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1. RESUMEN






EVALUACION DEL POTENCIAL COMO BIOCOMBUSTIBLES
DE ESPECIES DESARROLLADAS EN SUELOS
CONTAMINADOS

1. Resumen

La demanda mundial de produccion de energia primaria aumenta cada vez més, con un
crecimiento esperado del 1,4 % anual hasta el 2035 (Pimentel et al., 2017). También
en el ambito del transporte se espera que en 2030 el uso de la energia sea
aproximadamente un 50 % superior al ocurrido en la década de los 90. Para hacer frente
a la creciente demanda de produccion de energia y, al mismo tiempo, abordar los
problemas de proteccion del medio ambiente, la Union Europea ha fijado dentro de la
“Estrategia Europa 2020 el objetivo de aumentar la proporcion de energias renovables
al 20 %. Todo ello ha llevado a la necesidad de intervenir con medidas apropiadas para
alcanzar objetivos econémicos, sociales y medioambientales, como por ejemplo la
reduccion del consumo de combustible y electricidad, la contencién de las emisiones a
la atmosfera de gases de efecto invernadero (dioxido de carbono, metano, 6xido nitroso
y varios hidrocarburos), la mejora de la calidad ambiental en los centros urbanos, etc.
La busqueda de medidas efectivas para la mejora del medio ambiente se dirige hacia la
sustitucion progresiva de los combustibles fdsiles tradicionales por los de origen
bioldgico: materiales y residuos de origen agricola y ganadero como residuos vegetales
y estiércoles de animales, también subproductos de la industria agroalimentaria, y

residuos urbanos.

Mediante la fitoestabilizacion, el establecimiento de una cubierta vegetal autoctona y

autosuficiente sobre suelos contaminados podria reducir el riesgo de una transferencia
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incontrolada de contaminantes al medio ambiente, promoviendo la remediacion de los
suelos contaminados y al mismo tiempo, estos procesos pueden proporcionar biomasa
vegetal util para la produccion de (bio)energia. Esto puede considerarse una opcion
adecuada y respetuosa con el medio ambiente para lograr la cuota de energia renovable

deseada.

El objetivo de esta Tesis fue proporcionar informacion relevante, actualizada y util
sobre el potencial de produccidn de bioenergia de las especies vegetales que se utilizan
para la remediacion de suelos mediante la fitoestabilizacion de suelos contaminados

con elementos traza. Los objetivos parciales fueron:
- Revisar las principales técnicas de produccién de energia;

- Determinar las caracteristicas de las especies vegetales utilizadas para los diferentes

bio-combustibles;

- ldentificar especies vegetales nativas con caracteristicas compatibles con la
produccién de bioenergia que, al mismo tiempo, puedan tolerar altos niveles de

metales pesados y metaloides en los suelos donde se cultivan;

- Revisar el potencial de las especies vegetales que crecen espontdneamente en sitios
contaminados para la remediacion de suelos contaminados mediante fitoextraccion y

fitoestabilizacion;

- Determinar el potencial de produccion térmica y de biogés de biomasa vegetal a partir
de suelos contaminados con elementos traza para definir su utilidad para la

produccién de bioenergia.

El trabajo que se presenta en la presente memoria de Tesis Doctoral se divide en tres

partes:

1. Revision de las caracteristicas quimicas y bioenergéticas de los biocarburantes,
las principales técnicas y procesos para su produccion, asi como las
caracteristicas de las distintas materias primas;

2. Recopilacion de las técnicas naturales para la recuperacion de suelos

contaminados con elementos traza, centrada en la fitorremediacion;



Resumen

3. Evaluacion de las caracteristicas quimicas y fisicas de la biomasa de plantas
autoctonas que crecen espontaneamente en suelos altamente contaminados por
elementos traza debido a la actividad minera, centrado especificamente en la
zona de Cartagena-La Unidn, y su potencial uso para la produccion de

bioenergia (combustion y digestion anaerobia).

Hasta la fecha, la mayor parte de las investigaciones se han centrado en la obtencion
de biocombustibles de primera generacion, en particular: bioetanol (alcohol etilico),
producido a partir de residuos y cultivos de alto contenido en azlcares, almidon y
lignocelulosa; biodiesel, como un producto del procesamiento de los aceites vegetales
obtenidos del cultivo de girasol, canola, soja y otros cultivos oleaginosos; biogas,
combustible gaseoso mezcla de metano y COz, obtenido de la fermentacion de residuos
organicos de origen animal y vegetal. Los biocombustibles de segunda generacion
derivan de la conversion de biomasa lignocelulésica a traves de la gasificacion y la
conversion de la celulosa en azlcares. Las ventajas de estos biocombustibles estriban
en la facilidad para disponer de las materias primas y las bajas emisiones de gases de
efecto invernadero que causa la obtencién de las mismas, claramente inferiores a las
producidas por los biocombustibles de primera generacion. De hecho las plantas
herbaceas perennes como el Miscanthus, utilizadas para biocombustibles, pueden
cultivarse en suelos pobres en nutrientes no aptos para cultivos agroalimentarios; este
tipo de plantas tiene un bajo impacto ambiental debido a la mayor absorcion de COz y
menor uso de fertilizantes en el cultivo (emisiones GHG en g Ceq MJ™): Maiz 2,08,
Mischanthus 0,512; Rowe et al., 2009).

Biocombustibles de primera generaciéon

El término “biocombustible” se refiere a un combustible en estado liquido o gaseoso
obtenido a partir de biomasa (Demirbas, 2009). Tradicionalmente, el uso de
biocombustibles se ha vinculado al sector del transporte, para vehiculos de motor, en
sustitucion de combustibles fosiles. Sin embargo, recientemente se ha producido una
rapida expansion en la produccién y aplicacion de biocombustibles para la generacion
de energia eléctrica y térmica, y en particular, para la cogeneracion. Por lo tanto, el
concepto actual de biocombustible ha superado el vinculo con el sector del transporte

y se ha dado mas énfasis a otras aplicaciones. Biocombustibles de primera generacion
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se producen con el uso de tecnologias convencionales, como extraccion, fermentacion
o simples métodos fisicos de prensado, a partir de azlcares, almidones, semillas
oleaginosas o grasas animales (Tablas 1,2). Por ejemplo, biodiésel a partir de aceites
vegetales puros; bioetanol producido a partir de cereales y materias primas azucaradas;
bio-ETBE (etil terc-butil éter) producido a partir de bioetanol y biogas de sistemas de
digestion anaerobia (AD). Su produccidon y aplicacion ya existe, siendo los principales
mérgenes de mejora la reduccion de los costes de produccién, la optimizacién del
balance energético, el aumento de los rendimientos energéticos de los motores, y el
aumento del porcentaje de uso en mezclas con combustibles fosiles. Sin embargo, la
produccidn de biocombustibles de primera generacién es limitada porque podria tener
un efecto negativo sobre la biodisponibilidad y disponibilidad de alimentos, ya que las

materias primas utilizadas también son recursos alimentarios.

Tabla 1. Biocombustibles de primera generacion.

Biocombustibles Composicion  Proceso de obtencion Materias primas Referencias
Biodiesel Mezcla de Extraccion de aceites de Cultivos de semillas Naik et al. (2010)
ésteres semillas oleaginosas, oleaginosas: girasol, Rowe et al. (2009)
metilicos refino y conversién colza, sojay aceite de  Cenci¢ et al. (2007)
quimica palma Van Gerper (2007)
(transesterificacion)
Bioetanol Alcohol etilico  Fermentacion de los Sacariferos: Naik et al.(2010)
azUcares presentes en la remolacha azucarera,  Rowe et al. (2009)
biomasa cafia de azlcar, sorgo  Chiaramonti (2007)
azucarado.
Almidon: maiz.
Lignocelulosa: sorgo
para biomasa.
Bio-ETBE Etil-terc- Compuesto organico bioetanol obtenidoa  Cencic¢ et al. (2007)
butil-éter derivado de alcoholes de  partir de biomasa o Wallace et al. (2009)

etilo e isobutilo

de la parte
biodegradable de los

residuos

Aceites vegetales

Extraccién mecanica.

Semillas oleaginosas

Cenci¢ et al. (2007)
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Tabla 2. Caracteristicas quimicas de los biocombustibles de primera generacion (Cenci¢

et al., 2007).
Caracteristicas  Biodiesel  Aceites vegetales Bioetanol Bio-
Girasol Colza Soja Palma ETBE
Valor calorifico 37 39,6 37,4 36,8 36,5 27 36
inferior (LHV)
(MJ kg)
Contenido de 11 10 10,4 10,3 11,5 35 16
oxigeno (%
peso)
indice de Yodo ~ 108,7 110-143 94-120 117-143  35-61 9 -
NUmero de 56 37 32-37,6 36-39 38-42 - -
Cetano
Numero de - - - - - 113 102
Octano
Punto de 160 274 246 254 - 12 -19
inflamacion
(°C)
Punto de -2 7,2 -3,9 -3,9 - -
enturbiamiento
°C)
Punto de flujo -9 -15,0 -31,7 -12,2 - -
°C)
Viscosidad (cSt) 5,1 (20°C) 37,1(38°C) 37(38°C) 285-326 83(38°C) 1,09 (38 °C)
(338 °C)
Estado Liquido Liquido Limpido Liquido Limpido Liquido Limpido
Apariencia Limpido Liquido Limpido Liquido Limpido Liquido Limpido
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Biocombustibles de segunda generacién

Los biocombustibles de segunda generacién representan una mejora adicional ya que
se obtienen de la biomasa lignocelulésica, e implican mayor grado de innovacion que
los procesos implicados en la generacion de aquellos de primera generacion. Se definen
como de “segunda generacion”, ya que muestran mejores caracteristicas y rendimiento
que los de los biocombustibles de primera generacion y, al mismo tiempo, requieren

soluciones tecnoldgicas y de procesamiento mas complejas y mejoradas.

Los biocombustibles de segunda generacion (Tablas 3,4) se pueden obtener por
procesos de conversion termogquimica de biomasa: pirolisis y gasificacion. En ellos la
biomasa sélida se somete a un aumento progresivo de la temperatura, en ausencia
parcial o total de oxigeno, y se producen procesos termoquimicos importantes
(oxidacién, descarbonilacién o descarboxilacion), que originan combustibles sélidos
(ej. biochar o biocarbdn), liquidos (ej. bioaceite 0 biometanol) o gaseosos (ej. syngas,
biogds o biometano), que son la base para el desarrollo de la produccién de los
biocombustibles de segunda generacion. Los procesos a los que se somete la biomasa
durante el calentamiento progresivo son los siguientes: secado (150 °C), tostado (entre
150 °C y 270-280 °C), pirolisis (carbonizacion) (valores maximos de 550-600 °C), y
gasificacion (a temperaturas entre 600 °C y 1.500 °C).

Dentro de los procesos bioquimicos para la obtencién de biocombustibles se incluye la
digestion anaerobia para la produccion de biogas, que tras su purificacion
(deshidratacion, desulfurizacién, eliminacion de amoniaco, mercaptanos y material
particulado) y mejora (eliminacion de CO>) lleva a la produccion de biometano, con
caracteristicas similates al gas natural. Otros procesos bioquimicos son la fermentacion

alcoholica y la transesterificacion.

10
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Tabla 3. Biocombustibles de segunda generacion.

Biocombustibles Composicion Proceso de obtencion Materias primas Referencias
Syngas (o gasde CO, Hz, N2y Gasificacion Biomasa Murphy et al.
sintesis) CO2 (2004)
Biogas Mezclade CHs  Digestion anaerdbica Estiércol, biomasa de cultivos Braun (2007)
(biometano) y CO; energéticos, residuos de Naik et al. (2010)
cultivos, residuos de matadero y
de las industrias
agroalimentarias, lodo EDAR y
fraccidn organica de residuos
solidos urbanos
Biohidrdgeno Hidrégeno Fotofermentacion de Biomasa y/o la fraccion Kotay and Das
acidos organicos, biodegradable de los residuos (2008)
productos intermedios
de las vias metabdlicas
microbianas, mediante la
radiacion solar.
Bioaceite Aceite Pirdlisis de la biomasa Biomasa lignocelulésica Jahirul et al.
lignocelulésica (2012)
Vivarelli and
Tondi (2004)
Biometanol Metanol Gasificacion de la Biomasa lignocelulosica Cenci¢ et al.
biomasa y la conversion (2007)
catalitica de CO, y Hza Wakker et al.
temperatura 400 °C y (2005)
presion 40-80 atm.
Biodimetiléter Dimetil éter Gasificacion de biomasa Biomasa Cencic et al.
(bio-DME) lignocelulésica a (2007)
biometanol y su Wakker et al.
posterior conversion a (2005)
bio-DME
Bio-MTBE Metil-ter-butil- A partir de biometanol, Biomasa lignocelulésica Busch et al.
(metilterbutiléter) éter eleva el indice de octano (2012)

de la gasolina, sin
disminuir su densidad
energética y aumentar su

volatilidad.

11



Resumen

Biobutanol Butanol Fermentacion de Sacariferos: remolacha Yusoff et al.
azUcares por Clostridium azucarera, cafia de azlcar, sorgo  (2015)
acetobutylicum azucarado

Almidoén: maiz
Lignocelulosa: sorgo para
biomasa
FT-diésel Hidrocarburos Sintesis de Fischer- Biomasa Naik et al. (2010)

(FT-liquidos o sintéticos
biocombustibles

sintéticos)

Tropsch: gasificacion de
la biomasa
lignocelulosica,
purificacion y
acondicionamiento del
gas de sintesis producido
y conversion a

biocombustibles liquidos

Cencic et al.
(2007)

12
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Tabla 4. Caracteristicas quimicas de los biocombustibles de segunda generacion (Cencic et al., 2007; Murphy et al., 2004).

Caracteristicas Biogas Biohidrdgeno  Syngas Bioaceite  Bio- Bio-DME Bio-MTBE  Bio- FT-
Tipo de gasificador metanol butanol  diesel
aire  oxigeno vapor

Valor calorifico inferior (LHV) 23,3 10,05 4,2 10 12 18,5 19,5 28,3 35 36 42.9

(MJ kg)

Oxigeno (% peso) trazas - 45 34,7 35 18 22

Metano (% peso) 65 2-4 4-6 12,4 - - - -

CO2 (% peso) 40 14-17 25-29 17-19 - - - - -

H2S (% peso) 0,1 - - - - - -

Numero de cetano - - 0,2-1 0,7 2,5 10 5 57 - 17 74

Numero de octano - 130 - - 104,3 - 110 87

Temperatura de ebullicion (° C) -252 - - 65 -23 55 118

Punto de inflamacion (° C) - 585 - - 464 292 - 35 315

Estado gaseoso gaseoso gaseoso liquido liquido 0aseoso liquido liquido liquido

Apariencia gaseoso gaseoso gaseoso limpido limpido 0aseoso limpido limpido limpido

13
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El biogas se produce por digestion anaerdbica a partir de maltiples materias primas,
principalmente biomasa vegetal y residuos organicos. La digestion anaerobia produce
la degradacion y la estabilizacion de la materia organica compleja por la accion de los
microorganismos en ausencia de oxigeno, que conducen a la produccion del biogés rico
en CH4 y CO2 que se pueden utilizar como fuente de energia renovable para reemplazar
las fuentes de energia fosiles (Raposo et al., 2011). Las diferentes etapas del proceso
de digestion estan definidas por los diferentes microorganismos implicados en los
procesos bioquimicos que suceden: hidrolisis, acidogénesis, acetogénesis Yy
metanogénesis. Cada una de las etapas se lleva a cabo por microorganismos
especificos. La digestion anaerdbica se considera una fuente competitiva para la
produccion de energia renovable en términos de eficiencia y costo. Para evaluar la
biodegradabilidad anaerobia de un sustrato organico como materia prima en
biodigestién, se ha utilizado comunmente una prueba conocida como el potencial de
metano bioquimico (BMP) (Angelidaki et al., 2009). El interés actual por el uso de
diferentes sustratos organicos para la bioconversion anaerdbica esta creciendo a nivel
mundial, pero no hay referencias claras y comparables debido a los multiples factores
que influyen en el proceso de digestion anaerobia (o biometanizacion). Ademas, las
diferentes tecnologias varian significativamente los resultados de produccién de

biogés.

Algunos factores que afectan a la biodegradabilidad y, por lo tanto, a la produccion de
biogas, incluyen: la materia prima, el tipo y proporcion de indculo y las condiciones de
trabajo y tipo de bioreactor. En particular, con respecto a la materia prima, es
importante conocer las caracteristicas del sustrato, tales como humedad, sélidos totales
y sélidos volatiles, y especialmente de su materia organica, la presencia de polimeros
como celulosa, hemicelulosa y lignina, pero también otros compuestos como grasas,
fenoles, etc., que van a condicionar la degradacion microbiana, y por tanto definir su
potencial de generacion de biogas (Raposo et al., 2011). De hecho, la biodegradabilidad
esta limitada por la cristalinidad de la celulosa y el contenido de lignina (Nizami et al.,
2009) y la composicidon elemental. La relacion entre el tamafio de particula y la
biodegradabilidad todavia no se ha aclarado, pero para permitir una comparacion de
los resultados el tamafio de particula debe ser < 10 mm, y la concentracion de sélidos

totales < 10 % (Hansen et al., 2004). En cuanto a la influencia del in6culo depende

14
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principalmente de seis factores: origen/fuente, concentracion, actividad, pre-

incubacion, aclimatacidn/adaptacion y preservacion (Raposo et al., 2011).

La denominada co-digestion se ha desarrollado para mejorar la eficiencia en la
produccion de biogés y ademas para introducir en el proceso sustratos de diferentes
origenes, principalmente aquellos considerados como residuos (por ejemplo, residuos
agricolas, estiércol de animales, residuos agroindustriales, cultivos especializados). En
co-digestion, los diversos materiales se mezclan en proporciones adecuadas para
aumentar la degradabilidad y, por lo tanto, la eficiencia del proceso. Entre los cultivos
dedicados, ademas del ensilado de maiz tradicional, el sorgo azucarado y el triticale
parecen ser interesantes. Ademas, la rotacion de cultivos permite una mayor
flexibilidad de gestion y mejora la disponibilidad de sustratos durante todo el afio
(Cencic et al., 2007).

La biomasa vegetal para la produccion de biocombustibles ha evolucionado desde los
denominados cultivos energéticos (como el maiz) que compiten en recursos con la
produccion de alimentos, a biomasa forestal y hasta biomasa residual, como restos de
poda o residuos agricolas y agroalimentarios, e incluso biomasa de especies silvestres
procedentes de suelos no agricolas. Por ejemplo, el sorgo es una alternativa
prometedora en el sector de la bioenergia, gracias a sus caracteristicas agronomicas y
adaptabilidad a condiciones limitantes del suelo y del clima. En comparacion con el
eucalipto, por ejemplo, la produccion de materia seca de sorgo es de unas 40 t ha en
cinco meses frente a las 20 t ha™! en aproximadamente siete afios del primero (Pimentel
et al., 2017). Hay tres tipos agrondmicos de sorgo: sorgo de biomasa, que tiene un alto
rendimiento (alrededor de 30 t ha de tallo seco) y por esta razén son mas adecuados
para la generacion de biocombustibles solidos (es decir, combustion directa); sorgo
forrajero, cuya biomasa tiene un menor contenido de lignina en los tallos que otros
cultivos y, por tanto, es mas adecuado para la generacion de biocombustibles liquidos;
y sorgo de azUcar, a partir del cual se produce bioetanol de segunda generacion en
rendimentos similares a los de otros cultivos de biomasa como la remolacha azucarera,
el maiz o la cafia de azucar. Por lo tanto, el sorgo tiene varios usos potenciales que
pueden ser explotados por el sector bioenergético, segin el grupo agronémico y parte

de la planta utilizada (Pimentel at al., 2017).
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Dentro de las especies con mayor futuro para la produccion de biocombustibles o
bioenergia se encuentra Arundo donax, o cafia comun. Es una planta herbacea perenne
de tallo largo, hueco y robusto que crece incluso en suelos relativamente pobres. Desde
su area de origen en la Cuenca del Mediterraneo y Medio Oriente, su distribucion se ha
expandido a regiones templadas y subtropicales de ambos hemisferios. Es una planta
hidrofita capaz de crecer en suelos ricos en agua. Los estudios han demostrado que
existen diferencias fenotipicas hereditarias entre los clones de A. donax en lo que
respecta, por ejemplo, al nimero, diametro y altura de los tallos (Cosentino et al., 2006;
Pilu et al., 2014). El uso de A. donax para la produccion de bioenergia se justifica no
solo por sus altos rendimientos de biomasa (37,7 t ha™!) sino también porque ha
demostrado su aplicacién en la produccion de bioenergia, tanto a través de la digestion
anaerobia con la produccion de biogés y mediante combustion directa de su biomasa.
Los estudios realizados por Corno et al. (2016) demostraron que A. donax puede
reemplazar efectivamente al maiz en los procesos de digestion anaerobia, reduciendo

los costos de produccion, tanto de biomasa como de electricidad.

Recuperacion de suelos contaminados

La segunda generacion de biocombustibles tiene la ventaja de poder producirse a partir
de biomasa lignocelulésica a coste cero, cuando dicha biomasa procede de residuos
agricolas, o de cultivos no alimentarios. Las nuevas tendencias en la obtencion de
biocombustibles se centran en biomasas generadas en los procesos de recuperacion de
suelos degradados o contaminados, evitando asi la competencia con los cultivos de

consumo alimenticio por los recursos naturales (suelo y agua).

El término suelo contaminado se refiere a todas aquellas areas en las que, como
resultado de las actividades humanas, se ha producido la alteracion de las
caracteristicas del mismo, y las concentraciones de compuestos o elementos toxicos
superan los limites legales. Los agentes potencialmente contaminantes del suelo estan
fundamentalmente asociados a residuos derivados de actividades industriales, mineras,

agricolas y ganaderas. Los principales contaminantes de los suelos son:
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- Los metales pesados, se producen por deposicion atmosférica, la cenizas y escorias
de los procesos de combustion de carbén fosil o derivados del petrdleo, el aporte directo

de actividades agricolas, residuos industriales, urbanos y mineros;

- La acidificacion por la lluvia &cida, deposiciones himedas (agua de lluvia, nieve y
niebla) o secas (gases o particulas solidas) de la atmdsfera constituida principalmente

por SO y amoniaco, que proceden fundamentalmente de actividades industriales;

- La salinizacién, como el resultado de la acumulacion de sales solubles en la superficie
del suelo, que se refleja en un incremento en la conductividad eléctrica de la disolucién
del suelo con efectos adversos sobre las propriedades fisicas y quimicas del suelo, que

dificulta el crecimiento y la productividad vegetal;

- Los fitosanitarios, como plaguicidas, herbicidas, fungicidas y fertilizantes que se
utilizan para progeger los cultivos frente a plagas (insectos, hongos, nematodos,
malashierbas, etc.) y enfermedades, con frecuencia formulados con compuestos
organicos de dificil degradabilidad y con presencia de metales pesados o metaloides

cuya aplicacion excesiva o prolongada puede llevar a su acumulacion en el suelo;

- Los compuestos organicos persistentes dificilmente degradables en el suelo y las
aguas, como diversos tipos de hidrocarburos, fenoles, compuestos organicos volatiles

(COVYS), alcoholes, éteres, disolventes clorados, isocianatos, cianuros organicos, etc.

- Los contaminantes emergentes, como los productos farmacelticos y de cuidado
personal, productos veterinarios, plasticos, microplasticos, aditivos diversos o

nanoparticulas.

Las técnicas de recuperacion de suelos son muy variadas y dependen de un gran nimero
de variables, por lo que es una técnica especifica del sitio, tales como: el tipo de
contaminante y su concentracion, la profundidad de la contaminacion; las
caracteristicas del suelo como la composicion mineral, el pH del suelo o sus
caracteristicas quimicas; las condiciones ambientales e hidroldgicas de la zona; la

vegetacion.
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El problema de los suelos contaminados es muy relevante y adquiere una importancia
extremadamente alta en el campo del riesgo ambiental y la salud pablica. Las areas
sujetas a contaminacion y que, por lo tanto, necesitan recuperacion son muy numerosas
en Europa, e incluyen instalaciones de distribucion y almacenamiento de combustible,
areas artesanales e industriales, zonas mineras, vertederos ilegales y areas de depdsito
de residuos, etc. Estas areas son a menudo una fuente de contaminacién para el medio
ambiente circundante debido a la difusion de los contaminantes mediante la dispersion
de particulas de polvo, la lixiviacion y la erosion de los suelos (Rodriguez-Eugenio et
al., 2018). En Europa existen unos tres millones de sitios potencialmente contaminados,
pero no existe ninguna estimacion del tamario real de la contaminacion y sus efectos al
medioambiente. Se estima que existen mas de 137.000 km? que necesitan recuperacion
(Téth et al., 2016). En Espafia, la politica con respecto a la recuperacion de suelos
contaminados comenzd principalmente en la década de 1990. En la actualidad la Ley
22/2011, de 28 de julio, de residuos y suelos contaminados consistié en la transposicion
de la Directiva marco de residuos (Directiva 2008/98/CE). Esta ley fue modificada por
la Ley 5/2013 de 11 de junio en lo que respecta a la prevencion y control integrados de
la contaminacién. En la actualidad se encuentra en fase de consulta pablica un nuevo
anteproyecto de ley de Residuos y Suelos Contaminados del 02/06/2020, que pretende
transponer dos Directivas comunitarias: Directiva (UE) 2018/851 sobre los residuos, y
Directiva (UE) 2019/904, relativa a la reduccion del impacto de determinados
productos de plastico en el medio ambiente. La nueva Ley revisara y actualizara el

régimen juridico aplicable a los residuos y a los suelos contaminados.

La necesidad de descontaminar grandes extensiones de terreno se ve limitada por el
alto costo de las técnicas actualmente disponibles, normalmente procesos de ingenieria
quimica, invasivos y gque causan profundas alteraciones quimicas, fisicas y biologicas
en los suelos sujetos a recuperacion. A menudo el suelo ya no es adecuado para el
cultivo porque durante el proceso de descontaminacion toda actividad bioldgica resulta
drésticamente afectada (Mancuso et al., 2004). Para superar estos problemas, se han
desarrollado alternativas mas baratas y respetuosas con el medio ambiente, como es la
fitorremediacion (o fitorrecuperacion), definido como el uso de plantas para el
tratamiento de matrices contaminadas (Salt et al., 1998; Raskin et al., 1999; Pulford
and Watson, 2003; Bonomao, 2005).
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La fitorremediacion se basa en la capacidad de algunas especies de plantas para
asimilar, acumular, inmovilizar y degradar contaminantes. Este método de
rehabilitacion explota la interaccion compleja entre el sistema de raices de plantas y los
microorganismos del suelo. La técnica se basa en los procesos naturales realizados por
las plantas, que incluyen: absorcion directa de metales y algunos compuestos
organicos; acumulacién o transformacion de las mismas sustancias quimicas por
lignificacion, metabolizacion o volatilizacion; uso de enzimas liberadas por las plantas
para catalizar la degradacion de compuestos organicos contaminantes; liberacion de
exudados en la rizosfera, que aportan carbono al suelo, modifican el pH y estimulan la

actividad microbiana para la degradacién de contaminantes.

De acuerdo con los diferentes mecanismos de accidn, es posible clasificar las diversas
técnicas de fitorremediacion en: fitoextraccion o fitoacumulacion, fitodegradacion o
fitotransformacion,  fitoestimulacion,  fitovolatilizacion,  fitoestabilizacion o
fitoinmovilizacion y rizofiltracién. La eleccion de las especies de plantas que se
utilizaran es una fase crucial en el desarrollo de una estrategia de fitorremediacion. El
uso de especies nativas del area a recuperar se aconseja especialmente, a fin de evitar
la alteracion del equilibrio existente en el ecosistema por la introduccion de especies
exoticas. La eleccion del tipo de fitotecnologia y por tanto de las expecies a utilizar
depende del tipo y grado de contaminacién y de los objetivos de recuperacion
(contencion, estabilizacion, aislamiento, asimilacién, reduccion, desintoxicacion o
degradacion de contaminantes). Dependiendo de estos objetivos, la definicion de la
estrategia de fitorrecuperacion no puede ignorar el conocimiento apropiado de las
caracteristicas del sitio desde el punto de vista edafolégico, climético e hidrolégico
(Bonomo, 2005).

La recuperacion de suelos contaminados por elementos traza (metales pesados y
metaloides) se presenta como un problema bastante complicado que enfrentar, debido
al hecho de que dichos elementos no pueden ser degradados, a diferencia de los
contaminantes organicos, y permanecen y se acumulan en el suelo (Wade et al., 1993).

La fitoextraccion de metales pesados consiste en la absorcidn de contaminantes a través
del sistema de raices y en la posterior translocacion dentro de la planta. Los

contaminantes concentrados en los tejidos de la planta se eliminan luego cosechando
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las plantas, o partes de ellas (Nardella, 2003; Lasat, 2002). La eficacia de la
fitoextraccion de una planta esta determinada por algunos factores: la produccién de
biomasa; el factor de translocacion; el factor de bioacumulacion (McGrath and Zhao,
2003). En cambio las plantas adecuadas para fitoestabilizacion requieren raices
profundas; y baja tasa de transferencia de los contaminantes desde las raices a las partes
aéreas (Rizzi et al., 2004). En el caso de la fitoestabilizacion o fitoinmovilizacion, las
plantas poseen un mecanismo de tolerancia mediante exclusion, evitando su entrada en
sus tejidos a nivel radicular, inmovilizdndolo en la rizosfera o reteniendo el

contaminante a nivel de raiz, limitando su transporte a la parte aérea.

Una de las limitaciones de los procesos de fitorrecuperacion es la eliminacion de la
biomasa generada, que sin embargo podria ser reciclada utilizando la para la
produccion de biocombustibles (Chaney et al., 1997; Kramer, 2005). Esto evitaria un
problema muy importante de riesgo de impacto ambiental como la eliminacion de
biomasa y la destruccion potencial y creciente del habitat y la biodiversidad, que
transformaria grandes areas agricolas y convertiria otras areas, como bosques o pastos,

en produccion de masa vegetal para biocombustibles.

La combinacion de la fitorrecuperacion con la produccion de biomasa para la obtencion
de biocombustibles esta siendo objeto de estudio en la actualidad, ya que permitiria
proporcionar un valor afiadido a la biomasa vegetal generada durante el proceso de
recuperacion, reduciendo los costes del mismo y a la vez promover los objetivos de

reduccién de combustibles fosiles y de incremento de la energia renovable.

La planificacion de una intervencion de fitorremediacion debe partir siempre de la
observacion directa del lugar y, sobre todo, de la investigacion de las especies presentes
de forma natural en el lugar, bien adaptadas a las condiciones climaticas y edafoldgicas,
y que han adquirido determinadas caracteristicas de tolerancia. La seleccion de plantas

debe tener en cuenta:

- Grado y profundidad de la contaminacion. Por ejemplo, la descontaminacion de
suelos contaminados superficialmente prefiere especies con sistema radicular

superficial, propio de cultivos herbaceos; mientras que para una contaminacion mas

20



Resumen

profunda se recomiendan especies con sistemas de raices profundas mas desarrolladas

como las plantas arboreas (Gomez et al., 2019);
- Mecanismos de respuesta fisioldgica y tolerancia a la contaminacion de las plantas.

Las especies de plantas que son particularmente adecuadas para vivir en suelos con un
alto contenido de metales pesados se denominan metalofitas. Las especies de plantas
se pueden dividir en tres tipos generales en funcidon de su respuesta frente a los

elementos traza (ET, metales pesados y metaloides) (Baker, 1981):

e especies acumuladoras, las cuales asimilan los ET del suelo y los concentran en
las partes aéreas de las plantas;

e especies indicadoras, aquellas en las que la absorcion y el transporte de ET
desde las raices a la parte aérea esta controlada y la concentracién interna (en
la planta) refleja la concentracion externa (en el suelo);

e especies exclusoras, las cuales mantienen las concentraciones de ET en la parte
aérea (tallos y hojas) en valores bajos y constantes, incluso en presencia de altas
concentraciones en el suelo, hasta que se alcanza el valor critico por encima del
cual el mecanismo de control se sobrepasa y se produce una entrada ilimitada
del contaminante que provoca toxicidad y muerte. Estas especies tienden a
acumular ET en las raices y limitan el transporte a las partes aéreas (Ali et al.,
2013).

La capacidad de las plantas para extraer ET del suelo y transferirlas a sus tejidos se
puede evaluar a través de varios parametros: el factor de bioconcentracion (BCF), como
la relacion entre la concentracion total de ET en los tejidos vegetales (parte aérea o
raices cosechables) y la en la matriz o suelo (Conesa et al., 2007), en formas totales o
solubles (Mench et al., 2010); la tasa de acumulacion (RA), como el contenido total de
ET en los tejidos durante el periodo experimental (Mench et al., 2010); la raz6n de
translocacion (TR; también llamado factor de translocacion; Conesa et al., 2007),
indica la relacién entre la concentracion total de ET presente en las partes aéreas con

respecto a la presente en las raices (Mench et al., 2010).
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Hasta la fecha, se han identificado alrededor de 400 especies hiperacumuladoras, en su
mayoria de las familias de Caryophyllaceae, Cyperaceae, Poaceae, Fabaceae,
Chenopodiaceae, Asteraceae, pero especialmente Brassicaceae (como Thlaspi
actualmente Noccaea y Alyssum). Por ejemplo, Arabidopsis halleri acumula Cd (> 100
mg kg?') y Zn (> 20.000 mg kg?; McGrath et al., 2006) y Thlaspi (Noccaea)
caerulescens acumula Zn (hojas 100-300 mg kg?; tallos 10.023-25.561mg kg; raices
3.307- 4.269 mg kg), Pb (tallos 4.409-4.706 mg kg*; raices 14.485-51.156 mg kg™)
y Cd (tallos 425-1.006 mg kg; raices 174-340 mg kg™) (Assuncéo et al., 2003; El
Kheir et al., 2008).

Las plantas de gran biomasa pueden ser Utiles para la fitoextraccion asistida o inducida.
Por ejemplo, en Brassica juncea, Helianthus annuus y Zea mays se observé un aumento
significativo en la translocacion de Pb a las partes cosechables de la planta tras la
adicion de KoEDTA al suelo (Magistrelli et al., 2002). En particular, bajo estas
condiciones, B. juncea mostré una acumulacion de Pb en las partes aéreas con valores
de hasta 1,5 % de biomasa seca (Huang and Cunningham, 1996; Huang et al., 1997,
Blaylock et al., 1997). Al finalizar el proceso de recuperacion mediante fitoextraccion
inducida, es importante planificar el manejo de la biomasa vegetal producida,
evaluando el método de disposicion mas adecuado en relacion al tipo y concentracion
de contaminantes presentes y los requisitos normativos sobre residuos. Para la
fitoinmovilizacion vy la fitoestabilizacion, los contaminantes permanecen retenidos en
el sistema radicular y la rizosfera, con un transporte reducido de las raices a las hojas.
Las especies candidatas a realizar fitoestabilizacion deben presentarse como
excluyentes o exclusoras de ET, con un BCF y un TR <1 (Mench et al., 2010; Mendez
and Maier, 2008), con el fin de minimizar la translocacion a las partes aéreas y la
difusiéon en el cadena alimentaria. Estas plantas tienen la capacidad de inmovilizar
contaminantes en el suelo mediante mecanismos de absorcion y acumulacion dentro de
las raices, adsorcion en la superficie radicular, precipitacion en la rizosfera y ademas

promueven la estabilizacion fisica del suelo (Suthan Suthersan, 2002).

Utilizacion de especies fitorremediadoras para la produccidon de bioenergia

La capacidad como biocombustible de especies de plantas desarrolladas en suelos

contaminados se evalu6 en condiciones de laboratorio. El objetivo del estudio fue
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identificar las especies vegetales nativas que tienen caracteristicas adecuadas para la
produccidn de bioenergia bien mediante combustién o mediante digestion anaerobia y
que, al mismo tiempo, pueden tolerar altos niveles de metales pesados y metaloides
para su utilizacion en la recuperacion de suelos contaminados mediante las tecnologias

de recuperacion mas prometedoras: la fitoextraccién o la fitoestabilizacion.

Para ello se recogieron diferentes especies de plantas completamente desarrolladas, que

crecen espontaneamente en la Sierra Minera de La Unién - Cartagena, como:

Arundo donax L. (Poaceae), Phragmites australis L. (Poaceae), Piptatherum
miliaceum L. Coss. (Poaceae) y Foeniculum vulgare Mill. (Apiaceae) de la rambla de
El Gorguel (Cartagena); Dittrichia viscosa L. (Asteraceae), Atriplex halimus L.
(Chenopodiaceae), Bituminaria bituminosa L. Stirton (Fabaceae) y Zygophyllum
fabago L. (Zygophyllaceae) de El Llano del Beal (Cartagena).

Las plantas se caracterizaron quimicamente respecto a: concentracion de macro y
micronutrientes y elementos traza por ICP-OES tras digestion acida en microondas
(Tablas 3.1y 3.2 del Capitulo 3).; sélidos totales (ST) y volatiles (SV); concentracion
de lignina y holocelulosa (como suma de celulosa y hemicelulosa); analisis elemental
de N, C, S, H; y carbohidratos solubles (Tablas 3.5 y 3.6 del Capitulo 3).

Mediante el analisis elemental se calcul6 el valor calorifico superior (HHV) para
determinar su capacidad de generar energia mediante combustion (MJ kg™?). Se realiz6
un experimento de digestion anaerdbica para determinar el potencial de generacion de
biogas y el BMP.
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Tabla 5. Composicion quimica de las plantas utilizadas en los experimentos (valores medios £ se, n = 2).

Plantas Cenizas Solidos volatiles Holocelulosa Lignina Carbohidratos HHV
(%) (%) (%) (%) solubles (MJ kg?)
(g kg™ dw)

D. viscosa 7,03+0,02 ¢ 90,82+0,16 b 50,94+721bc 26,96+0,72a 54,85 + 2,95 bc 17,96 + 0,03 ¢
A. halimus 14,25+ 0,14 b 84,14+ 0,05¢ 62,11 +5,73abc 22,40+ 0,23 b 12,40+ 0,40 f 16,03+ 0,04 e
B. bituminosa 5,31+ 0,06 ¢ 93,19+0,02a 65,19+ 0,57abc  20,09+045bc 26,50 + 0,80 ef 17,62+ 0,04 d
Z. fabago 16,28 + 0,31 a 80,57 +0,57d 48,58 £ 6,07 c 17,08+0,92¢c 35,15+ 0,95 de 15,66 £ 0,01 f
A. donax 6,26 +0,19 ¢ 93,74+0,19a 68,23+ 0,59 abc 20,92 + 1,67 bc 83,85+3,15a 18,75+ 0,00 a
P. australis 6,81+0,45¢c 93,19+ 0,45a 72,32 + 056 a 20,87 £ 0,55 bc 49,50 + 0,01 cd 18,49 +0,01b
P. miliaceum 7,09+0,61c 92,92+ 0,60 a 7242+065a 18,42+0,33bc 44,15+ 3,05 cde 17,87 +0,03 ¢
F. vulgare 6,92+0,33¢C 93,08 +0,33 a 70,98+ 0,38ab 19,59 + 0,33 bc 69,35+ 7,35 ab 17,89+ 0,08 c
ANOVA Fkk Fkk *x *% Fkk Fhx

** y*** significativo a P < 0,01 y 0,001, respectivamente. Valores seguidos por la misma letra en cada columna no difieren significativamente

de acuerdo al test de Tukey a P < 0,05.
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Tabla 6. Resultados de la degradacion anaerobia de las plantas y pardmetros del ajuste al modelo cinético de primer orden (media + se; n=2).

Plantas Bm Bo Kd BMP TBMP Biodegradabilidad
(mL g'SvVv) (mL g'sV) (h?) (ML CH4g*SV) (mL CH4g*SV) anaerobica (%0)

D. viscosa 180,9 + 3,6 bc 182,2 +5,0 bc 0,012 +0,001 bc  131,2+3,6 bc 4979 + 26,6 26,4+ 0,7 bcd

A. halimus 116,6 + 10,7 ¢ 1199+ 14,8¢ 0,012+ 0,004 bc  86,0+10,4 C 576,5+ 30,6 151+29c

B. bituminosa 2244+ 32 ab 239,2+ 0,6 ab 0,011+0,001 bc 177,6+1,1ab 525,3+6,2 33,8 +£0,2 abc

Z. fabago 173,8+2,5bc 184,0+0,1 bc 0,025+0,001a 130,6+0,04 bc 514,7+ 39,9 255+20cd

A. donax 2614+15a 3159+ 255a 0,006 £0,001 bc  227,4t18,4 a 517,1+ 9,8 439+27a

P. australis 2345+9,6 ab 307,0+236a 0,004 +0,001c 218,0+16,8a 533,5+ 9,3 40,8+ 2,4 ab

P. miliaceum 2775+269a 292,3 + 38,8 ab 0,015+ 0,003ab 204,6+27,2 ab 518,9+ 2,7 39,5+ 5,5 abc

F. vulgare 2115+ 16,1ab 219,4 +15,3 abc 0,008 +0,0002 bc  154,6+108 abc 5243+ 2,0 29,5+ 2,2 abcd

ANOVA — >k >k ok Ns ok

** y *** significativo a P < 0,01 y 0,001, respectivamente. Ns = no significativo. Valores seguidos por la misma letra en cada columna no difieren

significativamente de acuerdo al test de Tukey a P < 0,05.
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Resultados y conclusiones

Las diferentes técnicas para obtener bioenergia requieren diferentes caracteristicas en
la biomasa vegetal. Por ejemplo, en combustion directa, la biomasa debe tener un bajo
contenido de agua (< 10-12 %) y cenizas y una alta concentracion de lignina. De las
plantas estudiadas, A. donax y P. australis poseen caracteristicas adecuadas (bajos
valores de cenizas y altas concentraciones de lignina) para generar energia térmica
mediante combustidn, con altos valores de HHV, aunque inferiores a los del carbon
(22,7 MJ kg'; Boundy et al., 2011), pero similares a los valores de residuos forestales

y de poda de arboles (15,4 y 19,5 MJ kgl respectivamente; Boundy et al., 2011).

Los materiales mas adecuados para la produccién de biogas a través del proceso de
digestion anaerobia son aquellos con un alto contenido de materia orgénica. La
produccion de biogds y el potencial de produccion de biogds obtenido en el
experimento de digestion anaerobica fueron generalmente bajos para todas las especies
de plantas en comparacion con los reportados para cultivos energéticos como el maiz
(345 mL g* en toda la planta), y también para otras especies herbaceas, como la ortiga
(210-420 mL g, raygras (360 mL g) o girasol (454 mL g en toda la planta) (Amon
etal., 2007; Braun, 2007; Raposo et al., 2011). Solo los valores de Bo para P. miliaceum
y A. donax se acercaron a los reportados previamente por Bernal et al. (2019) para
especies utilizadas en fitorrecuperacion. Los valores de BMP son mayores para las
especies de A. donax (227,4 mL g1), P. australis (218,0 mL g1) y P. miliaceum (204,6
mL g1), con valores cercanos a los encontrados para los residuos solidos derivados de
extraccion de aceite de girasol (entre 107 y 227 mL g'; Raposo et al., 2008), y del silo
de maiz, cardo y sorgo (267, 308 y 241 mL g7, respectivamente; Kalamaras and
Kotsopoulos, 2014). Pero, los valores obtenidos de las partes vegetativas aéreas de S.
marianum (174 mL g %) y H. annuus (119 mL g*) por Hunce et al. (2019) se pueden

comparar con los resultados menores obtenidos en este estudio.

La BMP tedrica (TBMP) tuvo valores entre 497,9 mL g (D. viscosa) y 576,5 mL g
(A. halimus), dando una biodegradabilidad anaerébica promedio entre 15.1 % (A.
halimus) y 43.9 % (A. donax). Solo los resultados obtenidos para A. halimus, Z. fabago,
D. viscosa y F. vulgare son inferiores a los resultados encontrados para restos de poda

y madera, también para biomasa de plantas silvestres y restos de cultivos (32,7 - 44,9
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%) (Triolo et al., 2012), mientras que para el resto de especies se obtuvieron valores
similares o incluso superiores. La baja degradabilidad encontrada para A. halimus y D.
viscosa se puede asociar con el mayor valor de lignina obtenido para la misma especie
en comparacion con las otras (22,4 y 27,0 % respectivamente). Las especies P.
miliaceum, P. australis y A. donax son las especies con mejores perspectivas para la

produccidn de biogas.

Los datos experimentales considerados en este estudio mostraron que la concentracion
de ET en las plantas de los suelos mineros no afectd la produccion de biogés, ni la
produccién de energia térmica segun el poder calorifico superior. Los resultados
obtenidos en la matriz de correlacion mostraron que la degradacidén anaerdbica no
estuvo influenciada por la presencia de ET en las plantas (no existieron correlaciones
significativas entre los parametros de digestion anaerdbica y las concentraciones de ET
en las plantas; datos no mostrados). Si bien la acumulacion de Pb afectd negativamente
la degradacion anaerébica de la biomasa de N. glauca (225-231 mg Pb kg dw), y por
tanto la produccion de biogas (Bernal et al., 2019). Sin embargo, la concentracién de
Pb en las plantas estudiadas no alcanz6 tales niveles para afectar negativamente la
degradacion anaerdbica de la biomasa vegetal. Algunos ET han mostrado efectos
positivos en la digestion anaerdbica (Demirel and Scherer, 2011); sin embargo, por
encima de ciertas concentraciones se vuelven inhibitorias o toxicas (Zhang et al., 2003).
Las concentraciones de ET determinadas en las plantas fueron todas inferiores a esos
valores (concentraciones de ET toxicas en las plantas para digestion anaerobica: Cd
180, Cu 40, Zn 100 y Pb 30 mg kg*'; Bozym et al., 2015) excepto para Zn.
Probablemente, el aporte de ciertos micronutrientes, como Fe y Mn, podria haber
estimulado efectos positivos sobre el crecimiento de casi todo tipo de microorganismos

en los digestores anaerdbicos (Mudhoo and Kumar, 2013).

Por tanto, las especies mas adecuadas para la produccion de biogas parecen ser las de
la familia Poaceae, y fue la presencia de altas concentraciones de Mg y Na en las plantas
(partes aéreas) lo que condiciond la produccion de energia como biogas por digestion

anaerébica.

Ademas, las correlaciones positivas entre los valores de HHV y la produccion de biogas

sugieren que las especies investigadas pueden utilizarse ventajosamente en general para
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la fitorremediacion de suelos contaminados con ET y luego utilizarse como biomasa

para la produccion de energia térmica o biogas.

Por tanto, las especies P. miliaceum, P. australis y A. donax son las que poseen mejores
perspectivas para la produccion de biogas. Sin embargo, D. viscosa y A. halimus tienen
caracteristicas mas adecuadas para la obtencion de bioenergia mediante su combustion
directa en lugar de biotransformacién anaerobia en biogéas, debido a su bajo contenido
en cenizas y alta concentracion de lignina. No obstante, la presencia de elevadas
concentraciones de Na y Mg concentrations en A. halimus puede limitar su utilidad en

combustion.
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2. GENERAL INTRODUCTION
2.1. The use of plant biomass for bioenergy production.

The global demand for production of primary energy is continuously increasing.
Consequently, the need to intervene with appropriate measures has arisen in order
to achieve economic, social and environmental objectives such as the reduction of
fuel and electricity consumption, the containment of atmosphere emissions of
greenhouse gases (carbon dioxide, methane and other hydrocarbons) and the
improvement of environmental quality in urban centers. In order to meet the
growing demand for energy and at the same time address environmental protection
issues, the European Union has set itself the goal of increasing the share of

renewable energy to 20%, among other objectives of the Europe 2020 Strategy.

The search for efficient measures for the overall improvement of the environment
is oriented towards the replacement of traditional fossil fuels by the production of
bioenergy (also called green energy). In fact, the different materials and biomass
obtained from specific agricultural production and / or plant residues, have physico-
chemical and biological characteristics of interest for their use as renewable energy
sources. To date, the largest number of investigations and results have focused in
first generation biofuels, in particular: bioethanol (ethyl alcohol), produced from
residues and crops of sugar, starch and lignocellulose; biodiesel, as a product of oil
processing vegetables obtained from the cultivation of sunflower, canola, soybeans
and other oilseed crops; biogas, a gaseous fuel made of a mixture of methane and
CO», obtained from the fermentation of animal and vegetable waste and organic
waste. The second generation biofuels are derived from the conversion of biomass
through gasification and the conversion of cellulose into sugars. The advantages of
these biofuels are the ease of availability of raw materials and the fact that
greenhouse gas emissions in obtaining raw materials, are clearly inferior to those

of the first biofuels generation (Grippi et al., 2020).
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The first chapter of this Thesis (Chapter 1) consist of a review of the existing recent
and relevant literature on this regard, with the aim to provide an overview of the
chemical and bioenergetic characteristics of biofuels, the main techniques and
processes employed for their production, and the characteristics of the different

feedstock materials, especially potential energy crops.

2.2. Phytoremediation of contaminated soils: potential for bioenergy

production.

Soil pollution is a current major global problem due to the associated risk for both
the environment and the public health that it confers. The term pollution generally
refers to all the alterations caused in the environment due to the release of harmful
substances (so-called contaminants) into the atmosphere, water and soil. Pollution
is associated to both the intrinsic toxicity of the contaminant and the release of
quantities exceeding the natural self-purification capacity of ecosystems. As a
result, the soil physical, chemical and biological characteristics are modified in such
a way that is unfavourable to the life of plant and animal organisms (including
humans). Anthropogenic pollution is caused by the release of contaminants from
different origin: urban biological wastes, agricultural residues or by-products (use
of fertilizers and pesticides, animal manure) and industrial activities (mining,
production of energy and consumer goods, etc.). The areas that need to be
decontaminated include, therefore, fuel distribution and storage sites, craft and
industrial areas, mining areas, illegal landfills, waste disposal areas, etc. These areas
are often a source of pollution for the surrounding environment due to the spread of
pollutants through the dispersion of dust particles, leaching and soil erosion

(Rodriguez-Eugenio et al., 2018).

In Spain, the policy regarding the recovery of contaminated sites began
substantially in the 1990s. In 1995, the Ministry of the Environment approved the
National Recovery Plan of Contaminated Soils (1995-2005), which establishes a
series of objectives in management matters and a joint financing mechanism with
the Regional Governments, constituting the general framework for the recovery of
contaminated sites. In 1998, the Spanish Law on Waste (Ley de Residuos) was
approved (Law 10/1998, of April 21, on Waste), and then the law of July 28, 2011
that applies to all types of waste, with the exception of polluting emissions into the
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atmosphere, radioactive waste and discharges into waterways. One of the
fundamental principles of the law was the introduction of a policy of “prevention”
of waste, regulation of the production phase and market introduction of products
that, once used, generate residual materials.

The Regional Governments must also maintain an inventory of “contaminated
soils”, implementing all the necessary procedures for their recovery. In 2005, the
implementing regulation was adopted, Royal Decree 9/2005 of January 14, which
describes the list of potentially polluting activities in the soil and the criteria and
standards for the declaration of contaminated soils (still in effect). The decree uses
the category of generic levels of reference (GRLs), among which is the
concentration of a contaminant in the soil that does not pose a higher risk than the
maximum acceptable risk to human health or for ecosystems. From the GRLs, the
Regional Governments may decide to declare a site contaminated in case the GRLs
are exceeded or request to run a site-specific risk analysis. But nevertheless, may
consider the potential risk low enough not to require more actions. The decree takes
into consideration three types of use of the land: industrial, residential and natural.
For all three types, different exposure scenarios are considered. In particular, for
the three types human-related factors are considered, while only for the third

typology the ecosystem is taken into consideration.

In 2009, the National Integrated Waste Plan was approved for the period 2009-
2015, part of which is dedicated to contaminated soils. Subsequently, the Law
22/2011, of July 28, on Waste and Contaminated Soils transposes to the Spanish
legislation the EU Directive 2008/98/EC on waste, with which has established a
comprehensive legal framework in the field of management of waste. The Law
22/2011, which at the same time repealed the previous legislation of 1998, has
oriented the waste policy with the principles of maximizing the use of resources, on
the one hand, and on the other, minimize the environmental impact, by introduction
of measures for the prevention, reuse and recycling of waste, and the promotion of
scientific and technological innovation that allows reduce the emission of harmful

gases into the atmosphere.

Currently, there are about three million potentially contaminated sites in Europe

and over 137,000 km? require remediation (T6th et al., 2016). However, the need
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of decontaminating large areas is hampered by the high cost of currently available
techniques, usually invasive processes that cause profound chemical, physical and
biological changes in the soils subject to recovery (Mancuso et al., 2004). To
overcome these problems, research has focused on cheaper and more
environmentally friendly alternative methods such as phytoremediation (or
phytodepuration), defined as the use of plants to treat contaminated matrices (Salt
et al.,, 1998). The selection of the plant species is crucial for successful
phytoremediation, as the plants should be able to tolerate contaminants, and to be
adapted to the soils and climatic conditions of the area. The cultivation of
lignocellulosic biomass crops (mainly native species) in contaminated soils for both
phytoremediation and bioenergy production has numerous advantages such as
(Bernal et al., 2019): reduction in the competition with food production for
bioenergy; low consumption of natural resources (soil and water); compliance with
conservation objectives and environmental protection; increased food safety;
replenishment of soil C reserves; improvement of soil health; low or zero cost of
funding; as well as to avoid the introduction of foreign species into the soil
ecosystem to be remediated.

Detailed information regarding soil contamination, remediation alternatives and the
use of plant biomass coming from phytoremediation experiments for the production
of bioenergy is provided in the second chapter of the Thesis (Chapter 2). An
overview of common plants used in the remediation of trace elements contaminated
soils together with precise examples of plant species that have shown potential for

bioenergy production are summarized in this chapter.

2.3. The Cartagena-La Unidén mining district: the use of local species as
bioenergy sources.

The use of plants to restore contaminated soils through phytoremediation seems to
be a promising alternative as a method to produce biomass for bioenergy. The
Cartagena-La Unidn mining district is a mountainous formation that extends from
east to west along 26 km of coast from the city of Cartagena to the end of Palos
Cope, passing through the municipality of La Unidn, in the Region of Murcia
(Spain). Since ancient times, this area was exploited intensely for the extraction of

silver, lead, zinc and other metallic minerals. Mining is one of the main industrial
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activities that can generate a significant environmental impact, even many years
after the closure of the mining activities themselves (Fanfani et al., 2000; Conesa
and Schulin, 2010). The Cartagena-La Unién mining district, as well as most of the
former mining lands, can be considered suitable for non-invasive remediation
technologies, such as phytostabilization (Mendez and Maier, 2008), due to the large

surface area that may have to be treated (Conesa et al., 2008).

Several studies have given promising results for phytoremediation with native
species belonging to the Asteraceae family such as Helichrysum decumbens and
Dittrichia viscosa (Conesa et al., 2008). Furthermore, spontaneous growth of
species such as Lygeum spartum, Piptatherum miliaceum and Zygophyllum fabago
(Faz et al., 2008; Conesa et al., 2007) was achieved through the application of
organic and inorganic soil amendments, such as pig manure in combination with
lime. In addition, different combinations of soil amendments with native species
have demonstrated to be useful for the phytostabilization of trace elements
contaminated soils of this mining area (Clemente et al., 2019; Pardo et al., 2014,
2017).

The third (and last) chapter of the Thesis (Chapter 3) tries to identify native plant
species from the Sierra Minera of Cartagena-La Unidn that have characteristics
suitable for the production of bioenergy and that, at the same time, can tolerate high
levels of potentially toxic TEs, and could therefore be used in the recovery of
contaminated soils through Phyto stabilization. The potential for thermal and biogas
production of the biomass of plant species growing in TEs contaminated mine soils
was determined in order to estimate the usefulness of these species for bioenergy

production.
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Hypothesis

Through phytostabilization, the establishment of an autochthonous and self-
sufficient vegetation cover on contaminated soils could reduce the risk of an
uncontrolled transfer of pollutants into the environment, promoting the remediation
of the soils. At the same time, these processed can provide useful plant biomass for
the production of (bio)energy. This can be considered a suitable and

environmentally friendly option to achieve the desired renewable energy share.

Objectives

The aim of this Thesis was to provide relevant, up to date and useful information
concerning the bioenergy production potential of plant species that are used for soil
remediation by phytostabilization of trace elements contaminated soils. The partial

objectives were:
- To review the main techniques of energy production;
-To determine the characteristics of the plant species used for the different biofuels;

- To identify native plant species with characteristics compatible with the bioenergy
production which, at the same time, can tolerate high levels of heavy metals and

metalloids in the soils where they are grown;

- To review the potential of plant species that grow spontaneously in polluted sites
for the remediation of contaminated soils through phytoextraction and
phytostabilisation;

- To determine the potential for thermal and biogas production of plant biomass
from trace elements contaminated soils to define their usefulness for bioenergy

production.
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CHAPTER 1

CHEMICAL AND BIOENERGETIC CHARACTERIZATION OF
BIOFUELS FROM PLANT BIOMASS: PERSPECTIVES FOR
SOUTHERN EUROPE

1. THE BIOENERGY SITUATION IN EUROPE

The Directive 2009/28/EC established a series of legally binding targets for renewable
energy production that has led to a considerable increase in the demand for and production
of renewable energy in the European Union (EU). The EU as a whole is likely going to
meet its 2020 goals, but some of the states within the EU may need additional efforts to
meet their obligations regarding the share of energy derived from renewable sources in

the gross final consumption of energy.

Two of the key objectives of the Europe 2020 strategy are a reduction in greenhouse gas
emissions of at least 20% compared to 1990 levels and an increase in the share of

renewable energy in the final energy consumption of 20%.

Consequently, it is thought that primary production of renewable energy will increase in
the long-term (Figure 1). However, despite the growth of new and renewable energy
sources, such as solar and wind power, most of the increase in the contribution of
renewable energy could be attributable to biomass. In 2015, the production of primary
renewable energy in the EU increased by 3.8% compared to 2014 (Eurostat, 2017). For
example, electricity production from solid renewables (wood and other solid biomass)

used in conventional thermal power stations increased from 3.5% to 7% in 2015. In
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addition, the production of liquid biofuels has increased significantly, with an average
annual growth rate of 32% between 2000 and 2010 (EEA, 2015, 2018).

The year 2018 was a key one for the renewable gas sector in Europe. Several legislative
innovations were introduced and adopted by institutions of the Community in order to
strengthen its role in the energy transition. New technologies such as power-to-gas and
biomass gasification will also be protagonists of this transition. The number of biogas
plants in Europe has grown exponentially in the last decade. Between 2009 and 2016, it
almost tripled, going from 6200 to 17,662 units, and the growth was particularly intense
from 2010 to 2012 (Figure 2). A similar increase was observed in the number of farm-
based plants, from 4797 units in 2009 to 12,496 in 2016; such plants are by far the most
numerous in the EU, followed by plants that convert sewage sludge (2838), urban waste
(1604), and other types of waste (688) (Troussier, 2018).
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Figure 1. Primary production of energy (Mtoe) from renewable sources, EU—
28, 1990-2016 (adapted from Eurostat, 2017; © European Union).

According to Eurostat (Eurostat, 2017), the annual production of biogas in the EU was
181,565 GWh in 2015, with Germany, the United Kingdom, Italy, and France representing
the main producing countries. In 2016, the most dynamic countries in the construction of
new plants were France (+93) and the United Kingdom (+41). In parallel with the growing
maturity of biogas technologies and industry, from 2016 there has been also a substantial
increase in the quantity of biomethane produced in Europe. Biomethane is a gas that

contains about 97% CHa (quality of natural gas) and is obtained from biogas (about 50%-—
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75% CHg) after purification (dehydration, desulfurization, removal of gaseous ammonia,
mercaptans, dust) and upgrading (removal of carbon dioxide) (Braun, 2007; Adnan et al.,
2019). Like biogas plants, biomethane plants (which currently number around 500 units
in the EU; Troussier, 2018) mainly use resources from the agricultural sector (380 plants),
but also waste (115 plants) and sewage sludge (73). In 2016, EU production of biomethane
amounted to 17,264 GWh, with development driven mainly by Germany (+900 GWh),
France (+133 GWh), and Sweden (+78 GWh) (Figure 3).
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Figure 2. Evolution of the number of biogas plants in Europe (number of
biogas plants; adapted from Troussier, 2018).

This growth will likely continue in the next few years, driven by the excellent
environmental performance of biomethane and its use as vehicle fuel, and should be
immediately achievable by exploiting the existing technologies. The countries that have a
large potential for raw materials generation and have defined specific targets for the
production of biomethane will consequently experience a significant development in this
sector. This is the case, for example, of France, the Scandinavian peninsula, and Italy
(Troussier, 2018).
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Figure 3. Biomethane production in Europe (GWh) and EU countries active in the

production of biomethane (Eurostat, 2017).
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Figure 4. Share of energy from renewable sources in the EU Member states (in

% (stacked) of gross final energy consumption; Eurostat, 2017).
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Renewable energy (understood as that coming exclusively from sources that replenish
themselves naturally) available for final consumption increased by 68% between 2005 and
2015, and by 4.4% in 2015 compared to 2014 (Eurostat, 2017). In the EU-28, the
contribution of energy from renewable sources to the gross final consumption of energy
increased from 8.5% in 2004 to 16.7% in 2015. This is a clear index of progress towards
the Europe 2020 target of 20% (Figure 4). With energy from renewable sources
representing more than half (53.9%) of its gross final consumption of energy, in 2015
Sweden had by far the highest share, ahead of Finland (39.3%), Latvia (37.6%), Austria
(33.0%), and Denmark (30.8%). Contrastingly, the lowest percentages of renewable
energy were registered in Luxembourg and Malta (both 5.0%), the Netherlands (5.8%),
Belgium (7.9%), and the United Kingdom (8.2%; Eurostat, 2017). The percentage of the
total energy used for heating and cooling coming from renewable energy in the EU-28
increased from 10.2% in 2004 to 18.6% in 2015. In addition, renewable energy will
continue to play a key role in helping the EU meet its energy needs beyond 2020, and
member states have agreed on a new EU renewable energy target of at least 32% by 2030
and 55%—-75% by 2050 (EEA, 2018).

2. BIOFUELS CLASSIFICATION

The term “biofuel” refers to a fuel in the liquid or gaseous state obtained from biomass
(Demirbas, 2009). Traditionally, the use of biofuels has been linked to the transport sector,
for motor vehicles, to replace fossil fuels. However, there has been a recent and rapid
expansion of the production and application of biofuels for electrical and thermal energy
generation, and in particular, for cogeneration. Therefore, the current concept of biofuel
has outgrown the link with the transport sector, and more emphasis has been given to other
applications. Based on the state of maturity of the production and use technologies,

biofuels can be divided in two categories (Naik et al., 2010):

1. First-generation biofuels: e.g., biodiesel from pure vegetable oils, bioethanol
produced from cereals and sugary raw materials, bio-ETBE (ethyl tert-butyl ether)
produced from bioethanol, and biogas from anaerobic digestion (AD) systems. Their
production and application has already started, while the main margins for

improvement being, at the moment, the reduction of production costs, the
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optimization of the energy balance, the increase in the energy yields of the engines,

and the increase in the percentage of use in mixtures with fossil fuels;

2. Second-generation biofuels: e.g., bioethanol produced from lignocellulosic raw
materials, biohydrogen, syngas, bio-oil, biomethanol, biodimethylether, bio-MTBE
(methyl tert-butyl ether), biobutanol, and synthetic diesel, obtained through the
Fischer—Tropsch reaction. Their production has not yet started on a commercial scale
and is limited to experimental installations. The second-generation biofuels are linked

by the possibility of being produced from lignocellulosic biomass at low or zero cost.

This differentiation between first- and second-generation biofuels is important as the
former often stand in concurrence with or have undesired economic influences on food
production, which implies a series of social/moral and economic consequences that have
to be considered (Rowe et al., 2009). First-generation biofuels normally offer some
advantages in terms of energy production potential, but they have some disadvantages
such as raw materials supply, impact on biodiversity and land use, and competition with
food crops, which provokes the increase in food prices resulting from increased production
of these fuels (Naik et al., 2010).

However, the production of second-generation biofuels can imply benefits in terms of C-
mitigation and ecosystem services, with a demonstrated lower impact on greenhouse gas
emissions than the traditional fuels from fossil sources (Rowe et al., 2009). Therefore,
second-generation biofuels, produced from plant biomass, one of the most abundant and
underused biological resource systems on the planet, can be considered a viable
alternative. Biomass, in fact, can be simply burned to produce heat and electricity, or used
to produce liquid biofuels. But, as the production of biofuels from agricultural by-products
could only meet part of the growing demand for liquid fuels, interest has shifted towards
the use of dedicated crops. Second-generation biofuels could, therefore, significantly
reduce COz production, not compete with food crops, and in some cases offer better engine
performance. If marketed, the cost of second-generation biofuels has the potential to be
comparable to standard petrol or diesel and would be the cheapest route to low-carbon

renewable energy for transport (Naik et al., 2010).

Comparing the higher heating value (HHV) and lower heating value (LHV) of biofuels

with those of fossil fuels, it can be seen that they are normally lower than those presented,

48



Chapter 1

for example, by gasoline (HHV = 46.9 MJ kg™!, LHV = 44.2 MJ kg "), fuel oil (HHV =
43.3MJkg™!, LHV =40.0 MJ kg™"), and diesel fuel (HHV = 45.6, LHV = 42.6). However,
the use of biomass provides many environmental benefits (Protésio et al., 2013). The
production costs of biofuels are, at present, higher than those of fossil substitutes, even
using the most advanced technologies. The cost of producing biogas varies greatly
depending on the technology used and, above all, on the raw materials used, which are in
most cases self-produced. For these reasons, the definition of the cost is problematic and
subject to strong variability depending on the specific situation. In the EU, the
optimization of the supply chains and the exploitation of new raw materials allowed a
reduction in production costs from 2007 to 2010 of up to 30% (Cencic et al., 2007).

Economic, social, and environmental impacts (including greenhouse gases (GHG)
emissions and soil, water, and biodiversity impacts) have been evaluated by IEA (2010).
The report indicated, through life cycle assessment (LCA) case studies, that bioethanol
production from sugar cane significantly reduces the GHG emissions in comparison with
fossil fuels, while the benefits are not clearly demonstrated for other biomass sources.
However, clear reductions in GHG emissions were estimated for second-generation

bioethanol and biodiesel production from lignocellulose biomass.
2.1. First generation biofuels.

e Biodiesel consists of a mixture of methyl esters produced by the chemical conversion
of animal and/or vegetable oils and fats and is characterized by a high energy density
(37 MJ kg'; Naik et al., 2010). The materials used for the production of biodiesel are
oilseed crops, such as sunflower and rapeseed. Other species, such as soybean or palm
oil, are of less interest because their seeds have fairly modest oil contents or they pose
problems of environmental and socioeconomic sustainability, respectively (Cencic et
al., 2007). The production process includes the extraction of oils from the seeds,
refining, and chemical conversion into biodiesel by transesterification reactions (Van
Gerper, 2007). The process can be considered energetically efficient, with an
output/input energy ratio between 1.25-3.67 for soybean (depending on the
production conditions) and 2.29 for rapeseed oil (Rowe et al., 2009), greater than 0.84
considered for diesel oil. Biodiesel is used in thermal motors for the direct production

of electrical and thermal energy. However, the biodiesel production sector faces
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strong competition from the oil production sectors for human consumption of the
same resources. Due to some of its properties (like a higher cetane number than gas),
biodiesel performs better than diesel, as it shows a greater readiness to ignite and its
higher flash point value, compared to diesel, ensures greater safety in handling
(Cencic¢ et al., 2007).

e Bioethanol is the ethyl alcohol produced by the fermentation of the sugars present in
biomass in absence of oxygen and is characterized by a high energy content (27 MJ
kg™!) (Chiaramonti, 2007). The raw materials are divided, according to their
carbohydrates content, into saccharides (simple sugars), starch, and lignocellulose
(cellulose and hemicellulose). Traditionally-used crops are sugar beet in Europe and
sugar cane in Brazil as sugar crops (Naik et al., 2010), and maize as a starch crop
(Chiaramonti, 2007). The use of lignocellulosic biomass requires different pre-
treatments followed by a hydrolysis (acid or enzymatic) step to obtain the monomeric
sugars for microbial fermentation (Chiaramonti, 2007). In the case of bioethanol
production from starch or sugar crops (wheat grain or sugar beet), hydrolysis,
fermentation, and distillation are the most energy demanding steps (64%—74% of total
energy input) and involve the greatest GHG emissions, but the use of straw reduces
the GHG emissions as this is a waste by-product of grain production (Rowe et al.,
2009). Therefore, bioethanol production from by-products is a more environmentally
friendly procedure than the production from grain. In terms of energy efficiency, the
energy ratio ranges between 1.2 (for maize) to 2.78 for sugar beet (Rowe et al., 2009).
But the efficiency depends on the conditions of the industrial process. However, clear
advantages in terms of GHG emissions have been revealed by Rowe et al. (2009),
with values generally lower that 12 g C eq MJ™!, in comparison with the range found

for fuels from fossil sources (18-36.4 g C eq MJ™).

e Bio-ETBE (ethyl-tert-butyl-ether) is an organic compound derived from ethyl and
isobutyl alcohols that can be used as an anti-detonator to increase the octane level in
gasoline (Wallace et al., 2009). Bio-ETBE is produced from bioethanol and,
therefore, shares its raw materials (cereals and sugary raw materials). It is produced
through the chemical reaction between isobutanol and bioethanol, with acid catalysis,

which takes place on the surface of an ion exchange resin (Cencic et al., 2007).
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e Pure vegetable oils are obtained by mechanical extraction from oil seeds. Some
properties, such as the net calorific value (or lower heating value, LHV), are

comparable to those of biodiesel (Cenci¢ et al., 2007).

e Biogas is a mixture of the gases carbon dioxide (CO2) and methane (CH4), produced
as a result of the successive biochemical reactions that take place during the AD
process—biomethanation (hydrolysis, acidogenesis, acetogenesis, methanogenesis).
The presence of methane in the composition of biogas (50%—75%) (Braun, 2007) has
a decisive influence on its energy capacity (average of 23 MJ Nm~3). Pure vegetable
oils and biogas are mainly used for the production of electricity and thermal energy
generation and cogeneration. Their use in the transport sector is currently limited
(Naik et al., 2010).

2.2. Second-Generation Biofuels

Innovative “second-generation” biofuels are obtained from lignocellulosic biomass and
represent a promising technological improvement. These biofuels show better
characteristics and performance than those of the first generation (Tables 1.1,1.2) but, at
the same time, require more complex and improved technological and processing

solutions.

e Biohydrogen is obtained from the biomass and/or the biodegradable fraction of
organic wastes through two different processes: a thermochemical process, which
involves gasification followed by a steam-reforming phase to increase the final
hydrogen content; and microbial fermentation of sugars in the dark, under anaerobic
conditions. Different microorganisms (Enterobacter, Citrobacter, Bacillus, and
Clostridium) have been reported to produce hydrogen through dark fermentation
(Kotay and Das, 2008). This option is similar to AD but is reformulated to produce
hydrogen directly instead of methane. While dark fermentation is a major light-
independent process, other biological options for biohydrogen production are light-
mediated processes, which include direct or indirect biophotolysis and
photofermentation. Biophotolysis involves the light-driven decomposition of water in
the presence of micro-algae or cyanobacteria, while in photofermentation,

photosynthetic microorganisms convert organic acids, intermediate products of the
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microbial metabolic pathways, into biohydrogen in the presence of solar radiation
(Kotay and Das, 2008).

e Bio-oil is the liquid product of lignocellulosic biomass pyrolysis, with similar
characteristics to petroleum. The pyrolysis process is the initial stage of combustion
and gasification processes. Pyrolysis is a thermochemical transformation process at a
temperature of about 500 °C, generally carried out in an oxygen-free environment,
which yields liquid (bio-oil), solid (biochar), and gas products. Fast pyrolysis is
preferred to increase the bio-oil yield, while slow processes are used to obtain biochar
(Jahirul et al., 2012). In the fast pyrolysis process, the biomass is rapidly heated to a
high temperature in the absence of oxygen, producing about 60%—75% oil products,
15%-25% solid products, and 10%-20% gaseous phase. The characteristics of the
fast pyrolysis process are a high rate of heat transfer and heating, a very short
residence time of the steam, and rapid cooling of the vapors and aerosol to give a high
yield of bio-oil and precision in the control of the reaction temperature. This
technology has been widely studied in the last decade because it shows several
advantages, like: (i) the production of renewable fuels for boilers, engines, and
turbines; (i) low costs; (iii) low CO> production; (iv) the possibility of using second-
generation bio-oil and waste materials (forest residues, urban and industrial waste,
etc.); (v) ease of storage and transport of liquid fuels; (vi) high energy density
compared to combustible gases; (vii) the possibility of separating the minerals, to be
recycled as nutrients for the soil; (viii) the possibility of primary separation of sugars
and lignin (Jahirul et al., 2012). Bio-oil is one of the highest-quality combustible
hydrocarbons, although it is currently burdened by unacceptable energy and economic
costs (Vivarelli and Tondi, 2004; Zafar, 2018).

e Biomethanol is obtained from lignocellulosic biomass, while traditional methanol is
obtained by the catalytic conversion of a fossil fuel (usually natural gas). However,
the most widespread process involves the gasification of the biomass and the catalytic
conversion (with chromium oxide and zinc oxide) of the CO> and H> present in the
syngas obtained into biomethanol. The reaction for the production of biomethanol
generally occurs under conditions of high temperature (400 °C) and pressure (40-80
atm; Cencic¢ et al., 2007). The main problem of biomethanol is linked to the safety of

the storage, transport, and handling phases, as it burns without a visible flame and is
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toxic by inhalation, contact, and ingestion. Moreover, its low volatility (boiling
temperature of 78.4 °C, higher than that of petrol, normally around 30-35 °C) leads
to problems and higher costs associated with the distribution network (Wakker et al.,
2005).

Biodimethyl ether (bio-DME) is dimethyl ether obtained from biomass. The
production process is based on the gasification of lignocellulosic biomass to
biomethanol and its subsequent conversion to bio-DME. The bio-DME is gaseous at
room temperature and liquid at pressures above 5 bar, or if the temperature is below
—25 °C. In general, it can be used in the liquid state, operating at pressure values in
the order of 5-10 bar (Cenci¢ et al., 2007). DME and BioDME are most commonly
used as substitutes for propane in liquid petroleum gas (LPG), especially in Asia, but
can also be used as substitutes for diesel fuel in transportation. Besides being able to
be produced from a number of renewable and sustainable resources, bio-DME also
has the advantage of having a higher cetane number than traditional diesel and,
therefore, better combustion quality than diesel fuel during compression ignition. As
a result, an engine tailored to work with DME can achieve higher efficiencies, better

mileage, and emissions reductions (Wakker et al., 2005).

Bio-methyl tert-butyl ether (bio-MTBE) is produced from biomethanol and has the
effect of raising the octane number in gasoline, without reducing its energy density or
increasing its volatility. Since isobutene from oil also participates in the synthesis
reaction, bio-MTBE is considered a biofuel to the extent that biomethanol is present
in its composition (36%). With the gradual elimination of lead, since the mid-1980s
it has become one of the most used components for the formulation of gasoline. The
lower cost and toxicity of bio-MTBE relative to tetraethyl lead and benzene have
increased its use as an anti-knocking agent in all green gasolines. Nowadays, bio-

MTBE is used in percentages ranging from 7% to 12% in volume (Busch et al., 2012).

Biobutanol is a liquid biofuel produced, through the fermentation of sugars by the
microorganism Clostridium acetobutylicum, from the same raw materials as
bioethanol (Yusoff et al., 2015). Biobutanol has some positive characteristics
compared to bioethanol: it is less corrosive, its mixture with fossil fuels is more

convenient because the mixtures do not undergo phase separation, and the storage and
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distribution of biobutanol are easier. Although biobutanol has a higher energy density
than bioethanol, it has a lower octane number and, therefore, better performance
(Yusoff et al., 2015).

Fischer-Tropsch diesel (FT-diesel, FT-liquid, or synthetic biofuels) consists of
synthetic hydrocarbons or mixtures of synthetic hydrocarbons derived from biomass.
The best-known process for the conversion of energy from lignocellulosic biomass
into liquid biofuels (biomass to liquid, BTL) is Fischer—Tropsch synthesis, which was
used on a large scale in Germany during World War 11 (Naik et al., 2010). The so-
called Fischer—Tropsch process consists of the gasification of the lignocellulosic
biomass, the purification and conditioning of the synthesis gas produced (a mixture
of carbon monoxide (CO) and hydrogen (H2)), and its subsequent conversion to liquid
biofuels (FT-liquids). The liquid products consist of straight-chain hydrocarbons, do
not contain sulfur compounds (which are eliminated in the purification process), and
can be converted into fuels for automotive use (Naik et al., 2010). FT-diesel has a
behavior similar to that of fossil fuels, in terms of lower calorific value, density, and
viscosity, but also a higher cetane number and lower aromatic content, which results
in lower emissions of particulate matter and nitrogen oxides. The two fuels can be
mixed in any proportion, without the need to make changes in the engine and the

distribution infrastructures (Cencic et al., 2007).
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Table 1.1. Physico-chemical characteristics of first-generation biofuels (adapted from Cencic et al., 2007. © Consorzio per ’AREA di
ricerca scientifica e tecnologica di Trieste). LHV: lower heating value; Bio-ETBE: bioethyl tert-butyl ether.

o o Vegetable Oils Bioethanol Bio-ETBE
Characteristics Biodiesel
Sunflower  Rapeseed Soybean Palm
LHV (MJ kg™) 37 39.6 37.4 36.8 36.5 27 36
Oxygen content (%
_ 11 10 10.4 10.3 11.5 35 16
weight)
lodine number 108.7 110-143 94-120 117-143 35-61 - -
Cetane number 56 37 32-37.6 36-39 38-42 27 -
Octane number - - - - - 113 110
Flash point (°C) 160 274 246 254 - 13 -
Cloud point (°C) -2 7.2 -3.9 -3.9 - - -
Point of flow (°C) -9 -15.0 —31.7 -12.2 - - -
Viscosity (cSt) 51(20°C) 37.1(38°C) 37(38°C) 285-32.6(38°C) 8.3(38°C) 0.5(20°C)
State Liquid Liquid Liquid Liquid Liquid Liquid Liquid
Appearance Limpid Limpid Limpid Limpid Limpid Limpid Limpid
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Table 1.2. Physico-chemical characteristics of second-generation biofuels (modified from Cencic et al., 2007. © Consorzio per I’AREA di

ricerca scientifica e tecnologica di Trieste). LHV: lower heating value; Bio-DME: biodimethyl ether; Bio-MTBE: biomethyl tert-butyl

ether; FT-Diesel: Fischer—Tropsch diesel.

Bio Syngas Bio- ] ] Bio- ] FT-
o ) __ . Biomethanol Bio-DME Biobutanol )
Characteristics Biogas  Hydroge Type of Gasifier Oil MTBE Diesel
n Air  Oxygen Vapor
LHV (MJ kg™) 23.3 10.05 4.2 10 12 18.5 19.5 28.3 35 36 429
Oxygen (% weight) traces - 45 34.7 35 18 22
Methane (% weight) 65 2-4 4-6 124 - - - - -
] 14—
CO:2 (% weight) 40 25-29 17-19 - - - - - -
H.S (% weight) 0.1 - - - - - - -
Cetane number - - 0.2-1 0.7 25 10 5 57 - 17 74
Octane number - 130 - - 104.3 - 110 87
Boiling temperature
i —252 - - 65 —-23 55 118
°C)
Flash point (°C) - 585 - - 464 292 - 35 315
State Gaseous ~ Gaseous Gaseous Liquid Liquid Gaseous Liquid Liquid Liquid
Appearance Gaseous ~ Gaseous Gaseous Limpid Limpid Gaseous Limpid Limpid Limpid

56



Chapter 1

3. PROCESSES FOR BIOENERGY PRODUCTION

The methods of biomass conversion for the production of energy are classified as

thermochemical, biological, or physical (Figure 5).

3.1. Methods of Biomass Thermochemical Conversion

Thermochemical biomass conversion involves drying,

roasting,

pyrolysis, and

gasification. If the solid biomass is subjected to a progressive increase in temperature, in

the partial or total absence of oxygen, several thermochemical processes take place, which

originate other fuels in solid, liquid, or gaseous form (Naik et al., 2010). Although these

methods have been widely used in recent years, thermochemical conversion can be still

considered the basis for the development of the second-generation biofuels.
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Figure 5. Processes for bioenergy production.
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Combustion is the most conventional process. Efficient combustion requires the

reduction of the water content of the biomass, generally achieved by open-air drying.

Combustion of wet material is less energy efficient as energy is used for evaporation of

the water content (Candolo, 2005; Gebreegziabher et al., 2013). For the combustion
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process to be effective (i.e., compensate the energy used for drying with the improvement
in the efficiency of the process), the optimum moisture content of plant biomasses (wood
chips, plant residues) has been set to be 10%-15% (Roos, 2008). Pelletizing (the
compression and mechanical pressing process) is an effective method to increase density
and reduce moisture. Combustion is, from a thermodynamic point of view, a process of
conversion of the chemical energy of the fuel (biomass) into heat. The heat is mostly
generated by the oxidation of the carbon, in the presence of sufficient oxygen, to CO>. The
biomasses for the production of energy by combustion are generally wood processing
residues, and cogeneration is used to produce heat and electricity (Candolo, 2005). A
portion of the heat produced is used to produce steam for power turbines connected to
electric generators. The remaining heat can be used by industrial or residential users. The
efficiency of these plants is in the order of 20%-25% and, therefore, rather modest.
Medium-large cogeneration plants can obtain energy efficiencies close to 25%, with about
10 MW of electric power. To generate these powers, the quantities of biomass to be burned
become considerable, and complex and costly systems are needed for the elimination of
the toxic substances present in the fumes (Candolo, 2005).

According to the temperature reached, the thermochemical processes can be classified as:

e Drying, which occurs at temperatures of up to 150 °C, when water evaporates without

substantial chemical modification of the raw material;

e Roasting, which arises between 150 °C and 280 °C, when in addition to water, some
organic volatile compounds are released, including acetic acid, methanol, and carbon
dioxide. The solid residue darkens, becomes very stable microbiologically, and

reaches a high energy density;

e Pyrolysis (carbonization), which takes place when temperatures reach maximum
values of 550-600 °C. During this process, the division of the C—C and C-O bonds
(decarbonylation and decarboxylation) occurs with the production of gas (mainly
carbon monoxide, hydrogen, carbon dioxide, and methane), hydrocarbons (also of
high molecular weight, such as tars), phenols, esters, acetic acid, methanol, and water.
The resulting solid residue is charcoal (or biochar), while the gas released, if properly

cooled, can be divided in two types of product: the non-condensable part and the
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condensable part, which is liquid at room temperature and is called “pyrolytic juice”
or “bio-o0il” (Naik et al., 2010). Biochar, with a carbon content greater than 95%, has
an LHV of approximately 29.3 MJ kg™!; the energetic value of bio-oil can range
between 7 and 18 MJ kg ! according to the water content, while the gas is
characterized by an LHV of 4.8 MJ Nm~ (Cencic et al., 2007);

e Gasification, which takes place at temperatures between 600 and 1500 °C, with the
total gasification of the biomass. Carbonaceous and organic compounds are converted
into fuel gas, also known as syngas, a mixture of mainly carbon monoxide and
hydrogen. The syngas can be further converted to hydrogen and CO,. The high
temperatures are obtained by burning aliquots of biomass in the reactor. Air or pure
oxygen can be used as a gasification agent: in the first case, the gas produced will
contain a high concentration of molecular nitrogen (N2), while in the second case it
will have a lower presence of N2 but a higher LHV (up to 10.5 MJ Nm™; Cenci¢ et
al., 2007).

3.2. Biochemical Methods
3.2.1. Alcoholic Fermentation

This process is based on the transformation of carbohydrates into ethanol by
microorganisms (Saccharomyces cerevisiae). The optimal activity of the yeast occurs at
33-35 °C and pH 3-5. The maximum concentration of bioethanol in the growth medium
must not exceed 11% by volume, since higher concentrations can inhibit the activity of
the yeast (Naik et al., 2010). During continuous fermentation, the concentration of
bioethanol is maintained at levels close to the microorganisms’ tolerance values (Cenci¢
etal., 2007).

At the industrial level, fed-batch fermentation and semi-discontinuous fermentation are
widely used to fulfill the dual purposes of maintaining the concentration of bioethanol
below the threshold for inhibition of yeast and operating under variable volume
conditions. In fed-batch fermentation, there is an initial batch phase followed by the fed-
batch process once an adequate amount of microbial biomass is reached. This technique

is ideal for processes in which either cell growth or product formation is sensitive to the

59



Chapter 1

concentration of the limiting substrate (Zohri et al., 2017). Finally, semi-discontinuous
fermentation can be considered as a combination of the fed-batch and continuous
processes. In this operation, the feed solution is fed at constant intervals, while the effluent
is removed discontinuously. The advantage of this system is that the intermittent feeding
of the substrate, which has an inhibitory effect on the production of the catabolites, keeps
its concentration low, improving fermentation productivity. Both methods have the
advantage that there is no non-productive idle time for cleaning and re-sterilization and
not much control is required. However, there is a high risk of contamination and mutation
due to the long periods of cultivation and handling, and since larger reactor volumes are

required, investment costs are higher (Zohri et al., 2017).

Several studies have focused on enhancing the digestibility of lignocellulosic biomass
through physical, chemical, biological, and hybrid pretreatments in the production of
liquid fuels (primarily ethanol) via biochemical pathways (FitzPatrick et al., 2010; Takara
and Khanal, 2011; Sawatdeenarunat et al., 2015.

3.2.2. Transesterification

Transesterification is a chemical reaction in which the main result is the rupture of the
triglyceride molecules, i.e., the fatty acids that characterize vegetable oil and are the basis
of its high viscosity. The transesterification process takes place using an alcoholic reagent
(methanol or ethanol), whose action is reinforced and accelerated by a catalyst (caustic
soda). Alcohol, reacting with fatty acids, produces methyl esters (i.e., biodiesel), with a
yield of 90% by weight, and glycerol (or glycerin), with a yield of 10% by weight (Naik
et al., 2010; Van Gerper, 2007). The splitting of triglycerides, components of oils, into
methyl esters has the effect of reducing their viscosity to values close to those of diesel
fuel and, as a result, simplifies the interventions necessary for the preparation of the
motors, especially for automotive applications. Transesterification can be carried out
using different operational temperature and pressure conditions, which are selected in
terms of the desired production capacities, the quality of the vegetable oils, and the
economic investment that is envisaged (Cencic et al., 2007).

3.2.3. Aerobic Digestion
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This process involves the degradation of organic substances by microorganisms under
aerobic conditions. The bacteria degrade complex organic substances into simple
compounds, with the final production of CO., HO, and heat, which is produced in
proportion to the microbial metabolic activity (Shammas and Wang, 2007), and can

therefore be considered a bioenergy production process.

One example of bioenergy production through aerobic degradation is composting.
Composting consists of a spontaneous biological decomposition of solid organic material
in a predominantly aerobic environment, during which primarily bacteria, fungi, and other
microorganisms transform organic materials into a stable product called compost, useful
as a fertilizer or soil amendment (Bernal et al., 2017). Composting is an exothermic and
spontaneous process in which the microbial activity releases energy as heat, increasing the
temperature of the material, which can then be recovered for the production of renewable
energy as bioenergy (Onwosi et al., 2017; Smith et al., 2017). Although the ultimate
energy available from a composting substrate is the same as that available from the
combustion of the substrate, the actual amount of heat produced is determined by factors
such as the feedstock energy content, biodegradability, duration of the composting
process, and composting conditions (Smith et al., 2017). In fact, composting does not lead
to biofuel production, but it can be considered a source of renewable thermal energy. The
heat produced from composting can be used directly as vapor for greenhouse heating, as
hydronic heating through conduction of heat exchanges inside the pile for consumption of
hot water, and by a condenser-type heat exchanger (Smith et al., 2017). The last option is
considered the most efficient for energy recovery. Different heat recoveries have been
reported from the composting process: 1.9 MJ kg™! of organic matter from tomato plant
residues using a rotary drum bioreactor (Alkoaik et al., 2018); 6 MJ kg ™' of compost from
kitchen and garden waste (Neugebauer, 2018); 17.7-32.9 MJ h™! during the composting
of animal manure, animal bedding, and waste feed hay in a commercial-scale system with

compost vapor temperatures of 51-66 °C (Smith and Aber, 2018).
3.2.4. Anaerobic Digestion

This biochemical conversion process takes place in the absence of oxygen and entails the

microbial degradation of complex organic substances (lipids, proteins, carbohydrates)
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contained in plants and animal by-products, with the production of gas (biogas). The raw
biogas is usually constituted mainly of methane (about 50%-75%), CO- (25%-50%), H.0
(1%-5%), and other minor volatile components, such as N2, H>S, NHz and siloxanes or
other organic hydrocarbons (Braun, 2007). During AD, degradation and stabilization of
complex organic matter are performed by microorganisms, leading to the production of
an energy-rich biogas that can be used as renewable energy to replace fossil energy sources
(Raposo et al., 2011; Angelidaki et al., 2011).

The digestion of the biomass takes place in four phases (Figure 6): hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, each one carried out by specific
microorganisms (Braun, 2007). In the hydrolysis phase, complex organic substrates, such
as proteins, fats, and carbohydrates, are degraded by different bacterial groups, with the
formation of simple compounds, such as amino acids, fatty acids, monosaccharides, and
alcohols. The acidogenic phase oxidates microbially the hydrolyzed simple organic
substrates to low molecular weight intermediate compounds (e.g., lactic, propionic,
butyric, formic, and acetic acids, ethanol, and H>), which are converted into acetate in the
subsequent acetogenic phase by acetogenic bacteria. Then, methanogenic archaea are

responsible for the final degradation and the formation of CH4 (Raposo et al., 2011).

Normally, the biogas produced is used in an endothermic engine to produce electricity.
The electricity produced can be directly fed into the distribution network and sold at a
remunerative price as a renewable energy source. Frequently, the digested material is
applied to agricultural soil as a source of nutrients (due to its high concentration of
nutrients, mainly N as NH.* that is directly available to plants), partially substituting
mineral fertilizers (Alburquerque et al., 2012). The most widely used biomass is maize
silage (about 10 m® of methane can be obtained from 1 t of maize silage; Candolo, 2005).
However, other organic materials are also used frequently as feedstocks for AD, like
animal manure, crop residues, sewage sludge, industrial wastewater, food waste, and

municipal solid waste (Braun, 2007; Sawatdeenarunat et al., 2015).
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Figure 6. Phases of the anaerobic digestion process (adapted from Naik et al.,
2010. © Elsevier Ltd).

The calorific value of the biogas obtained varies according to the methane content. A
typical value can be about 23,000 kJ Nm- (Cencic¢ et al., 2007). The biogas can be treated,
accumulated, and used as fuel for gas boilers or internal combustion engines. However, it
can also be purified (i.e., removal of CO2, H20, H2S- or S-containing compounds
(mercaptans), siloxanes, and other minor components) (Braun, 2007; Deublein and
Steinhauser, 2008) and upgraded to produce biomethane (97% CHj), with a quality
equivalent to natural gas, which can be used as a biofuel for transport and for introduction
into the natural gas network. Upgrading the biogas by removing CO; and increasing the
CHa concentration increases the energy content of the biogas, but also the costs of biogas
production. Some technologies for biogas upgrading are already available, and others are
in the pilot or demonstration plant stage (Petersson and Wellinger, 2009). Four methods
are in use for biogas upgrading through CO2 removal: washing on a temperature or
pressure swing, in which a liquid removes COg; cryogenic, based on cooling and
compressing for removing liquid CO2; vacuum pressure swing adsorption (VPSA), in

which a packed bed absorbs COg; selective membranes, which permeate through the CO-
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or methane, depending on the applied membrane (Kampman et al., 2016). Anaerobic
digestion is, therefore, considered a competitive source for the production of renewable
energy in terms of efficiency and cost (Braun, 2007; Raposo et al., 2011). Considering the
energy requirement of the process (input) and the energy produced (output), the
output/input ratio reveals a high efficiency for crop residues such as potatoes, fodder beet,
and maize (4.6-5.1), with low efficiency for rye and rapeseed oil (1.4 and 2.1,

respectively) (Braun, 2007).

More recently, lignocellulosic biomasses, namely agro-residues and energy crops, have
been gaining much attention as candidate feedstocks for the generation of bioenergy and
biobased products (Amon et al., 2007; Braun, 2007; Oslaj et al., 2010). Unlike
conventional biorenewable feedstocks (i.e., sugar- and starch-rich crops), lignocellulosic
biomass does not directly compete with food or feed production (Sawatdeenarunat et al.,
2015). The composition of lignocellulosic biomass, however, consists primarily of
cellulose, hemicellulose, and lignin, and the combination of these components creates a
highly resistant and recalcitrant biomass structure. Consequently, the hydrolysis of
lignocellulose often becomes the rate-limiting step during traditional AD (Khanal, 2008).
In any case, lignocellulosic biomass has a great potential to serve as a feedstock for CH4
production. The complexity of the biomass structure and the lack of appropriate digesters
designed for efficient handling of the high-solids biomass are major challenges in the
digestion of lignocellulosic biomass. However, harvesting of the biomass at an appropriate
stage of maturity and co-digesting it with other feedstocks significantly enhances the CHa

yield (Sawatdeenarunat et al., 2015).

A common alternative biological pretreatment of feedstocks is treating them with rumen
microorganisms (RM), the microflora found in ruminant stomachs, which create an in situ
cellulolytic ecosystem that has a high potential to degrade the complex carbohydrate
structures of lignocellulosic biomass (Hu and Yu, 2005). Anaerobic degradation using RM
is a pH-dependent process. The highest efficiency in terms of substrate digestion was
found at a pH between 6.8 and 7.3 (Hu et al., 2004).

To evaluate a specific organic substrate for biogas production through AD, the

biochemical methane potential (BMP) test is commonly used (Angelidaki et al., 2009).
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The general principle is the anaerobic incubation of the organic substrate in an inoculum
containing a suitable medium (water and minerals) with a variety of anaerobic
microorganisms, at neutral pH and with specific temperature conditions (mesophilic or
thermophilic). The substrate acts as a source of carbon and energy for the microorganisms.
During the incubation, the production and composition of the biogas and the degradation
rate of the substrate are evaluated and the conversion rate determined (Raposo et al.,
2011). The determination of the BMP allows the definition of the potential of a material
to produce biogas by AD on an industrial scale. However, the efficiency of the industrial

process must be proven.

The factors that affect the biodegradability and, therefore, the production of biogas
include: the characteristics of the input materials (composition of the organic matter,
moisture, total solids and volatile solids contents, biodegradability, and even the
crystallinity of the cellulose) and the inoculation and anaerobic conditions (Amon et al.,
2007; Lehtomaki et al., 2008; Nizami et al., 2009; Oslaj et al., 2010; Pléchl et al., 2009;
Raposo et al., 2011).

In general, AD is classified into three important groups based on the operating total solids
(TS) content: liquid (L-AD), with TS < 10%; semi-solid (S-AD), with 10%-20% TS; and
solid-state (SS-AD), with TS > 20% (Cui et al., 2011; Karthikeyan and Visvanathan,
2012). However, Brown et al. (2012) referred to liquid and solid-state AD with TS content
< or >15%, respectively. SS-AD is ideal for high-solids organic feedstocks, which
typically have a TS content between 10% and 50%, like energy crops, food wastes,
livestock manure, agro-residues, etc. (Lehtomaki et al., 2008). In recent years, there has
been growing interest in SS-AD with agricultural and forest residues, and also with energy
crops. The advantages of SS-AD, in comparison to L-AD, are: lower reactor volumes,
higher organic loading rates (OLRs), less water for dilution, a lower mixing requirement,
no floating substrates (in the bioreactor), lower costs for managing the digestate, and
overall, a lower energy input for operation (Karthikeyan and Visvanathan, 2012; Liew et
al., 2012). Typically, due to the higher OLR during SS-AD, the accumulation of volatile
fatty acids (VFAS), organic acids, and ammonia leads to an overload of the reactor and
the whole system is prone to fail, especially when energy crops are used as a mono-

substrate. Thus, the high solids content in SS-AD, which is considered an advantage, can
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also produce dead zones in the reactor and can lead to reductions in CHs production
efficiency, as well as causing an overload of the reactor. Therefore, in this regard, further
research is needed on reactor configurations to eliminate the build-up <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>