. For
temperatures of 120 and 150°C, it is clear by Figure 5 that FN always increases with the
severity factor. However, for the higher temperatures of 170 and 180°C, there is a limit in
the severity factor that, once surpassed, a reduction in FN occurred. According to Figure 5
and Table 2, the optimum value for the severity factor would be 3.54 for a temperature of

170°C. For a temperature of 180°C, however, this severity factor led to lower values of FN.
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For higher values of the severity factor, inhibition in methane production was observed.
This suggests that a severity factor of 3.54 could be considered an upper limit in which

some instability in performance may be expected depending on operational conditions.

Conclusions

The influence of thermal pretreatment parameters (temperature and time) on the anaerobic
biodegradation of the solid fraction of pig slurry was evaluated. All the conditions tested
were better than the untreated condition, which means that the thermal pretreatment
improved the anaerobic digestion of this type of waste, not only concerning
biodegradability, but also degradation rates. Results suggested that temperature has a
greater effect on methane yield than pretreatment time, and that the best combination of
parameters would be 170°C and 30 min, which was able to maximize methane production
up to 200% when compared to untreated samples (from 159 to 329 mL CH/gVStq). This
corresponds to a severity factor of 3.54, which seemed to be an upper limit not to be

trespassed to avoid the formation of inhibitory compounds.
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Figure captions

Figure 1 — Thermal steam-explosion pilot plant

Figure 2 — BMP assays for the different experimental conditions applied

Figure 3 — Effect of temperature and time of pretreatment on FN. Darker areas mean

regions in which values of FN are higher

Figure 4 — Effect of pre-treatment temperature - time combinations on the methane

production rates (Ry,). Darker areas mean regions in which values of R, are higher

Figure 5 - Normalized methane productivity (FN [(mL CHg)tri/(mL CHg)untreated]) With respect

to the severity factor (log Ro)
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*Highlights (for review)

Highlights

- Assessment of the influence of a thermal steam-explosion pretreatment on the
anaerobic biodegradation of the separated solid fraction of pig manure

- Novel study in evaluating the influence of both temperature (ranging 150°C-
180°C) and time (ranging 5-60 minutes)

- The thermal pretreatment improved the anaerobic digestion of this type of waste,
not only concerning biodegradability, but also degradation rates.

- Optimum at 170°C and 30 minutes (3.54 severity factor): double methane
productivity compared to untreated manure (increase from 159 to 329 mL

CH4/ gVSfed)
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Tables

Tables
Parameter Original sample Solid fraction  Units
Total solids TS 46.6+2.1 166.4+£ 0.2 a/kg
Volatile Solids VS 36.8+2.7 138.6 £ 0.2 g/kg
Percentage of VS % VS 79 83 -
Chemical oxygen demand  COD 54.20+0.8 197 £3 gO./kg
Total Kjeldahl nitrogen TKN 7.40 6.05 gN/kg
Total organic carbon TOC 6.29 7.48 % weight
Ratio C/N C/N 8.5 124 -
Ammonium NH," 4671 0 - gNH,"-N/g
Ratio COD/VS COD/VS  1.47 142 -

Table 1 Average characteristics of the original sample and solid fraction of pig manure

(before and after centrifugation, respectively).



Experimental Results

Kinetic Parameters

o7 p Severiy Rm P R
THI eC) (min) gggso; s mL CH4/gV Sseq.d 2. (d) mL CH./gVSteq square
THO 0 0 0.00 1.00 32.1 0.22 159 0.9852
TH1 120 5 1.29 1.26 31.6 0.10 200 0.9547
TH2 120 15 1.76 1.59 41.2 0.15 253 0.9737
TH3 120 30 2.07 1.63 48.2 0.12 259 0.9684
TH4 120 60 2.37 1.67 70.8 0.22 265 0.9821
TH5 150 5 2.17 1.70 47.9 0.21 271 0.9825
TH6 150 15 2.65 1.75 55.0 0.25 278 0.9876
TH7 150 30 2.95 1.72 78.3 0.32 273 0.9893
TH8 150 60 3.25 1.72 116.3 0.38 274 0.9875
TH9 170 5 2.76 1.84 63.1 0.45 292 0.9973
TH10 170 15 3.24 1.93 72.3 0.47 308 0.9950
TH11 170 30 3.54 2.07 106.1 0.45 329 0.9868
TH12 170 60 3.84 1.53 88.3 0.45 244 0.9844
TH13 180 5 3.05 1.99 70.6 0.39 317 0.9863
TH14 180 15 3.53 1.77 62.4 0.45 282 0.9971
TH15 180 30 3.83 1.70 87.7 0.47 271 0.9839

Table 2 Thermal conditions applied, experimental results and kinetic parameters for the

different experiments performed
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Thermal pretreatment is an interesting technique not only for increasing sludge biodegradability, leading
to higher methane productivity, but also for improving degradation rates, allowing full-scale plants to
reduce the size of digesters. In this study, the Anaerobic Digestion Model No. 1 (ADM1) was used as a tool
to assess the effects of thermal pretreatment and hydraulic retention time (HRT) on the performance of
three pilot-scale digesters fed with mixed sludge with/without pretreatment applied to the waste acti-
vated sludge fraction. Calibration procedures using batch tests showed an increase of up to five times
in the model disintegration coefficient due to the pretreatment, and the validations performed presented
good accuracy with the experimental data, with under/overestimation lower than 15% in both average
and global accumulated CH,4 productions. Therefore, the ADM1 demonstrated its feasibility and useful-
ness in predicting and assessing the behavior of the digesters under these conditions.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

the total operating costs of WWTPs (Appels et al., 2008), and thus
attention must be strongly directed in this regard. Among the

Wastewater treatment plants (WWTPs) based on the activated
sludge system as the core unit are globally spread, due to its reli-
ability and efficiency in a wide range of environmental and oper-
ational conditions. However, this alternative presents two main
economical drawbacks: aeration costs and large volume of sludge
to be disposed. The disposal of primary and waste activated
sludge (PS and WAS, respectively) may represent up to 50% of

* Corresponding author. Tel.: +34 983423166; fax: +34 983423013.
E-mail address: tsouza@iq.uva.es (T.S.0. Souza).

0960-8524/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biortech.2013.08.161

procedures for sludge stabilization, anaerobic digestion (AD) is
commonly applied, with advantages including lower costs and
conversion of organic matter to methane, which can be used for
energy generation. Sludge biodegradability and degradation rates
are a matter of concern, though, and inherently linked to AD en-
ergy integration and economic viability. WAS is mainly composed
of microbial cells/flocs, presenting low biodegradability, espe-
cially when produced by activated sludge systems operated with
extended aeration; in contrast, PS is more biodegradable
(Carlsson et al., 2012). Nevertheless, both may be mixed and
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thickened for further treatment (Carrére et al.,, 2010). Increasing
the degradation extent and rates, leading to improved methane
production, solids reduction and overall process optimization, is
therefore of paramount importance in sludge management.

Several sludge pretreatment techniques have been studied in
the past years, with the purpose of improving AD of sludge and
other substrates. They include thermal, mechanical, chemical, bio-
logical, wet oxidation, freeze/thaw, microwave and pulsed electric
field pretreatments (Carrére et al., 2010; Bordeleau and Droste,
2011; Carlsson et al., 2012). Among the available alternatives,
thermal hydrolysis has been shown to be of particular interest to
improve the AD of WAS (Li and Noike, 1992; Fdz-Polanco et al.,
2008). Thermal hydrolysis may account for an improvement of
up to 100% in biogas production (Li and Noike, 1992; Carrére
et al., 2010), with additional solids reduction, pathogens elimina-
tion (Pérez-Elvira et al, 2011) and increase in dewaterability
(Neyens and Baeyens, 2003). Increase in biodegradability and deg-
radation rates, and subsequent improvements in methane produc-
tion, are related mainly to COD solubilization when thermal
pretreatment is applied (Carlsson et al., 2012). Temperatures
usually between 160 and 180 °C, pressures of 600-2500 kPa and
treatment times of 30-60 min (Carrére et al., 2010) are able to
disrupt cell walls and flocs, solubilizing organic matter and
increasing the hydrolytic limiting-step considered responsible for
low biodegradability and degradation rates of WAS (Li and Noike,
1992). Aside from the benefits already mentioned, hydraulic reten-
tion time (HRT) of digesters can also be reduced (Graja et al., 2005;
Pérez-Elvira and Fdz-Polanco, 2012).

The assessment of thermal hydrolysis pretreatment effects on
the AD of sludge, as well as the influence of decreasing the HRT of
digesters in such conditions, can be done not only through regular
monitoring of physicochemical parameters. Modeling is a powerful
tool to provide additional information about biological processes,
improving the understanding of the system, the formulation and
validation of hypotheses and being able to predict system’s perfor-
mance (Donoso-Bravo et al.,, 2011a). Among the wide collection of
AD models developed in the last decades, [IWA’s Anaerobic Digestion
Model No. 1 (ADM1) is a structured and more complete approach,
embracing several biochemical steps, as well as physicochemical
phenomena (Batstone et al., 2002). It has been applied to the AD
of several types of waste (Blumensaat and Keller, 2005; Gali et al.,
2009; Mairet et al., 2011) and has potential for predicting effects
of sludge pretreatments on AD (Souza et al., 2013), including ther-
mal pretreatment (Photilangka et al., 2008; Ramirez et al., 2009).

This study aimed to evaluate the effects of thermal pretreat-
ment on the AD of sewage sludge, including the possibility of
reducing HRT of digesters. The ADM1 was calibrated using batch

Table 1
Average waste characteristics.
S1 S2

Composition  (gVS/gVS) PS (50%) + TPWAS (50%) PS (50%) + RWAS (50%)
pH - 6.09 +0.07 6.38+0.14
CcoD (g0,L71)  60.17 £2.02 62.00 + 2.65
COD(s)* (g0,L7")  15.46+4.74 5.50 +2.68
TS (gL™1) 57.12+4.73 59.79 + 4.98
'S (gL ™M 37.75+2.35 40.22 +1.69
TKN (gN.L™) 2.71+0.13 2.84+0.20
TKN(s)? (gN.L™) 1.27 £0.03 0.34+0.11
NH;-N (gN.L™) 0.31+0.03 0.15+0.1
Proteins (% bCOD)” 40 40
Carbohydrates (% bCOD)" 30 30
Lipids (% bCOD)” 30 30

TS, total solids; VS, volatile solids; TKN, total Kjeldahl nitrogen.
¢ Soluble fraction.
b Percentage of the biodegradable COD.

tests data and employed as a tool for assessing the behavior of
three continuous digesters, two of them fed with a mixture of
raw PS and thermally pretreated WAS at different HRTs, and one
used as a control and fed with a mixture of raw PS and raw WAS.

2. Methods
2.1. Waste characteristics

PS and WAS were obtained from the WWTP of Valladolid, Spain.
Both were concentrated and mixed at a 50/50% ratio (gVS/gVS),
with a final feeding concentration of approximately 40 gVS.L~!.
The procedure and VS feeding concentrations were the same
regardless of whether WAS was pretreated or not. As a result,
two types of substrate were obtained: S1, consisting of a mixture
of PS and thermally pretreated WAS (TPWAS); and S2, consisting
of a mixture of PS and raw WAS (RWAS). S1 and S2 were character-
ized through systematic monitoring of the digesters’ feeding for
one month, and average parameter values are shown in Table 1.

2.2. Continuous digesters and thermal pretreatment

Three identical 200-L digesters (A, B and C) were operated at
35 °C to treat sludge from the WWTP. Digesters A and B were fed
with substrate S1, and digester C was Kkept as a control and fed with
substrate S2 (Table 1). Digesters A and C were operated at a HRT of
20 days, while digester B was operated at the reduced HRT of
10 days. WAS was concentrated until 12-14% TS using a commer-
cial centrifuge and then thermally pretreated in a Continuous Ther-
mal Hydrolysis (CTH) industrial prototype operating with HRT of
40 min, temperature of 170 °C and pressure of 7.6 bar followed
by steam explosion to atmospheric pressure. The main elements
of the CHT prototype were preheater receiving steam from the
flash, reactor with direct injection of steam at 10 bar and flash tank
at atmospheric pressure. An overview of the experimental set-up is
presented in Fig. 1.

Digesters were operated in three distinct phases, amounting for
approximately 160 days of operation. Phase I consisted of a startup
period of 50 days, for which simulations were not done, due to the
instability of the reactor in the period. Phase II regarded the stable
operation of the digesters, for approximately 80 days, with a feed-
ing substrate of 40 gVS.L™!, both for S1 (digesters A and B) and S2
(digester C). The final 30-day period was defined as phase III, in

Biogas A Biogas B Biogas C
7] Effluent A #“< ] Effluent B 7 "/] Effluent C
0: 0: 0
%’////,,/% ot = 7
Q 2Q Q
L S,

TH T

oSN NN TP PN P PP
(55T )
RS PSR

% ciojeletel

4. 4
RS

Fig. 1. Overview of the experimental set-up. PS: primary sludge; WAS: waste
activated sludge; T, thickening; TH, thermal hydrolysis; S1, substrate type 1; S2,
substrate type 2; Q, flow rate.
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which the concentration of the feeding was increased to
55 gVS.L~!. To eliminate punctual variability, as well as noise in
the simulations, and for better comparison with experimental re-
sults from the digesters, a moving average considering a factor of
3 days was applied to inlet and outlet data.

2.3. Batch tests

Biochemical methane potential (BMP) tests were carried out in
order to assess the sludge biodegradability and to provide data for
model calibration. This was performed in three different series,
each representing the current situation of digesters A, B and C,
by combining the mixed sludge fed to each digester (substrate)
with the corresponding effluent digested sludge (inoculum). This
procedure was done for three timed samples collected throughout
one month in phase II, and average results were used as the data
source for further calibration.

All tests were made in triplicate at mesophilic conditions in a
thermostatic room (35.1 £ 0.3 °C) with constant mixing in a shaker
desk. The methodology used was the one suggested by Angelidaki
et al. (2009). The substrate/inoculum ratio (S/I) used was
0.5 gVS.(gVS)~!, as recommended by Neves et al. (2004). A control
test without substrate was included in order to account for the
methanogenic activity of the inoculum. All the assays were fin-
ished when the methane production was below 5% of the total
cumulative production.

The biogas volume was monitored by periodic measurements of
the headspace pressure by a manually pressure transmitter (IFM,
PN5007, range 1bar), and was expressed as methane yield
(mL CH4.(gVSaddea)™ '), under standard temperature and pressure
conditions (0 °C, 1 atm).

2.4. Analytical methods

Unless specified otherwise, all analyses were performed in
agreement with the Standard Methods for the Examination of Water
and Wastewater (APHA et al., 2005). Carbohydrates (as glucose)
were measured according to Dubois et al. (1956), and lipids were
determined using the Soxhlet extraction method. Proteins were
calculated using NH; and TKN data (Girault et al., 2012). Biogas
composition was measured by gas chromatography (Varian
CP-3800 CG) using helium as carrier gas.

2.5. Model implementation

The ADM1 was implemented following the guidelines of
Batstone et al. (2002), and modifications proposed by Rosén and
Jeppsson (2006), using Matlab/Simulink®. The disintegration and
hydrolysis parameters contained in the ADM1 (Kgis, Knydch» Knydpr
and kpnyqi) were estimated for each digester by minimizing a
least-square cost-function using data obtained in BMP tests
(Section 2.3), as proposed by Souza et al. (2013). The remaining
parameters were set according to Batstone et al. (2002). For model
inputs, COD was fractioned considering substrate characterization
(Table 1), following the procedures described by Souza et al.

(2013). Biodegradable and inert COD fractions were defined
according to the biodegradability obtained in BMP tests.

COD corresponding to biomass of the seven microbial popula-
tions contained in the ADM1 (Xsyu, Xaa, Xtar Xcar Xpro» Xac» Xn2) were
defined for BMP tests by performing a continuous simulation dur-
ing a large period, starting with low concentrations of biomass and
feeding the model with the same substrate as applied to the batch
tests, until each biomass variable stabilized, as done by Girault
et al. (2012), representing thus an overall proportion of microbial
communities present in the inoculum. The same procedure was ap-
plied for simulating the continuous digesters.

With the set of hydrolysis parameters estimated for each diges-
ter, continuous simulations were performed considering variations
in the flow rate and adjusting proportionately the COD fractioning
to the inlet concentrations during operation. Simulations were
then compared with experimental data to assess the effects of
thermal pretreatment and HRT reduction on the digesters.

3. Results and discussion
3.1. Digesters performance

Table 2 shows the performance of digesters A, B and C consider-
ing the main parameters, in phases Il and IIl. Phase [ was not eval-
uated since it consisted of a startup phase, and comparison was not
possible under startup conditions.

Throughout the 80 days of operation in phase II, even though
variations in the parameters were observed mainly due to feeding
variability, in overall the average results were in accordance to the
expected. CH4 production was the lowest for digester C, presented
a small improvement for digester A and a significant improvement
for digester B. When compared to the control digester (C), digester
A showed a 17% higher CH,4 production in phase II. This increase
may appear low at first, but it must be considered that the thermal
pretreatment was applied only to the WAS fraction of the substrate
and, although a CH4 production increase of 33% was reported in
similar conditions (Pérez-Elvira and Fdz-Polanco, 2012), differ-
ences in the composition of PS and WAS in the mixed sludge, as
well as operational variability may have caused the lower produc-
tion. A much more significant CH,4 production in phase II was
obtained in digester B, though, accounting for an average 82%
enhancement when compared to the control. This shows the po-
tential of thermal hydrolysis not only in increasing biodegradabil-
ity and methane productivity of WAS, but also in allowing lower
HRTs to be employed, and consequently reducing the size of
digesters in full-scale applications.

Phase Ill showed a similar behavior regarding the comparison of
digester B with the control (Table 2), but CH4 production was al-
most the same for digesters A and C. In this phase, operation was
much more unstable due to the increase in feeding concentration
and operational problems, as discussed further in Section 3.3,
and a sharp drop in performance was observed for digesters
A and B. Therefore, results were affected by such variations,
hindering the evaluation based on average parameters.

Table 2
Average performance of digesters A, B and C in phases II and III.
Phase II Phase III
A B C A B C
CH,4 production (L.d™') 104+ 17 162 +29 89+20 120+ 25 219 +£57 11717
Effluent COD (g 0,.L7") 282 302 33+3 292 322 323
Effluent NHJ (g N.L™") 1.4+£0.1 1.3+0.1 1.0£0.2 1.6+0.2 1.6+0.2 1.3+0.1
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Fig. 2. Experimental results of the BMP tests (<) and model fit (continuous line) after calibration regarding ADM1 disintegration and hydrolysis coefficients for digesters A

(a), B (b) and C (c).

Effluent COD did not present sharp variations, and remained
averagely in the range of 28-33 g 0,. L~! for all digesters, according
to Table 2. However, effluent ammonium presented itself in differ-
ent levels, depending on the type of substrate fed to the digesters,
with higher values for digesters A and B, fed with TPWAS. Indeed,
thermal pretreatment is responsible for an increase in ammonium
concentrations during anaerobic digestion, as also reported by
Photilangka et al. (2008), and this effect was even more pro-
nounced in phase IIl. More detailed discussion about the behavior
of the digesters in specific periods is presented in Section 3.3, cou-
pled with modeling analyses.

3.2. Calibration of disintegration and hydrolysis coefficients

The differences in CH,4 productivity given by the results of BMP
tests are clearly visible in Fig. 2. Results corresponding to condi-
tions applied to digester C (Fig. 2c) were not much higher than
300 mL CH4.(gVSadqea)” !, While tests corresponding to digesters A
and B (Fig. 2a and 2b, respectively) reached 350 mL CH4.(gVSaddeq)” -
Regarding anaerobic biodegradability, BMP tests resulted in values
of 63.4%, 61.4% and 53.7%, for samples corresponding to digesters
A, B and C, respectively. Moreover, the initial kinetics of CHy4
production for digesters A and B were evidently faster than for
digester C. This confirms the potential of thermal pretreatment in
not only increasing the degradation extent of sludge in anaerobic
digestion, but also in improving the degradation rates. When
comparing results for digesters A and B, though, no clear difference
can be observed between the data points, indicating that the HRT
did not affect the inoculum specific CH4 productivity.

Table 3

Calibrated disintegration and hydrolysis coefficients for digesters A, B and C.

Digester A B C
Substrate type S1 S1 S2
HRT (d) 20 10 20

kais (d71) 2.57 1.62 0.56
Knyacn (d™1) 0.66 0.78 0.51
Knydpr (d71) 0.78 0.79 0.44
Knyaii (d71) 0.88 0.84 0.42
R? 0.989 0.994 0.992

Calibration for ADM1 disintegration and hydrolysis coefficients
produced optimum curves with good fits for experimental data, as
can be seen in Fig. 2. Calibrated coefficients that generated the
optimum fits for each case are shown in Table 3. Two separate
behaviors could be inferred by the resulting coefficients: one asso-
ciated to the disintegration coefficient kq;s, and the other related to
the hydrolysis coefficients knydch, Knydpr and knyaii as a group. The
coefficient kq;s was the most affected when comparing calibration
results between the different digesters, as shown in Table 3. Five-
fold and threefold increases for this coefficient were obtained,
when comparing digesters A and B with digester C, respectively. In-
creases for knydcn, knyapr and knyqii were less representative in both
cases, though.

The sharp increase of kg;s is in accordance to the expected effect
caused by the pretreatment on the ADM1 disintegration step.
Higher values of this coefficient represent that the destruction of
bigger and complex particles is enhanced by the applied pretreat-
ment, increasing the kinetics of this specific step. Similarly, Souza
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et al. (2013) obtained an increase from 0.24 to 5.60 d~! in the coef-
ficient kgis when a low-thermal pretreatment was applied to sew-
age WAS. To describe properly the anaerobic digestion of thermally
pretreated WAS, Photilangka et al. (2008) had to change kq;s from
0.25 to 1.5, which is also in accordance with the obtained results.
Regarding calibration for raw WAS, Batstone et al. (2008) and
Donoso-Bravo et al. (2010) obtained single hydrolysis coefficients
of 0.15-0.25d~". In the case of the present study, coefficients in
the range of 0.42-0.56 d~! were obtained for digester C (Table 3),
and those values are higher than the reported ones because in this
study a mixture of PS and WAS was fed to the tests, therefore
presenting faster kinetics due to the more biodegradable nature
of the feeding.

The three hydrolysis coefficients, knydch, Knydpr and knyaii;, varied
less significantly among digesters and among themselves, with all
three being in the same range for each case. Due to this charac-
teristic, kinetics of the initial steps of the anaerobic digestion pro-
cess in the ADM1 in this study presented themselves in two main
stages for digesters A and B: a fast disintegration stage and a sub-
sequent slow hydrolysis stage. In this sense, the numerical differ-
ence of ks between digesters A and B (Table 3) may not be
important, since both represent non-limiting steps, with probably
no significant physical meaning regarding their difference. For di-
gester C, though, both disintegration and hydrolysis steps may
play an important role in modeling, since they are all in the same
range.
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Fig. 3. Validation of the calibrated model with respect to methane production, using data from digesters A (a), B (b) and C (c): (<) experimental data, (-) simulation.
Discontinuous vertical lines represent changes in operational phase, and codes in parenthesis are used to name different regions of the graphics for enhanced discussion.
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3.3. Validation using continuous digesters data

The experimental CH,4 production throughout the operation of
digesters A, B and C, as well as the simulations using the calibrated
model in each case, are presented in Fig. 3. Simulations followed
really close the behavior of the digesters in some regions of the
graphics, while in others some deviations were observed, as further
discussed. Due to the instability of the startup phase (phase I), sim-
ulations are not presented in the graphics or discussed for this
phase.

For digesters A and B, the initial regions of phase II, (al) and
(b1), were characterized by an overestimation of the CH, produc-
tion, as can be seen in Fig. 3a and b. A similar, but minor, effect
was also observed for digester C, in the region (c1) of Fig. 3¢, but
embracing model underestimation as well. The observed simula-
tion results for the mentioned regions may be explained by the fact
that those regions are immediately after the startup period of the
digesters and, while some experimental instability were occurring
in those regions, predictions were more optimistic for CH4 produc-
tion (mainly for digesters A and B), causing the differences. In this
sense, it can be inferred that the model recovered faster from the
instabilities of phase I than the digesters themselves. For digester
C, region (c1) shows instability as well, which was not properly fol-
lowed by the simulations, resulting in under and overestimation in
this specific period.

After the initial periods of phase II, simulations predicted the
behavior of the digesters with higher accuracy, which is evident
mainly in regions (a3), (b3), (c2) and (c4) shown in Fig. 3. Predic-
tions had good quality even when sharp experimental variations
in CH4 production were observed, such as the ones contained in re-
gions (a2), (b2) and, in a lesser degree, (c3). The peaks and drops
were related to the influent COD that presented a high variability
in those regions and, since the same variations were fed as COD
to the model, predictions also followed the tendencies, which
showed good model robustness in this sense.

Phase III presented an increase in CH4 production for all digest-
ers, due to increased feeding concentrations, and consequently
higher organic loading rates. The improvement in CH4 production
was sustained during the whole phase for digester C, as shown in
Fig. 3, but the same was not true for digesters A and B, which suf-
fered a sharp drop in performance after approximately one week of
operation in this phase, with a later recovery at the end of the per-
iod. Nonetheless, model predictions followed correctly this behav-
ior, representing well the peaks (regions (a4), (a6), (b4) and (b6))
and drops of performance (regions (a5) and (b5)). Digester C re-
sponded faster to the increase in organic loading rates than the
model, as can be seen in region (c5), and simulations only reached
the higher levels of CH,4 production at the end of phase III (region
(c6)).

The instability observed in phase III for digesters A and B were
not caused by variations in the inlet COD as happened punctually
in phase II, but the sharp drop in CH,4 production resulted from
operational problems with the feeding, which was done with re-
duced flow rates for some days, decreasing CH, production in the
period. Since the model takes into account the flow rates applied

to the digesters, this phenomenon was accurately followed in the
simulations. Digester C did not present this operational problem;
therefore such a drop in performance was not detected.

Concerning the ammonium concentrations, the model was able
to predict this parameter accurately as well. The simulated average
ammonium concentrations in phase I were 1.49, 1.39 and
0.91 gN.L™! for digesters A, B and C, respectively. During phase
111, those concentrations were 1.64, 1.69 and 1.15gN.L™!, in the
same order of digesters. When compared to the average experi-
mental data for this parameter, presented in Table 2, simulated
values presented good performance, with average differences not
higher than 12%. This indicated that the model was also able to
predict the effect of thermal pretreatment on the increase of
ammonium in the effluent.

In overall, it can be observed in Fig. 3 that the differences in
operation conditions for each digester, regarding the application
of pretreatment and reduction of HRT, were correctly represented
by the model. Increases in the values mainly of the disintegration
coefficients of the ADM1, as well as the solubilization of COD pro-
moted by the thermal pretreatment, coupled to the increased flow
rate applied to the model (for digester B only) were assumed to be
responsible for those distinct behaviors. The changes in CH,4 pro-
duction levels are evident when comparing digester A (Fig. 3a)
and C (Fig. 3¢), and even more when considering the high CH,4 pro-
duction of digester B (Fig. 3b), and the simulations were able to fol-
low closely those tendencies. In respect to the accuracy of the
model considering the average CH, production, Table 4 shows
the high quality of the predictions in both phases, with average
overestimations (or underestimations) lower than 15%, and as
low as 1.1%. This clearly demonstrates that the procedures and
considerations used to perform the simulations with the calibrated
model were successful in predicting the behavior of the three
digesters.

3.4. Thermal pretreatment and HRT assessment

The effect of the thermal pretreatment and changes in HRT on
the performance of digesters A, B and C were assessed using the
accumulated CH4 production curves throughout the whole opera-
tion period (not considering phase I), as shown in Fig. 4, both for
experimental data and simulation results. This was done to ac-
count for the global differences between each digester, regardless
of punctual variations of CH4 production, and a similar approach
was also reported by Photilangka et al. (2008).

It can be observed in Fig. 4a that the global accumulated CH4
production of digester A suffered a small increase of only 12%,
when compared to the control digester (C). As also discussed in
Section 3.1, this improvement is lower than expected, since other
studies obtained increases in CH4 production of 20-30% when
treating mixed sludge (Barjenbruch and Kopplow, 2003; Pérez-
Elvira and Fdz-Polanco, 2012), although there are reports of lower
increases in the range of 10-20% (Haug et al., 1978; Donoso-Bravo
et al., 2011b), which depend on experimental conditions, variabil-
ity of results and performance of digesters in each case. The
improvement in CH, production for digester A was more optimistic

Table 4
Comparison between experimental and simulated average methane production for the three digesters in phases II and III, as well as model’s overestimation in each case.
Phase II Phase III
A B C A B C
Experimental CH,4 production (L.d!) 104 £17 162 £ 29 89+20 120+£25 21957 117 +17
Simulated CH,4 production (L.d™') 119+ 14 185+ 36 9016 134+29 233+58 101+18
Overestimation (%) 144 14.2 1.1 11.7 6.4 -13.7¢

¢ Negative values mean that the simulation underestimated the parameter.
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Fig. 4. Experimental (a) and simulated (b) methane accumulated throughout the operation period (not considering phase I) for digesters A (- - -), B (--) and C (—). Upward
arrows represent the improvement in methane production between each pair of digesters.

according to simulation results (Fig. 4b), accounting for an
enhancement of 32.1% when compared to digester C, since overes-
timation was evident in some operation periods, such as the one
depicted in region (a1) (Fig. 3a).

When the accumulated CH,4 production of digester B is com-
pared with digester A, increases in this parameter were 83.6%
and 60.4%, for experimental data and simulation results, respec-
tively (Fig. 4). Those differences were affected by the results of di-
gester A, discussed above. Nonetheless, when digester B is
compared with the control, differences in CH4 accumulation were
accurately represented by the simulations, accounting for an
enhancement of 95.6% and 92.5%, for experimental data and simu-
lations results, respectively. These results show that reducing the
HRT from 20 to 10 days had a great effect on CH4 production,
and digester B could sustain such an increase in organic load
throughout the operation period. Although the flow rate is doubled
in this case, CH4 production does not double as well, due to the fact
that the anaerobic digestion process is limited under such HRT and
organic load, and the specific CH, yield (L.(gVSsq) ') is reduced. In
this context, Pérez-Elvira and Fdz-Polanco (2012) obtained an

increase in biogas production of 71.4% when reducing the HRT
from 17 to 9 days in digesters fed with a substrate similar to S1,
with a coupled decrease in the specific biogas yield from 652 to
607 L.(gVSseq) . The reported increase in biogas production is sim-
ilar to both the experimental (83.6%) and simulated (60.4%) in-
creases in CH4 production when comparing digesters A and B.
Considering the final amount of CH4 produced in each digester,
Table 5 shows that the model presented extremely high accuracy
for digesters B and C, with a slight underestimation of the accumu-
lated CH,4. Simulations related to digester A, however, presented

Table 5

Comparison between experimental and simulated total methane accumulation
throughout operation in phases Il and IIl for each digester, and overestimation of
the predictions.

A B C
Experimental CH4 accumulation (m?) 11.9 22.0 10.7
Simulated CH, accumulation (m?) 13.5 21.7 10.2
Overestimation (%) 134 -14° —4.7¢

¢ Negative values means that the simulation underestimated the parameter.
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less quality in this regard, with an overestimation of 13.4%. Never-
theless, those are acceptable levels of accuracy taking into account
the variability of operation. Therefore, results demonstrate the fea-
sibility and usefulness of using the ADM1 under the studied condi-
tions to predict the effects of both a thermal hydrolysis
pretreatment and the manipulation of HRT in the operation of
sludge digesters.

4. Conclusions

The results provided by the present study demonstrated the
feasibility and usefulness of using the ADM1 to predict and assess
the effects of both thermal pretreatment and changes in HRT in the
performance of sewage sludge digesters. The calibration results,
obtained via BMP assays, showed an important increase in the dis-
integration step, caused by the pretreatment, and the validation of
the calibrated model presented good accuracy even considering
operational variability, with under/overestimation of both average
and accumulated CH4 production lower than 15% in all cases.
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