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Resumen

Mediante este documento se lleva a cabo un estudio de investigacion donde los
cultivos energéticos son los protagonistas. En concreto, se ha analizado un cultivo de chopo
(Poplar sp) y de una especie de microalga (Chlorella sorokiniana). De esta forma, se valorizaron
energéticamente cultivos de diferente naturaleza que, ademds, son catalogados como
cultivos convencionales (chopo) o nuevos cultivos (microalgas). Asi, fue la valorizacién

energética de un cultivo de chopo y microalga el principal objetivo de esta tesis.

En el caso concreto del cultivo de chopo, se empled una parcela con aproximadamente
1400 arboles mantenida durante cuatro afos. Se usaron ejemplares de cuatro clones
diferentes para analizar la influencia de los mismos bien sobre el rendimiento energético y
agrondmico. Al margen de contar con la variable tipo de clon, se introduzco una segunda:
fertilizacion organica sobre el terreno. En concreto, y al margen de las subparcelas control,
se emplearon dos tipos de fertilizantes: uno procedente de la estaciéon depuradora de aguas
residuales (EDAR) de Ledn y otro derivado de la depuradora de una industria lactea. La
valorizacion energética se realizo para los tratamientos térmicos de combustion y pirolisis.
Dicha valorizaciéon se efectud mediante la analitica de las muestras, el analisis
termogravimétrico y la estimacién de una serie de parametros cinéticos e indices térmicos.
Los resultados concluyeron que los distintos clones tenian una composicion similar en base
a su analitica. Asi mismo, la aplicacién de fertilizante organico supuso un incremento en el
volumen de biomasa obtenido. Los perfiles termogravimétricos fueron diferentes para la
combustion y pirolisis. Los valores de los parametros cinéticos analizados también sufrieron
variaciones segun el proceso térmico empleado. Estos pardmetros son los que aconsejan el
empleo de la combustion en detrimento del proceso pirolitico debido a la menor energia
requerida y la mayor velocidad en las reacciones. Ademas, no existié una combinacion de
clon-tratamiento con mejores resultados energéticos para ambos procesos, sino que cada uno

conto con una combinacién como mas favorable.

La especie seleccionada de microalga, Chlorella sorokiniana, fue cultivada en
fotobiorreactores. Asi mismo, la biomasa fue muestreada para diferentes dias de cultivo. Al
igual que sucediera con el cultivo de chopos, la analitica de las muestras junto al andlisis
termogravimétrico y parametros cinéticos e indices fueron estimados. Los resultados

denotaron valores de poder calorifico para esta especie de microalga deshidratada similares

XIII



a los de la biomasa del chopo y ligeramente superiores a los de la biomasa herbacea. En
relacién a los dias de muestreo, el mejor comportamiento (mayores indices térmicos, asi
como mayores valores de DTGmax) para practicamente todos los casos aconteci6 a los dias 19

y 21 del ensayo.
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Abstract

Through this document, a research study was carried out having as protagonists the energy
crops. Specifically, a poplar (Poplar sp) and a microalgae (Chlorella sorokiniana) crop were
analysed. In this way, crops of different nature (conventional and new crops) were valued
energetically. Thus, the main objective of this thesis was the energy valorisation of these certain

crops.

For poplar crop, a four years plot with approximately 1400 trees was used. Different clones
were planted to analyse their influence either on energy yield or on agronomic yield. Apart from
having the clone type variable, a second one was added: organic fertilization. Apart from the
control subplots, two types of fertilizers were used: one from the WWTP of Leon and another
derived from a treatment plant for a dairy industry. The energy study was carried out for thermal
combustion and pyrolysis treatments. It was carried out through the samples fuel analysis as well
as thermogravimetric analysis and the estimation of a series of kinetic parameters and thermal
indexes. Results concluded that the different clones had a similar composition based on their
analytical. Likewise, the application of organic fertilizer implied an increase in the volume of
biomass obtained. The thermogravimetric profiles were different for combustion and pyrolysis.
The values of the kinetic parameters analyzed also suffered variations according to the thermal
process used. These parameters are those that advised the use of combustion instead of the
pyrolytic process in order to the lower energy required and higher speed in the reactions. In
addition, there was no a clone-treatment combination with better energy results for both

processes. Each one had a combination as more favourable.

The microalgae species selected, Chlorella sorokiniana, was cultured in photobioreactors; in
the same way, algae biomass samples were taken for different culture days. Following the same
protocol as in the case of the poplar, fuel analysis together with the thermogravimetric analysis
and kinetic parameters and indexes were estimated. The results denoted HHV values for this
dehydrated microalgae species similar to those of poplar biomass and slightly higher than those
of herbaceous biomass. In relation to the sampling days, the best performance (higher thermal
indices, as well as higher values of DTGmax) for practically all cases, occurred on days 19 and 21

of the trial.
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CAPITULO 1

1. Presentacién.

1.1. JUSTIFICACION DE LAS UNIDADES TEMATICAS.

Abastecer energéticamente a la humanidad es uno de los principales problemas de la
sociedad actual. El rapido crecimiento de la poblacion y el desarrollo tecnologico llevan
asociado un aumento en la demanda energética. Se cree que esta demanda aumentara en un
50% antes de alcanzar el afio 2030 (Maness et al., 2009). Considerando que los combustibles
fosiles, en los cuales ha recaido hasta ahora la tarea de hacer frente a esta demanda, son
finitos (Abas et al., 2015), es necesario buscar nuevas alternativas energéticas para que se
pueda garantizar una solucién a este problema. Lo cierto es que pese a ser considerado como
un problema capital, pocos paises han adoptado la postura de empezar una disminucioén
drastica en su consumo (Covert et al., 2016). Es en este momento cuando los cultivos
energéticos pueden desempefiar un rol importante. Se endiente por estos a aquellos cuya
finalidad es la obtencion de energia mediante el empleo de la biomasa que se extrae de ellos.
Son multiples las especies vegetales que se han usado con este fin. En esta tesis doctoral se
empleo, por una parte, el chopo (Populus sp.) y, por otra, un cultivo de la microalga (Chlorella
sorokinana). De rapido crecimiento y caracteristicas térmicas Optimas, el chopo ha sido
ampliamente estudiado por la comunidad cientifica (Gamalero et al., 2012; Carmona et al.,
2015; Pardon et al., 2018). Lo que diferencia las investigaciones aqui realizadas con las ya
existentes es, por un lado, el empleo de 4 clones distintos (UNAL, I-214, AF-2 y AF-8) y, por
otro, el uso de un fertilizante orgdnico como aporte de nutrientes (lodo deshidratado de
depuradora). La utilizacion de estos lodos supone el aprovechamiento de un residuo
generado en las EDAR que, de otra forma, y muy rara vez, contaria con una segunda utilidad.
En estas estaciones depuradoras existe una linea de fangos a la que van a parar una serie de
residuos que acabaran constituyendo una cantidad considerable de este material cuyo
potencial como fertilizante puede ser aceptable. Lo aconsejable es reducir el contenido en
humedad de estos lodos para, al margen de facilitar su transporte, lograr una densificacion
de los mismos y disminuir la dosis durante el fertilizado. Asi, una plantacién de chopos fue
disefiada considerando como fertilizante diferentes lodos de depuradora: uno proveniente
de la EDAR de la ciudad de Ledn (Espafa) y otro lodo procedente de una industria

alimentaria. La biomasa obtenida fue empleada para la valorizacion térmica de los clones de
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chopo bajo procesos térmicos de combustion y pirdlisis. Las publicaciones relacionadas con

el cultivo de chopos son las mostradas en este documento en los capitulos 5 y 6.

Al margen del empleo de una especie lignoceluldsica tradicional, también se estudio
(capitulo 7) el rendimiento energético durante combustion de la microalga Chlorella
sorokiniana. El término genérico “microalgas” se refiere a un gran grupo de microorganismos
fotosintéticos muy diversos de dimensiones microscopicas (2-200um). Aunque poco
estudiadas, estas algas ubiquistas ofrecen un alto potencial como nuevas fuentes de energia
(Shuba and Kifle, 2018). A la hora de ser empleadas como biocombustibles, estas microalgas
han recibido mas atencién que las macroalgas. Posiblemente este hecho sea debido a que las
microalgas pueden cultivarse de forma simple empleando estanques o fotobiorreactores con
suministro de nutrientes o aguas residuales y a que, ademas, la produccién de microalgas no
requiere de tierra cultivable de alta calidad (Sanchez-Silva et al., 2013). Si a todo ello le
sumamos que, ademas de tener en su composicion una cantidad de aceite para producir
biodiesel superior en 15-300 veces al de los cultivos tradicionales (Chisti, 2007), cuentan con
un ciclo de cosecha mucho mas corto (de 1 a 10 dias dependiendo de la especie y el proceso)
que el de los cultivos tradicionales (Schenk et al., 2008), el potencial como nuevo combustible
de las microalgas es, cuanto menos, digno de valorar. Asi, hay autores como Demirbas (2010)
que afirman que las algas pueden llegar a producir entre 30 y 100 veces mas energia por

hectarea que la que pudiera proporcionar un cultivo terrestre.
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1.3. RESUMEN DE LAS PUBLICACIONES.

La tesis doctoral que se presenta constituye un compendio de tres publicaciones. La totalidad
pertenecen a revistas indexadas en el JCR que hacen alusion a la valorizacion energética de
la biomasa procedente de diversos cultivos energéticos. A continuacion, se presentan las

publicaciones que posteriormente serdn expuestas.

CAPITULO (5)

Titulo: Effect of waste organic amendments on Populus sp

2 Renewable Energy

@

biomass production and thermal characteristics,

Revista: Renewable Energy, (2016), 94,

doi:10.1016/j.renene.2016.03.019.

Autores: S. Paniagua, L. Escudero, C. Escapa, R.N. Coimbra,
M. Otero, L.F. Calvo.
Breve resefia: En esta publicacion se valorizé energéticamente

la biomasa procedente de una plantacion de chopos situada

en Léon (Espafia). Las especies vegetales fueron fertilizadas organicamente recuerriendo a
lodos de depuradora. El proceso térmico que se estudio fue la combustién. Asi mismo, se

analizo el rendimiento agrondmico para los distintos clones y tratamientos.

CAPITULO (6)

®— | Titulo: Effect of Applying Organic Amendments on the

Effect of Applying Organic Amendments on the Pyrolytic
Behavior of a Poplar Energy Crop

Pyrolytic Behavior of a Poplar Energy Crop,

S Pantapus L. Excuere! - . . Comb - €. Excapa! -3 Grut*- L . Cabe'

Revista: Waste and Biomass Valorization, (2018), 9(8),
doi:10.1007/s12649-017-9885-1.

Autores: S. Paniagua, L. Escudero, R.N. Coimbra, C. Escapa, M.
Otero, L.F. Calvo.

Breve resefia: Recurriendo a la misma parcela de la publicacion

asociada al capitulo anterior, las muestras de biomasa de chopo

se sometieron a un proceso pirdlitico. Ademas, en este articulo
se incopora el calculo de una serie de indices térmicos que facilitan la interpretacion de la

cinética.
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CAPITULO (7)
®- | Titulo: Chlorella sorokiniana thermogravimetric analysis and
e e el sl combustion characteristic indexes estimation,
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Revista: Journal of Thermal Analysis and Calorimetry, (2018),
131(3), d0i:10.1007/s10973-017-6734-1.

Autores: S. Paniagua, L.F. Calvo, C. Escapa, R.N. Coimbra, M.
Otero, A.IL. Garcia.

Breve resefia: Es en este capitulo en el que se aborda todo lo

relativo al cultivo energetico asociado a la microalga Chlorella

sorokiniana. Considerando la evolucion del cultivo y llevando

a la practica un proceso térmico de combustion, se estimo el rendimiento enegético de la

especie algal seleccionada.
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CAPITULO 2

2. Inleduccién.

2.1. GENERALIDADES.

2.1.1. El uso de la energia: no s6lo un problema para los cientificos.

El 14 de marzo del pasado 2018 fallece uno de los cientificos mas emblematicos del ultimo
siglo (XX), Stephen Hawking (1942 - 2018). Si bien es cierto que su legado en el campo de la
astrofisica y fisica tedrica es un dogma para la comunidad cientifica actual, no menos
importante es la frase que promulgd en el afio 2016 en la VII Edicién de los Premios
Fundacion BBVA Fronteras del Conocimiento: “;cémo alimentaremos a una poblacion en
crecimiento, cémo proporcionaremos agua y generaremos energia renovable, como ralentizaremos el

cambio climdtico? Espero que la ciencia y la tecnologia nos den la respuesta”.

Practicamente de forma coetdnea, posiblemente uno de los personajes actuales mas
influyentes, Bill Gates (1955), realiz6 la siguiente afirmacion: “casi todas las maneras de producir
electricidad hoy en dia, a excepcion de las energias renovables emergentes y nucleares, liberan CO2. Y
asi, lo que vamos a tener que hacer a escala global, es crear un nuevo sistema. Por ello, necesitamos
milagros con la energia” (Gates, 2019). Si bien es cierto que esta sentencia no es del todo cierta
(la biomasa, por ejemplo, es considerada una energia renovable y genera CO2), resulta,
cuanto menos curioso, ver como dos representantes de campos de trabajo completamente

diferentes se preocupan por el bienestar de la sociedad focalizandose en la energia.

Si, retomando la frase de Bill Gates, al hecho de la mencionada liberacion de COz, el cual
conlleva un incremento del efecto invernadero y por ende un mayor calentamiento global y
problemas de salud (Farhad et al., 2008), le sumamos el uso masivo de combustibles fosiles
en la sociedad actual, se hace imprescindible la busqueda de fuentes de energia alternativas
que contribuyan a marcar una senda que sea capaz de alcanzar, o por lo menos intentarlo, el

milagro al que hacia alusion.

2.1.2.- Combustibles fosiles: S.0O.S.

El uso masivo de los combustibles fdsiles no es algo reciente. El éxito de la evolucion humana
ha estado ligado a la disponibilidad de los recursos y a la energia (Meadowcroft, 2009). Sin
embargo, la demanda energética actual estd causando una disminucion severa en las

reservas de este tipo de combustibles. Actualmente, tal es la importancia de este tipo de
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energia que se prevé para el ano 2030 el 84% de la energia estara intimamente relacionada
con los combustibles fosiles (Shafiee y Topal, 2009). El problema radica en que estimaciones
recientes sobre la duracidn de las reservas no son para nada alentadoras (Covert et al., 2016).
Se cree que, al ritmo de consumo actual, las reservas de aceite, carbon y gas podrian durar

40, 60 y 150 afios respectivamente (Lior, 2010).

Si a los aspectos anteriores le sumamos que los paises (tanto desarrollados como emergentes)
tienden a incrementar su nivel de desarrollo y que necesariamente este desarrollo esta
estrechamente relacionado con un crecimiento en el consumo energético, se intensifica la
necesidad de buscar alternativas energéticas capaces de lograr un nuevo modelo en el que

los combustibles fosiles dejen de ser prioritarios.

Aclarados estos aspectos, en este primer apartado de la tesis se pretende acercar al lector a
una serie de conceptos que seran de gran utilidad para lograr una compresion completa de
dicho documento. Aspectos que no por ser conocidos dejan de ser relevantes y merecen ser

recordados.

2.1.3.- Energias renovables: primer contacto.

En los parrafos anteriores se ha venido haciendo alusiéon al término de “energias
alternativas”. Estas pueden ser renovables o no renovables. Son las primeras las que son

objeto de este apartado.

Energias renovables son aquellas que derivan de recursos naturales inagotables a los que se puede
recurrir de manera permanente (Rathore y Panwar, 2007). Dentro de estos recursos destacan el

viento, el sol, la lluvia, las mareas de los océanos, los recursos geotérmicos y la biomasa.

En 2008, aproximadamente 19% del consumo de energia global procedia de fuentes no
asociadas con el uso de combustibles fosiles, estando presentes la biomasa con un 13% de ese
19% y la energia hidroeléctrica con un 3,2%. La proporcion de las energias renovables en lo
que a la produccion de electricidad se refiere oscila el 18%. En términos generales, puede
decirse que las renovables sustituyen a los combustibles convencionales en cuatro areas
distintas: generacion de energia, agua caliente, combustibles para el transporte y servicios de

energia rural (Khalil, 2012).

El seleccionar un tipo de energia u otro tiene sus implicaciones globales que afectan a las

emisiones de gases de efecto invernadero, a la distribucién de los recursos hidricos, al
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consumo de minerales y a la fabricacion y transporte de equipos. Entre la comunidad
cientifica se cree que las tecnologias asociadas a las energias renovables son mas sostenibles
que muchas fuentes de energia actuales. Sin embargo, la aplicaciéon de cualquier energia
renovable requiere un andlisis de sostenibilidad que se centre principalmente en los efectos
ambientales, los costes de externalidades y la economia y financiacion de su implantacion.
Con todo, queda demostrado que antes de profesar informacion sobre esta tema es necesario
antes realizar una investigacion exhaustiva para tener una seguridad ambiental y econémica

(Mohtasham, 2015).

Tal y como puede leerse el trabajo de Kralova y Sjoblom (2010), se prevé que la importancia
de las energias renovables vaya en aumento a medida que avancemos en el presente siglo

(XXI) (Tabla I).

Tabla I - Evolucién y estimacién de las principales energias renovables hasta el afio 2040 — Modificado de
(Kralova and Sjoblom, 2010).

2001 2010 2020 2030 2040
Consumo total 10038 10549 11425 12352 13310
Biomasa 1080 1313 1791 2483 3271
Geotérmica 43,2 86 186 333 493
Viento 4,7 44 266 542 688
Solar térmica 41 15 66 244 480
Solar térmica (electricidad) 0,1 0,4 3 16 68
Hidroeléctrica (Gran escala) 22,7 266 309 341 358
Hidroeléctrica (Pequefia escala) 9,5 19 49 106 189
Fotovoltaica 0,1 2 24 221 784
Marina 0,05 0,1 0,4 3 20
Total Energias Renovables 1365,5 1745,5 2964,4 4289 6351
Contribucion Energias Renovables (%) 13,6 16,6 23,6 34,7 47,7

* Datos expresados en millones de toneladas de petroleo equivalente (tep).

Con los datos de la tabla anterior, puede decirse que se espera que la contribucion de las
energias renovables sea cada vez mas notoria, pasando de un valor porcentual del 13% a

principios del siglo XXI a un valor préximo al 50% para la mitad del mismo siglo.

Para que la importancia de es este tipo de energias haya sido tal, la madurez tecnolédgica

alcanzada ha sido esencial (sobre todo en el caso de la tecnologia edlica, solar y de
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combustion de biomasa). Es precisamente de esta tiltima fuente energética, la biomasa, de la

que se ocupara la presente tesis doctoral.

2.2. BIOMASA.

Ala hora de definir el término biomasa muchas son las posibles acepciones que nos podemos
encontrar dependiendo de la fuente consultada. De este modo, la Oficina de Eficiencia
Energética y Energia Renovable (EERE, de sus siglas en inglés) define biomasa como un
recurso energético derivado de la materia orgdnica; por su parte, la Organizacion de las Naciones
Unidas para la Alimentacion y la Agricultura (FAO) lo hace como un material de origen
bioldgico excluyendo aquel inmerso en las formaciones geologicas y transformado en fosiles (Dahiya,
2015). No obstante, el autor de la presente tesis prefiere adoptar la definiciéon que dieron
Jarabo y sus colaboradores en el afio (2000) por ser, segin su punto vista, una de las mas
intuitivas y sencillas. Estos autores definieron la biomasa como el conjunto de materia orgdnica
que haya tenido su origen inmediato como consecuencia de un proceso bioldgico, ya sea de origen
animal o vegetal. De esta forma se rompe con la creencia errébneamente adoptada de que la

biomasa necesariamente tiene su origen en organismos exclusivamente vegetales.

Pese a que en nuestro planeta existen grandes cantidades de biomasa, la cantidad real
disponible para energia es el resultado de un balance entre la produccién y el autoconsumo
de los seres vivos (Nomiyama etal., 2014). Estos mismos autores dictaminaron una
clasificacion para los distintos productos que podian obtenerse de la biomasa. Segin su
criterio, estos productos serian (i) abono y pienso, (ii) materias primas de productos
quimicos, como aminoacidos y sustancias quimicas ttiles, (iii) materiales como plasticos y
resinas, (iv) combustibles como etanol, diésel, pelets de madera, biogds y combustibles

solidos, (v) energia térmica y (vi) energia eléctrica.

2.2.1.- Composicion de la biomasa.

Desde el punto de vista quimico, la biomasa es un material compuesto constituido por una
mezcla de hemicelulosa, celulosa, lignina y extractos. La proporcion de las sustancias

anteriores asi como su estructura quimica depende de la especie (Di Blasi, 2008).

La celulosa es el polimero més abundante a nivel mundial (Sun, 2010). La celulosa de los
diferentes tipos de biomasa es quimicamente indistinguible excepto por su grado de

polimerizacion. Ademas de celulosa, los organismos vegetales (bien sean lefiosos o
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herbéaceos) contienen una serie de compuestos que les confieren sus propiedades

caracteristicas. Estos componentes son la hemicelulosa y la lignina (Figura 1).

[ Pared Célula Vegetal ]

Figura 1.- Composicion y estructura de la biomasa lignoceluldsica. Modificado por (Gurdo, 2016) de
(Tomme, Warren, & Gilkes, 1995).

A diferencia de la celulosa, la composicion de la hemicelulosa y lignina es heterogénea y
puede variar considerablemente incluso dentro de la misma especie. La hemicelulosa es una
molécula compleja de carbohidratos que ayuda a asociar las fibras de celulosa en las paredes
celulares de las plantas. Por su parte, la lignina es un polimero no carbohidratado que rellena
los espacios entre la celulosa y la hemicelulosa. Cuando ambos compuestos (celulosa,
hemicelulosa y lignina) aparecen juntos, es a lo que se conoce como lignocelulosa (Gurdo,
2016). La hemicelulosa se puede descomponer en aztcar fermentable y luego convertirse en
alcohol (etanol) y otros combustibles. En cambio, la lignina es dificil de convertir en otras
formas utilizables y, por tanto, se considera un subproducto. A medida que las tecnologias

para transformar la lignina mejoran pueden surgir nuevos mercados para su uso.

Gran parte de la materia prima (biomasa) empleada para obtener energia proviene de tres
fuentes: forestal, agricultura y residuos. Mientras que la agricultura y los residuos
proporcionan biomasa de naturaleza dispar, los bosques ofrecen material lefioso cuya
homogeneidad estd mas identificada. Cada una de estas fuentes tiene limitaciones de
disponibilidad y calidad, asi como cuestiones de accesibilidad. Estos parametros pueden

afectar el precio de esta biomasa (Suntana ef al., 2009).
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A estas fuentes biomasicas anteriores deben afiadirsele los cultivos acuaticos. Dentro de estos
cultivos acuaticos, las microalgas se han convertido en los ultimos afios en una incipiente
fuente bioenergética (Zhang et al., 2000; Pane et al., 2001; Peng et al., 2001; Shuba y Kifle,
2018). Por ello, uno de los articulos incluidos en esta tesis doctoral hace alusion directa al

comportamiento térmico de Chlorella sorokiana, una microalga cuyo uso esta generalizado.

En los siguientes sub-apartados se detallan los distintos tipos de biomasa.

2.2.2.- Biomasa agricola.

Este tipo de biomasa proviene de cultivos especificos para la producciéon de bioenergia asi
como de residuos agricolas. Estos residuos son, por una parte, material no comestible para
el ser humano y, por otra, materiales con alto contenido en celulosa que quedan después de
la cosecha de los cultivos. Los cultivos bioenergéticos incluyen plantas anuales cultivadas
por sus azucares, almidones o aceites, y plantas no comestibles herbaceas perennes. Los
residuos agricolas incluyen hojas y tallos. Cultivos anuales como el maiz también pertenecen

a este tipo de biomasa.

Los cultivos perennes son plantas herbaceas y plantas lefiosas que viven durante mas de un
periodo de crecimiento y por tanto no tienen que ser plantados cada afio. Estos son la
principal fuente de biomasa lignoceluldsica para biocombustibles de segunda generacion
(2G). Son considerados biocombustibles de este tipo aquellos que derivan de biomasa
procedente de residuos; mientras que, en los biocombustibles de primera generacion o 1G, a
diferencia de los anteriores, los residuos agricolas pueden ser usados para alimentacion de
poblacion humana o ganado. La mayoria del bioetanol de primera generacion en el mundo
se produce con materias primas derivados de cultivos alimentarios anuales (Kim y Dale,
2004; Williams et al., 2012). Los biocombustibles 2G se obtienen con materias primas no
aprovechables para alimentacion humana, como residuos forestales y agricolas, que tienen
elevado contenido de celulosa y lignina, principales componentes de las paredes celulares
de las plantas (Ramos et al., 2016). Estos ultimos han recibido una considerable atenciéon
porque no son cultivos destinados a la alimentacién y proporcionan un rendimiento
potencial a largo plazo asi como beneficios ambientales que no son alcanzados normalmente

en la agricultura de cultivos anuales (Anex et al., 2007; Sanderson y Adler, 2008). Estos
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beneficios ambientales potenciales incluyen proteccion de los habitats de vida silvestre,

prevencion de la erosion del suelo y mejora de la calidad del agua (Glover et al., 2010).

2.2.3.- Biomasa procedente de residuos.

Los residuos de biomasa estan formados por materiales organicos excedentes de procesos
industriales, liquidos agricolas y residuos solidos (por ejemplo, el estiércol), residuos sdlidos
municipales y residuos de construccion. Muchos procesos industriales y operaciones de
fabricacion producen residuos, desperdicios o co-productos que pueden utilizarse
potencialmente para la bioenergia. Las principales fuentes de residuos no lefiosos incluyen
los residuos de papel y la fabricacion textil. Las fuentes de materiales de desecho lefioso
incluyen subproductos de aserraderos (serrin, virutas, etc.). Las tecnologias de conversion
para estos desechos son potencialmente los mismos que para la madera virgen (Antizar-

Ladislao y Turrion-Gomez, 2008).

Mencion especial merecen los residuos agricolas. Estos incluyen materiales que quedan en
los campos después que han sido cosechados, subproductos de procesos industriales y
estiércol de ganado. Son una fuente importante de materias primas celuldsicas. Pese a la gran
cantidad existente de ellos, su disponibilidad difiere segtin la ubicacion (region, pais y dentro
de los paises) debido a variaciones de clima y suelo. Variaciones que afectan a la idoneidad
de crecimiento de los cultivos particulares. El uso de residuos agricolas deber ser
cuidadosamente planificado y gestionado por su importante papel en el control de la erosion
y mantenimiento de la calidad del suelo y su uso como forraje. Los restos de poda de cultivos
lefiosos pueden ser considerados residuos agricolas. Estos materiales presentan un
contenido hidrico y mineral variable, elevado contenido en materia organica, y una relacién

C/N generalmente alta (Williams et al., 2012).

Dentro de los residuos biomasicos debemos incluir también los residuos ganaderos y los
residuos urbanos. Debido a su productividad, las granjas producen grandes cantidades de
estiércoles (residuos humedos) de animales. Normalmente estos residuos ganaderos se
suelen aplicar al campo para fertilizarlos. Esta practica, de no ser acometida con una serie de
analiticas y calculos previos, puede conllevar a una sobre-fertilizacion del terreno y/o a una
contaminacion de las masas de agua colindantes. En lo que respecta a los residuos urbanos,
los centros urbanos generan diferentes formas de biomasa, como, por ejemplo: residuos

alimenticios, papel, carton, madera, etc. Por otro lado, la basura orgadnica en descomposicion
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produce compuestos volatiles (metano, diéxido de carbono, etc.) que contribuyen al efecto
invernadero. Estos compuestos tienen un alto valor energético que puede ser empleado para
generar energias limpias. Posiblemente estos tltimos residuos son, a dia de hoy, los menos

estudiados en virtud a la heterogeneidad de los mismos.

2.2.4.- Biomasa forestal.

En términos porcentuales, la biomasa lefiosa de origen forestal juega un papel importante
dentro de la bioenergia (Demirbas, 2004). Esta sigue siendo la fuente mas usada como
combustible para calentar las dependencias (sobre todo en las zonas rurales) (Cooke et al.,
2008). Pese a la importancia de dicha biomasa, pocos bosques de rotacion extendida (se
conocen asi a aquellos que presentan ciclos de crecimiento y cuya cosecha dura décadas) son
administrados especificamente para proveer biomasa para bioenergia (Hedenus y Azar,
2009). En cambio, la biomasa para bioenergia es tipicamente un co-producto de las
actividades de manejo forestal (por ejemplo, eliminaciéon de combustibles peligrosos) o
actividades comerciales que suponen un alto valor de los materiales como la madera

comercializable (Williams et al., 2012).
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2.3. ENERGIA BIOMASICA.

A la energia que se obtiene de la biomasa se la conoce como energia biomdsica. Esta tiene su
origen en el crecimiento de la planta, que fija el CO:2 atmosférico mediante la fotosintesis,
proceso que se lleva a cabo gracias a la clorofila presente en los cloroplastos de las plantas.
Aunque la obtencién de este tipo de energia es una practica muy generalizada, en los paises
subdesarrollados no se han obtenido rendimientos similares a los paises desarrollados

(Madruga, 2008).

2.3.1.- Cultivos energéticos.

Con este sub-apartado la vision de las fuentes de biomasa experimenta un cambio radical.
Mientras que las fuentes de biomasa anteriores no habian sido concebidas para fines
energéticos (los objetivos que se perseguian eran otros'), los cultivos energéticos se
establecen con la tnica finalidad de obtener biomasa que posteriormente sea empleada para

producir energia.

Se entiende por cultivo energético a aquel cultivo agricola, forestal o acuatico, cuya produccion
parcial o total se utiliza como materia prima para generar energia aprovechable (Nava Garcia

y Doldan Garcia, 2014).
Este tipo de cultivos puede clasificarse en:

e Agricolas. Muchas son las especies que se han cultivado. Las regiones con mas
superficie destinada a cultivos energéticos agricolas son Estados Unidos (EUA)
Uniéon Europea (UE) y Brasil. En EUA existen mas de 10 millones de ha,
principalmente de maiz (Zea mays) y soja (Glycine max). La UE cuenta con alrededor
de 6 millones de hectareas de cultivos agricolas, destacando la colza (Brassica
napus) la remolacha azucarera (Beta vulgaris altissima) (Rosillo-Calle et al., 2009). En
Brasil son 4 millones de hectéareas, de las cuales el 90% estan ligadas a la cafia de
azucar (Saccharum officinarum) y el 10 % a la soja. China tiene poco mas de 1 millén
de hectareas, Canada, India, Indonesia y Malasia no llega ni siquiera a esa cifra

(Williams et al., 2015).

o Forestales. Hablar de cultivos energéticos forestales es hacerlo de especies con rapido

de crecimiento y capacidad de rebrote después de la poda. El chopo (Populus spp.) y

1 Normalmente estos objetivos van ligados a obtener un alto rendimiento (t/ha) del cultivo implantado.
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el roble (Quercus spp.) son dos de las especies mas cultivadas (Ceotto et al., 2016;
Shangguan et al., 2018). Se suele asociar este tipo de cultivos con especies arboreas.
Esta afirmacidn no es cierta. Existen especies arbustivas que también pueden ser
utilizadas como especies energéticas; entre otras el escobon (Cytisus striatus), la
escoba negra (Cytisus scoparius) y el tojo (Ulex spp.), especies muy presentes en la

gran mayoria de los montes del norte de la peninsula ibérica.

Acuadticos. Estos son los cultivos de los que se tiene menos informacion. Posiblemente
sea por las condiciones de cultivo (no tan sencilla como los cultivos anteriores) o por
la dificultad de la seleccion de las especies. Al margen de lo anterior, este tipo de
cultivos ofrecen una serie de ventajas que puede hacer vislumbrar una linea
presente/futura de investigacion. Entre otras, las especies acuaticas cuentan con una
mayor eficiencia fotosintética que los cultivos convencionales (Najafi et al., 2011) y

precisan de menores superficies de cultivo sobreviviendo en condiciones mas adversas
(Milano et al., 2016).

Conocidos los diferentes tipos de cultivos energéticos, en el documento que abarca la

presente tesis se va a trabajar con el chopo (Populus spp.) como representante de un cultivo

forestal y con la microalga Chlorella sorokiniana como especie seleccionada de un cultivo

acuatico. Las caracteristicas de ambas especies seran pormenorizas en apartados venideros.

2.3.2.- Obtencion de la energia.

Dependiendo de su naturaleza, la biomasa sera sometida a un proceso de transformaciéon u

otro con el fin de poder aprovechar al maximo la energia obtenida. Asi, podemos llevar a

cabo la obtencion de energia mediante:

20

Extraccion directa. En la naturaleza hay plantas en cuyo metabolismo se generan

compuestos de alto poder energético que pueden extraerse facilmente si se recurre a
la utilizacion de disolventes. Este método de obtencion es el mas inusual debido al
limitado niimero de organismos vegetales que retinan estas caracteristicas. El girasol
(Helianthus annuus) o la soja (Glycine max) son ejemplos de plantas de las cuales puede

realizarse extraccion directa.

Procesos bioquimicos. Este tipo de procesos tiene por objetivo obtener etanol

(mediante una fermentacion alcoholica), metanol (a través de una digestion
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anaerobia) o biogas (procesos de digestion). Para llevar a cabo este tipo de procesos
es necesaria la presencia de determinados organismos que, bien se pueden encontrar
de forma intrinseca en las distintas fuentes biomasicas, o que hay que adicionar.

Estos organismos tratan biomasa de alto contenido en humedad.

e Procesos termoquimicos. Este tipo de procesos conllevan reacciones quimicas

irreversibles que acontecen, y esto es lo que diferencia a un proceso de otro, a
diferentes temperaturas y atmosferas (contenido de oxigeno). Dentro de estos
procesos podemos diferenciar la combustion, gasificacion y pirolisis. Estos procesos
seran abordados en apartados posteriores, estando las principales diferencias entre
ellos en el tipo de atmosfera con la que se trabaja asi como en la temperatura del

proceso. Estas caracteristicas pueden ser observadas en la Tabla II.

Tabla II - Procesos térmicos. Principales caracteristicas.

Proceso térmico Atmosfera Temperatura maxima del proceso
Combustion Con oxigeno 1000 °C
Gasificaciéon Pobre en oxigeno 700 - 800 °C
Pirdlisis Inerte (sin oxigeno) 600 °C

2.3.3.- Tratamientos previos.

Normalmente la biomasa no se suele usar sin tratamientos previos ya que es himeda y poco
densa. Por ello, hay que transformarla en combustibles solidos, liquidos o gaseosos que

cumplan las siguientes condiciones:
e Alto contenido energético por unidad de volumen.
¢ Bajo contenido en cenizas.
e Facilmente transportable.

Por lo tanto, dependiendo de las caracteristicas, tipo y procedencia de la biomasa, suele ser
necesaria la aplicacién de ciertos tratamientos fisicos previos que, en muchos casos, son de
gran importancia para que la biomasa pueda competir de forma real con otras fuentes de
energia que son, a priori, mas eficientes (Caputo et al., 2005). Los pretratamientos mas

comunes son el secado, el astillado y la peletizacion.
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Reducir el contenido en humedad. La humedad de la biomasa y la duracién del

correspondiente secado dependeran de la naturaleza de la misma, el clima, la
elaboracidn, la forma en la que vaya a ser almacenada o la época de obtencion entre
otros. Altos valores de humedad no son deseables cuando se habla de combustiones
(un mayor contenido en agua implica una menor proporcion de los elementos cuya
oxidacién proporcionan energia). Sin embargo, al llevar a cabo la gasificacion o
pirdlisis son necesarios determinados valores minimos de humedad que garanticen

la viabilidad de las reacciones que acontecen en estos procesos.

A fin de reducir el contenido de humedad hasta valores recomendados de entre 8-
15% (Garcia-Maraver et al., 2015) se llevan a cabo procesos de secado. Existen muchas
técnicas de secado que no son Técnicas que no son objeto del presente documento.
Simplemente matizar que, en la tltima década, a los secadores convencionales se les
ha sumado el secado solar; siendo esta ultima una alternativa que permite la

reduccién del consumo de energia en el proceso (Montero, 2005).

Densificacion del material. Al aumentar la densidad estamos reduciendo el volumen

de las muestras, con lo que el espacio necesario para albergar el material sera menor.

Densificar esta estrechamente relacionado con los procesos de astillado y peletizado.

El astillado consiste en cortar y moler la madera hasta reducirla a particulas de
pequeno tamano (astillas). Para producir una unidad de peso seco de astillas, la
cantidad inicial a utilizar variara en funciéon de la densidad del producto que se

astilla.

En el caso de la fabricacion de pelets o peletizado, el proceso se lleva a cabo mediante
un sistema de rodillos que rotan sobre la superficie de una matriz (dependiendo de
la disposicion de la matriz se habla de un tipo de peletizado u otro) generandose asi
presion sobre un manto de materia prima y forzandose el flujo de la biomasa a través
de orificios. El producto final es cortado por los rodillos a medida que sale la biomasa
compactada (Arranz, 2011; Justo, 2014). El empleo de material lignoceluldsico
permite la no utilizacion de aditivos a la hora de peletizar. De otra manera seria
necesaria la utilizacion de estos aditivos para lograr una correcta cohesion de los
materiales. Estos aditivos que aumentarian la contaminacion de estos pelets cuando

sean sometidos a procesos térmicos (Marcos, 1994). Posteriormente, y una vez
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enfriado, el pelet adquiere su consistencia final. Ademas, a la hora de peletizar, es
importante que los niveles de humedad y tamano de particula sean éptimos para
obtener una buena consistencia del material final y que la peletizadora pueda operar

a un determinado rendimiento (Miranda et al., 2010; Justo, 2014).

Como puede apreciarse son muchas las etapas que han de seguirse para lograr un material
procedente de biomasa para que sus propiedades puedan asemejarse a las de los
combustibles fdsiles. Sin embargo, todos estas ventajas que denotan los productos

densificados hacen rentable el procesado de los mismos (Obidzinski, 2014; Guo et al., 2015).

2.3.4.- Procesos térmicos.

Los procesos térmicos mas importantes a los que puede ser sometida la biomasa son la
combustion, gasificacion y pirolisis (Figura 2). En los siguientes sub-apartados se efecttia una

sintesis de los mismos.

PROCESOS TERMICOS
Combustion T mner Pirdlisis
(Aire) (Adre parcial) (Sinaire)
Calor Cenizas e Cenizas Liquido Gas Solido (char)

combustibles

Figura 2.- Esquema de los procesos térmicos y productos resultantes de los mismos.

2.3.4.1.- Combustion.

Se define como un conjunto de reacciones quimicas exotérmicas, relativamente veloces,
acompanadas de emision de energia radiante en la region visible, que se producen entre las
sustancias combustibles (C, H principalmente) y el comburente (O2). De forma mas intuitiva
puede decirse que es un proceso de transformacion de la materia en presencia de oxigeno,
dando lugar a la formacion de nuevas sustancias y a la liberacion de energia en forma de
calor y luz. También aparece material incombustible al que denominamos cenizas. La
combustion se lleva a cabo con un exceso de oxigeno sobre el teodrico calculado

(estequiométrico) para garantizar la combustion completa.
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La reaccion tipica de combustion seria la reflejada en la expresion (1):

Combustible + 0, » CO, + H,0 AH <0 1)

El caracter exotérmico de la ecuaciéon anterior nos indica que en la combustion se esta
liberando energia. La biomasa que se combustiona lo hace a temperaturas en torno a los

1000°C.

En los procesos de combustion un aspecto a considerar sera el contenido en carbono. Cuanto

mayor sea este, se estara favoreciendo en mayor medida la reaccion (2):

C+0,-C0, AH= —394kj/mol (Basu, 2010b) (2)

La combustion se puede diferenciar en tres fases que pueden darse de forma consecutiva o
pueden solaparse. Estas fases son:

e Evaporacion de la humedad presente en las muestras de biomasa. Este contenido

hidrico no aporta energia al proceso; con lo que es conveniente realizar un
tratamiento previo de secado de las muestras para que esta fase sea lo menos acusada

posible.

o Liberacion de volatiles?. Estos elementos empiezan a eliminarse a partir de los 200°C.

Aproximadamente un 80 % de la biomasa se convierte en compuestos volatiles a esta

temperatura.

e Combustion del residuo carbonoso a partir de 500 °C.

Por otra parte, el proceso de combustion esta afectado por una serie de factores (que suelen
depender los unos de los otros) tales como el porcentaje de oxigeno, la temperatura del
proceso asi como por una serie de caracteristicas fisicas, quimicas y térmicas que se detallan

a continuacion (Miranda, 2005):
Caracteristicas fisicas:

e Granulometria. Un tamafio de particula mas pequefio hace que exista una mayor
superficie de contacto entre el combustible y el comburente, con lo que se favorece la

transferencia de calor y, por consiguiente, la combustion.

2 Material gaseoso que se volatiliza bajo una atmodsfera inerte o reductora
]
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e Densidad. Una alta densidad y contenido de carbono fijo facilitan la combustion y el
rendimiento del proceso global. Es por ello que es tan importante acometer el

tratamiento previo de densificado.

e Humedad. Un mayor contenido en humedad provoca un menor rendimiento de la

combustion. El tratamiento previo de secado minimiza este problema.

Relacionado con las caracteristicas quimicas, la biomasa debe contener bajos niveles de
azufre, cloro y fltor (de forma general se cumplen estas condiciones), ya que de lo contrario
se propiciaria la formacion de acidos que pueden provocar problemas de corrosién en el
equipo ademas de la emision de subproductos toxicos perjudiciales para la salud y el medio
ambiente. La biomasa de naturaleza herbacea tiene un mayor contenido en cloro y azufre
(Demirbas, 2004). Este mayor contenido en azufre afecta a las reacciones de oxidacion de este

elemento (ecuaciones 3 y 4).

S+0, - S0, 3

250, + 0, — 250, 4)

Por su parte, un alto contenido en cloro estaria relacionado con problemas de fouling;
entendiéndose por este proceso a aquella deposiciéon y acumulacion de materiales no
deseados en las partes internas o externas de la maquinaria donde se llevan a cabo los
procesos térmicos (incluyendo calderas e intercambiadores de calor) (Ibrahim, 2012). Tal es
la preocupacioén por la aparicion del fouling que gran parte de los esfuerzos de innovacién en
procesos térmicos estan siendo encaminados a eliminar o minimizar esta acumulacién de

materiales indeseados en las calderas (Romeo y Gareta, 2009; Bartolomé y Gil, 2013).
La principal caracteristica térmica de las muestras bajo condiciones de oxidacion es el poder
calorifico (energia por unidad de masa). Dentro de este debemos hacer una distincion entre

poder calorifico superior e inferior:

e DPoder calorifico superior (higher heating value, HHV). Cantidad de energia

desprendida en la combustion completa de la biomasa considerandose la
condensacion del vapor de agua originado en la propia reaccion de combustion

(ecuacion 1).
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e Poder calorifico inferior (lower heating value LHV). Energia desprendida en la

combustion completa de una muestra de biomasa sin tener en cuenta el calor latente

de la condensacion del vapor de agua.

Aunque la tecnologia avanza en los tltimos afos, la mayoria de las calderas no son capaces
de recuperar este vapor de agua, con lo que se deberia trabajar con valores de poder calorifico
inferior. Digo se deberia porque la comunidad cientifica especializada usa, a efectos
comparativos, valores de HHV. La Tabla IV muestra caracteristicos de distintas fuentes

energgéticas.

Tabla III - Valores medios de poder calorifico superior para los materiales combustibles mas comunes.

. . Higher heating value .
Material combustible HHV (M/kg) Referencia
Carbon 18-25 (Majumder et al., 2008)
Biomasa herbacea 15-19 (Jenkins et al., 1998)
Biomasa lignocelulo6sica 17-20 (Paniagua et al., 2016)
Microalga deshidrata 19-22 (Rizzo et al., 2013; Raheem,

Sivasangar, et al., 2015)

2.3.4.2.- Gasificacion.

Se denomina gasificacion a un conjunto de reacciones termoquimicas que se producen en un
ambiente pobre en oxigeno (aqui esta una de las diferencias con la combustién) y que da
como resultado la transformacién de un sélido en una serie de gases susceptibles de ser
utilizados en una caldera (sintesis de productos), en una turbina de gas o en un motor de
combustion interna, tras ser debidamente acondicionados. Se pueden distinguir dos tipos de
gasificacion:
e Con aire. Se obtiene un gas pobre con alto contenido en N2 (gas inerte que por si solo
no tiene valor energético). La ventaja de utilizar aire es que las temperaturas del

proceso no son muy elevadas (en torno a 700 - 800 °C).

e Sin aire. El proceso se lleva a cabo con oxigeno puro. Los gastos economicos del
proceso se incrementan al utilizar este gas. Se emplea cuando el usuario tiene el

objetivo de lograr productos selectos (como metanol o gasolina).
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En el proceso de gasificacion la celulosa se transforma en hidrocarburos mas ligeros
(pudiéndose obtener mondxido de carbono e hidrégeno). Esta mezcla de gases tiene un
poder calorifico equivalente a la sexta parte del poder calorifico del gas natural cuando se

emplea aire como agente gasificante.

Son mdultiples las distintas clasificaciones de las fases que engloban la gasificacion. A
continuacién se expone una que, sin ser la mas exhaustiva, puede proporcionar al lector unas

nociones elementales de dicho proceso térmico.

e Combustién de parte del combustible (exotérmica).

e Gasificacién del resto del material (CO y Hz).

e Formacién de CHas v otros hidrocarburos.

La gasificacion no es una tecnologia desarrollada recientemente, sino que ha sido un recurso
habitual en periodos de carencia o escasez de combustibles ligeros. Esta permite convertir
solidos (carbdn, biomasa) en gases que pueden ser empleados en motores de combustion
interna, calderas y turbinas. Por otro lado, la gasificacion como concepto de proceso puede
aplicarse para sintetizar combustibles liquidos de alta calidad en el proceso denominado

Fischer-Tropsch (Tijmensen et al., 2002).

Ademas de sustituir a combustibles ligeros de origen fdsil, la gasificacion permite obtener
altos rendimientos eléctricos a partir de biomasa; cuestion ésta muy dificil mediante
combustion directa para generacion de vapor y posterior expansion en un turbo alternador.
Mediante gasificacion se pueden alcanzar rendimientos eléctricos de hasta un 30-32%
mediante el uso de moto-generadores mientras que con un ciclo Rankine convencional

simple las cifras rondan un 20% de rendimiento eléctrico (BESEL, 2007).

La gran variedad de combustibles que son gasificados parece hacer imposible la presentacion
de una teoria valida para todos ellos. Sin embargo, los fenomenos predominantes de la
pirdlisis o desvolatilizacion y la gasificacion del char® que queda son similares en todos estos
combustibles. En el desarrollo de la teoria de la gasificacion es posible centrarse en el caso de
la gasificacion del carbon puro, y discutir las influencias que ocasionan las caracteristicas del

resto de los combustibles en el proceso. El proceso de gasificacion se lleva a cabo en rangos

* Material s6lido carbonoso, normalmente con propiedades combustibles, que surge a modo de
residuo de los diferentes procesos térmicos.
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de temperatura de 650 °C a 1100 °C (Estrada y Meneses, 2004). El proceso de gasificacion de

carbon sdlido, ya sea en forma de carbdn, coque o char, involucra en las reacciones a los

componentes de carbono, mondxido de carbono, dioxido de carbono, hidrogeno, agua y

metano. Las reacciones producidas son las siguientes:

28

Combustion completa de parte del material carbonoso (ecuacion 1). El residuo que

se combustiona completamente es un 20-30 %. E1 80 % que queda sin combustionar
se encuentra a una temperatura de 700 °C — 800 °C debido a que se ha elevado la

temperatura pero no cuenta con oxigeno suficiente para oxidarse completamente.

C+ 0, + 3.79N, - 3.79N, + CO, H = —395.4kJ/mol
(Probstein y Hicks, 2006)

©)

La energia liberada en esta reaccion es la que se empleara como fuente energética en

el resto del proceso.

Precisamente el residuo carbono que no se ha combustionado puede reaccionar con

CO2 de la anterior combustion generandose mondxido de carbono, CO (expresion 6).
El CO es un gas muy energético. La energia para esta reaccion se obtiene de la

expresion 5.

C+CO, +3.79N, - 3.79N, + 2C0 H = 172 kjJ/mol ©)
(Higman y van der Burgt, 2008)

En el proceso de gasificacion se requiere que la muestra contenga un contenido
minimo de humedad (10 — 15 %). Si el combustible esta seco hay que adicionarle
agua. En los puntos donde la temperatura sea superior a 900°C, el carbono

incandescente reacciona con el vapor de agua (H20), para formarme CO e Ho.

Energéticamente el Hz y el CH4 proporcionan mas energia que el CO. La reaccion a

la que alude este sub-apartado 3 (expresion 7) también es endotérmica.

C+H,0 -CO+ H, H=131kJ/molC
(Klass, 1998)
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4. En zonas donde la temperatura del reactor es 500-600 °C, el carbono incandescente

reacciona con dos moléculas de H20. La reaccién 8 vuelve a ser endotérmica y en ella
se forma CO2, gas sin interés energético que, ademas, es uno de los principales

culpables del cambio climéatico (Gonzalez Elizondo et al., 2003; Hernandez, 2008).

C+2H,0 - CO,+ 2H, H =89.03kJ/mol
(Nogales, 2015)

8)

5. Sila muestra de biomasa contara con mavor contenido en humedad (H20), ese CO

reaccionaria con H»O. Al consumir el CO la eficiencia del proceso disminuiria.

Gracias a esta expresion 9 el lector puede percibir la importancia de tratar con valores
optimos de humedad merced a la realizacion de un correcto tratamiento previo de

secado.

CO+ H,0 - CO,+ 2H, H=-42 kj/mol
(Basu, 2013)

)

6. A temperaturas de unos 500 °C, el char reacciona con H», para dar lugar a CHs a

través de la reaccién

C+2H, » CH, H=-748k]/mol

(10)
(Klass, 1998)

Los principales factores que juegan un papel importante en la gasificacion, tal y como

afirman Basu (2010a) y Nogales (2015), son:

e Temperatura. La temperatura es un parametro importante en todas las etapas y, por
tanto, en el rendimiento final del proceso. Como idea general puede decirse que a
altas velocidades de calentamiento y alta temperatura final se produce
mayoritariamente gas; mientras que a temperaturas finales y velocidades de

calentamiento menores se producen mayoritariamente liquidos y solidos.

e Presién. El aumento de la presion no favorece las reacciones de gasificacion,
haciendo aumentar las proporciones de hidrocarburos y alquitranes. Algunos tipos
de gasificadores trabajan a presion atmosférica y otros pueden trabajar a presiones

de hasta 3000 kPa.
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Relacion agente gasificante/biomasa. Este es uno de los parametros mas importantes

en la gasificacion. Valores muy bajos de este parametro pueden indicar que no se
genera la cantidad suficiente de energia para mantener el proceso en las condiciones

adecuadas, produciendo una disminucion del rendimiento.

Anadlisis elemental e inmediato de las muestras. El primero (elemental) influye en la

proporcion agente gasificante/biomasa dptima asi como en la delimitacion de la
produccion de contaminantes del tipo éxidos de nitrégeno y/o azufre o de cloruro de
hidrogeno. El segundo (inmediato) nos facilita el contenido en contenido de cenizas,
material volatil y carbono fijo entre otros. El aspecto mas critico para la gasificacion
son las cenizas: no es deseable sobrepasar un contenido del 10%. Estas cenizas hay
que retirarlas del gasificador para evitar su acumulacion. Una propiedad importante
de las cenizas es su punto de fusion. Si este se sobrepasa de valores limite pueden
formarse escorias que van a obstruir los equipos. Las cenizas, al ser inertes, no
intervienen en los equilibrios quimicos de las reacciones de gasificacion, pero pueden
tener un efecto catalitico acelerando la reaccion de gasificacion del residuo carbonoso
con vapor de agua, especialmente al existir 6xidos metalicos como K20, CaO, MgO,

P20:s, etc.

Tamario y caracteristicas de la particula. El tamafio de la particula influye en el
tiempo necesario para que el proceso tenga lugar. Para variar el tamafo de la
particula se pueden considerar los procesos de densificacion y de molienda. Estos

procesos elevan los costos de operacion.

Humedad. Influye sobre la viabilidad del proceso y el balance térmico del proceso.
Una parte del calor producido debe utilizarse para evaporar esa cantidad de agua.
También influye sobre la composicion del gas de salida llegando incluso a desplazar

algunas reacciones.

2.3.4.3.- Pirdlisis.

Es la descomposicion térmica de un material en atmdsfera inerte (en ausencia de oxigeno).

Los valores de temperaturas con los que se trabajan son inferiores a los de los procesos

térmicos anteriores De esta forma, se obtienen combustibles liquidos o sélidos, ademas del

gas, en funcion de la composicion de la biomasa y otras condiciones.
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La pirdlisis es un proceso endotérmico (entalpia positiva) en el que el reactor no mantiene
por si solo la temperatura, requiere de un aporte térmico que, aunque puede tener diferentes

origenes, se suele realizar con el mismo material con el que se trabaja.

Las reacciones quimicas de la pirolisis son mas complejas que las del proceso de gasificacion.
Complejidad de la que no es objeto el presente documento, con lo que, al contrario de lo que
se hizo con la gasificaciéon, no se pormenorizaran las distintas reacciones, sino que
simplemente se dara a continuacion una nocién de las etapas de un proceso pirolitico
convencional (Castells y Garcia, 2012). Etapas que estan supeditas al valor de temperatura

alcanzada (Nogales 2015).
e Hasta los 200 °C se produce una pérdida de agua y otros productos volatiles.

e Entre 200y 250 °C los constituyentes menos estables se descomponen desprendiendo

agua y 6xidos de carbono formandose hidrocarburos liquidos oxigenados.

e Hacia los 275 °C se genera la mayor parte de los hidrocarburos liquidos. Reaccién

exotérmica que recalienta la masa hasta 300-350 °C.

e Por encima de los 300 °C comienza la formacién de productos carbonosos de alto

peso molecular (alquitranes y coque).

Esta temperatura serd, junto con el tiempo de residencia, los parametros que permitan
diferenciar un tipo de pirolisis de otro. La Tabla IV muestra un resumen de los principales
tipos.

Tabla IV - Principales tipos de pirdlisis y caracteristicas asociadas. Modificado de (Castells and Garcia
2012).

Lenta Convencional Rapida Flash
Temperatura (°C) <400 <500 > 600 400 - 800
Rampa de calentamiento Baja Baja Muy Elevada Elevada
Tiempo de residencia Muy Largo Largo Muy corto Corto

Conocidos los requerimientos de este proceso, y sobre todo las desventajas del mismo
(requerimiento de atmdsfera inerte, endotérmico, etc.), su llevada a la practica se justifica

desde el punto de vista de (1) ser el tinico tratamiento térmico capaz de generar productos
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en los tres estados (solido, liquido y gaseoso) y (2) en la utilizacién de los carbonizados

derivados del mismo cuya capacidad de adsorcion de contaminantes puede ser empleada,

sino al mismo nivel que el carbon activo comercial, en procesos de biorremediacion.

Del proceso pirolitico surgen una serie de productos que se englobarian en los siguientes

epigrafes:

1.

Residuo sélido carbonoso que contiene carbones, alquitranes y cenizas denominado

biosolido o biochar.

Liquido que contiene compuestos hidrocarbonados (bioliquido o bioaceite). Mezcla
compleja de compuestos organicos de entre 5 y 20 atomos de carbono, con una gran

proporcion de compuestos aromaticos.

Gas compuesto por hidrogeno, 6xido de carbono e hidrocarburos gaseosos. Mezcla
de hidrocarburos ligeros, predominando los compuestos de 1 a 4 4&tomos de carbono,

ademas de CO, COz, Hz2 y pequeiias cantidades de HS.

Asi mismo, también existen una serie de factores que pueden afectar a la pirdlisis de las

muestras de biomasa:
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Temperatura. Es uno de los parametros mas importantes. En buena medida sera el

responsable de los productos finales que se obtengan.

Tiempo de residencia. Tiempo que las muestras estan en el reactor.

Rampa de calentamiento. Aumento de la temperatura por unidad de tiempo en el

reactor.

Los tres parametros anteriores son los que determinan el tipo de pirolisis (Tabla IV) que

se esta llevando a cabo (Jesus, 2014)

Analitica del material. El andlisis elemental, inmediato y poder calorifico de las

muestras de biomasa deber tenerse muy presente a la hora de utilizar un proceso
térmico u otro. Asi, materiales con alto poder calorifico no se recomendarian para
pirolizar, ya que el rendimiento energético que se obtendria con los mismos en una
combustion o, en menor medida, en una gasificacion, serian superiores a los de la

pirolisis.
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Presion. La pirdlisis en atmosfera inerte a presion reducida aumenta el rendimiento

en alquitranes.

Tamano de la particula. Influye sobre los mecanismos de transferencia de calor. A

mayor tamano de la particula, menor velocidad de reacciéon y menor rendimiento en

gases y liquidos.

2.3.5.- Ventajas e inconvenientes de la energia biomdsica.

Comparandola con los combustibles fosiles, la energia biomédsica ofrece una serie de ventajas.

Algunas de ellas de citan a continuacion:

1.

Reduccion de las emisiones a la atmosfera. Someter la biomasa a procesos térmicos
no esta exenta de la emision de gases de efecto invernadero, GEI. Sin embargo, se
dice que la cantidad de GEI emitida por este tipo de energia (biomasica) es menor en
comparacion con las energias convencionales. Entre la comunidad cientifica se hace
esta afirmacion debido a que las especies vegetales son capaces de capturar CO2 antes
de ser sometidas a cualquier proceso térmicos. Es por ello que el balance de GEI se
minimiza si consideramos este didoxido de carbono capturado por los ejemples

vegetales como parte de su proceso fotosintético.

Minimizaciéon de las emisiones de contaminantes hidrogenados o sulfurados

(Nogales, 2016).

El aprovechamiento de la masa forestal con fines biomasicos hace que las zonas
forestales estén mas saneadas a la vez que se evita la propagacion de incendios y se

mejora la calidad de las ejemplares vegetales (Nogales, 2016).

Estrechamente ligado con el punto anterior, al reforestar las zonas deforestadas o las
tierras agricolas con cultivos con fines biomasicos, se contribuye a la retenciéon del
aguay por lo tanto se disminuyen los procesos erosivos y la desertificacion (Nogales,

2016).

Aspecto socio-econdmico. Al emplear la biomasa se estd dando un impulso a todas
aquellas areas rurales o en desarrollo a través de la creacion directa de puestos de

trabajo de la misma forma que se establece un mercado con una demanda continua
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y sin fluctuaciones importantes que revaloriza los recursos de las zonas afectadas

(Marrison y Larson, 1996).

Menor dependencia del uso de combustibles fosiles. Quizas sea esta la principal
ventaja, o por lo menos en lo que al &mbito de este documento se refiere. Al emplear
biomasa estamos ofreciendo nuevas alternativas energéticas que hacen que la

importancia de las energias convencionales disminuya

Generalmente, durante su crecimiento, los cultivos energéticos presentes en los
paises europeos secuestran carbono de la atmosfera (Schulze et al., 2010) siendo,

ademas, un sumidero de metano (Ciais et al., 2010).

Conocidas las principales ventajas asociadas a este tipo de energia, y para analizar la

situacion desde un punto de vista objetivo, se entra ahora a valorar en las lineas siguientes

algunos de los inconvenientes del empleo de este tipo de energia; ya se adelanta que gran

parte estan relacionados con las instalaciones que se emplean:

1.
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El emplear energia biomasica requiere de una mayor inversion inicial por parte de
los usuarios que la que pueda suponer la asociada a las energias convencionales

(energiasrenovablesinfo, 2018)

Menor rendimiento energético. Normalmente los recursos biomasicos cuentan con
menor rendimiento (referido en términos de poder calorifico) que los combustibles
convencionales, con lo que se precisa de una mayor cantidad para igual el
comportamiento de estos (McKendry 2002). Ademas, el rendimiento en caldera va a
depender estrechamente de la calidad del combustible que se utilice como fuente de

energia.

Al margen de ocupar mas espacio, las instalaciones relacionadas con energia
procedente de la biomasa se limpian peor y necesitan mayor mantenimiento

(Hargassner, 2016).
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2.4. FUENTES BIOMASICAS SELECCIONADAS.

La superficie dedicada para cultivos energéticos se incremento diez veces durante la primera

década de siglo XXI (Miralles, 2007). En Espafia, la superficie de cultivos energéticos ha

aumentado hasta situarse en 200000 ha a inicios de siglo (Martin Mateo, 2008). La literatura

es bastante escasa en lo que a cultivos exclusivamente dedicados a fines energéticos se refiere

(Zegada-Lizarazu y Monti, 2011). Si que existen mas publicaciones de este tipo de

plantaciones estudiando los beneficios ocasionados a los agricultores: motivando la

inversion en las zonas rurales y revalorizandolas. De esta forma se esta contribuyendo al

desarrollo de zonas marginadas evitando la emigracion rural y el abandono de la tierra. Asi

mismo, se reduce la dependencia del petroleo y se solucionan problemas de excedentes

agricolas y abandono de tierras de cultivo (Camps Michelena y Marcos Martin, 2002;

Zuurbier y Van de Vooren, 2008).

La clasificacion de este tipo de cultivos se aprecia en la Tabla V.

Tabla V - Criterio de clasificacion de los cultivos energéticos. Modificado de (Diehl et al., 1978)

Criterio de clasificacion

Caracteristicas

Duracion

Corto. El ciclo de rotacion se alarga 2-3 afnos.

Largo. El ciclo de rotacién dura mas de 3 anos.

Area cultivada

Regular. El area asignada para cada cultivo es la misma

Irregular. El area asignada para cada cultivo es diferente.

Secuencia de los cultivos

Ciclico. La secuencia de rotacién de cultivos sigue el mismo orden
temporal.

Aciclico. La secuencia de cultivos varia con el tiempo.

Uso del suelo

Continuo. El terreno estd siempre ocupado por un cultivo durante
la rotacion.

Discontinuo. El terreno no estd ocupado por un cultivo durante
algtiin momento de la rotacion.

Esquema ciclico

Abierto. Un nuevo cultivo puede ser introducido en la rotacion.

Cerrado. Ningtin nuevo cultivo puede entrar en la rotacion.

Naturaleza de la especie

Herbicea. Especies con un contenido en lignina nulo o muy
reducido.

Lignoceluldsica. Especies con alto contenido en lignina.

Acudticos. Especies adaptadas a la vida en el medio acuatico
(microalgas, nenufares, etc.).
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Precisamente esta ultima jerarquizacion (en base a la naturaleza de la especie con la que se
trabaja) es la que se ha tomado como referencia para la presente tesis. Al margen de emplear
una fuente lignocelulosica al uso (madera de chopo) se ha estudiado como se comporta la

microalga Chlorellla sorokiniana.

2.4.1.- Cultivo energético de chopo (Populus sp.).

v" A esta especie biomasica hacen alusion los capitulos 5 y 6 de la presente tesis doctoral.

El chopo (Populus sp.) es, junto con el eucalipto (Eucalyptus sp.), uno de los cultivos forestales
mas empleado en Espafia (Camps Michelena y Marcos Martin, 2002; Cereijo et al., 2008;
Facciotto, 2008). Es por ello que se han escogido cuatro clones diferentes de este género para

analizar su comportamiento bajo diferentes abonados orgéanicos y procesos térmicos.

El estudio del rendimiento energético de multitud de especies biomasicas con alto contenido
en lignina ha sido objeto de estudio de varias publicaciones, entre otras la de Zegada-
Lizarazu y Monti (2011). De hecho, existe, entre la comunidad cientifica, una metodologia a
seguir para verificar el potencial combustible de materias primas de diversa indole. Esta
metodologia se fundamenta en el analisis temogravimétrico y en la medicién de una serie de

parametros derivados de las analiticas de las muestras (Saldarriaga et al., 2015).

El rendimiento energético del chopo, especie seleccionada, ha sido ya estudiado tanto para
combustiones (Kok y Ozgiir, 2013) como para pirdlisis (Slopiecka et al., 2012). Los resultados
obtenidos por estos autores denotaron tres pérdidas de masa para ambos procesos térmicos.
En el caso de la combustion, estas pérdidas se encontraban ligadas a (1) una pérdida del
agua, (2) combustion de los volatiles ligeros y (3) combustion del carbono fijo. Para la
pirdlisis, la primera etapa continuaba siendo una deshidratacion pero la segunda y tercera
tenian distinta naturaleza (pirdlisis activa y pirdlisis pasiva). Asi mismo, los valores de Ea
calculados por el método Kissinger (Ozawa, 1992) para los dos procesos fueron de para 129.2

kJ/mol para la combustion y de 153.92 k]/mol para la pirdlisis.

La novedad de esta tesis en lo que respecta al cultivo de chopos radica en la utilizacion de
una misma parcela durante 4 afios para estudiar ambos procesos térmicos sobre los mismos
ejemplares e incluir, ademads, dos nuevas variables: una primera relacionada con el empleo
de 4 clones diferentes de chopo y una segunda ligada al empleo de fertilizantes de naturaleza

organica consistente en lodos de depuradora.
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Los lodos de aguas residuales son un subproducto de los procesos de tratamiento de aguas
residuales. Su aplicacion al terreno es una de las alternativas para su eliminaciéon. Las
caracteristicas de los lodos de depuracion dependen de la calidad de las aguas residuales y
del tratamiento seguido (Singh y Agrawal, 2008). Generalmente, este tipo de residuos esta
compuesto por elementos orgdnicos, macronutrientes, micronutrientes, metales traza, micro
contaminantes organicos y microorganismos (Kulling et al., 2001). La aplicacion de este tipo
de lodos, aunque no es correcto generalizar, mejora ciertas propiedades del suelo (porosidad,
densidad aparente, estabilidad del agregado y capacidad de retenciéon de agua) asi como
aumenta la produccién de una variedad de plantas que incluyen vegetales, cereales, pastos
y arboles (Qasim et al., 2001; Morera et al., 2002; Antolin et al., 2005). El uso de lodos de aguas
residuales también da como resultado plantas mas robustas con un desarrollo mas rapido y
una mayor produccion de biomasa (Bozkurt y Yarilgag, 2003). Sin embargo, es necesario
tener en consideracion algunas de las desventajas de la utilizacion de este tipo de residuos;
a destacar la adiccion de metales pesados al medio asi como que el consumo de las plantas
que han sido tratadas con lodos podria suponer un grave riesgo para la salud humana (Singh
y Agrawal, 2008). Existen ensayos previos con chopo (Tsakou et al., 2003) en los que se
analizaron, entre otros, la variacion en altura y diametro de los arboles. Una vez aplicados
este tipo de lodos, estos autores concluyeron que, estadisticamente hablando, existian
diferencias significativas entre la altura de los arboles tratados y los que no. Estadistica que

no se mantenia para el caso del didmetro, donde no existian diferencias.

2.4.2.- Cultivo energético de Chlorella sorokiniana.

v" El capitulo 7 de la tesis se centra en este cultivo.

Las microalgas son uno de los recursos naturales mas importantes de la Tierra (Sambusiti
et al., 2015). En los ultimos afios, el cultivos de estos organismos ha aumentado debido a su
auge en aspectos farmacéuticos, nutricionales, cosméticos y acuicolas (Zhu, 2015). Ademas de
crecer en ambientes naturales, las microalgas pueden crecer en medio artificiales y se cultivan
comercialmente en sistemas de agua dulce, marinos y de aguas residuales dentro de
estanques abiertos y fotobiorreactores (Sambusiti et al., 2015). Determinadas microalgas
pueden adaptarse y tolerar una amplia variedad de condiciones ambientales teniendo
capacidad de reproduccion anual. Con su cultivo, se puede usar el CO2 de los gases de

combustion para su crecimiento (Raheem, Wan Azlina, et al., 2015). Como consecuencia, la
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fijacion bioldgica de CO: basada en microalgas es un medio prometedor para mitigar las

emisiones de CO: antropogénicas (Bach y Chen, 2017).

Las microalgas se pueden agrupar en microalgas procariotas, eucariotas (algas verdes), algas
rojas (Rhodophyta) y diatomeas (Bacillariophta) (Sambusiti ef al., 2015). A diferencia de la
biomasa lignoceluldsica, que estd compuesta principalmente por celulosa (40-60%),
hemicelulosa (20-40%) y lignina (10-25%) (Yang et al., 2007), la composicién quimica
principal en microalgas es de carbohidratos (8-30%), proteinas (40-60%) y lipidos (5-60%)
(Uggetti et al., 2014). Las microalgas también estan compuestas por pigmentos, antioxidantes,
acidos grasos y vitaminas. Asi, la composicion quimica de las microalgas es muy variable y
depende principalmente de las especies, las condiciones ambientales y los métodos de cultivo

(Sambusiti et al., 2015).

Chlorella es un género de microalgas verdes unicelulares de forma esférica de 2.0-10.0 pm de
didametro que viven tanto en agua dulce como marina. Generalmente se puede encontrar en
estanques, zanjas, u otros emplazamientos con altos niveles de humedad (Phukan et al., 2011).
Chlorella es cosmopolita, adaptandose a diversas condiciones ambientales y nutricionales .
Cuenta con ocho especies y Chlorella sorokiniana es una de ellas. Esta especie, de agua dulce,
ha sido estudiada en lo que a su fisiologia y genética. De igual forma, su produccion de
biomasa con alto contenido de lipidos, especificamente acidos grasos insaturados omega 3, 6
y 9, utiles para la obtenciéon de suplementos nutricionales, cosméticos, farmacéuticos y

biocombustibles, ha incentivado su estudio (Wehr et al., 2015).

Los cultivos de algas estdan emergiendo como una fuente importante para la produccion de
combustible (Schenk et al., 2008). El someter a la biomasa algal a una serie de tratamientos

térmicos hace de estas una fuente alternativa de energia (Miao et al., 2004; Wang et al., 2007).

A fin de valorar su rendimiento energético, se empled el analisis termogravimétrico (TGA).
Varios autores han demostrado la capacidad de este analisis para el estudio de especies de

microalgas.

Pane y colaboradores (2001), por ejemplo, recurriendo a una atmdsfera de aire, estudiaron los
perfiles de la microalga marina Tetraselmis suecica, informado de la existencia de distintas
pérdidas de peso asociadas con la presencia de diferentes moléculas producidas durante el

crecimiento algal y con las diferencias térmicas en las propiedades de esas moléculas. Estos
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autores identificaron tres pérdidas de peso en los perfiles: la primera pérdida (40-180 °C)
corresponde a la pérdida de agua libre y el agua ligada a las biomoléculas. En este proceso, la
estructura celular se destruye progresivamente y se producen fendmenos como la alteracion
de las estructuras lipidicas y el despliegue térmico proteico. La segunda etapa (180-400 °C)
involucra la descomposicién de proteinas y carbohidratos y es la que implica una mayor
pérdida de peso. Finalmente, la ultima pérdida (400-760 °C) corresponde a la oxidacién

completa de la materia organica.

Por su parte, Peng et al. (2001) pirolizaron dos tipos de microalgas autétrofas (Spirulina
platensis y Chlorella protothecoides). Estos autores, al igual que los anteriores, identificaron tres
etapas de descomposicion (deshidratacion, desvolatilizacion y descomposicion sdlida) a la
vez que realizaron un estudio cinético para caracterizar cada especie. Obtuvieron valores de
energia de activacion (kJ/mol) de 42.2 -52.5 para el caso de la especie del género Chlorella y de

76.2 — 97 para Spirulina platensis.

El analisis termogravimétrico también fue utilizado por Zhang et al. (2000) para el estudio de
un compuesto de polietileno (PET)-Chlorella. Pese a que la adicién de un elemento externo de
origen sintético no va a ser uno de los objetivos de la presente tesis cuando se valore el
rendimiento energético de la microalga a estudiar, si que es resefiable alguno de los resultados
que obtuvieron estos autores. Entre otros, los perfiles obtenidos concluyeron que Chlorella
tenia una mayor estabilidad térmica que la celulosa, presentado una pequefia pérdida de peso
por debajo de los 180 °C (atribuible a la pérdida de agua junto con determinadas sustancias
volatiles). El resto de pérdidas de peso para la combinacion PET-microalga estaba claramente
influenciada por la parte sintética y no se puede establecer un patrén comparativo con

respecto a muestras de microalgas puras.

Si, al margen de lo anterior, se tiene en cuenta que esta biomasa es capaz de mejorar las
caracteristicas del suelo mejorando el estado nutricional de las plantas (Al-Gosaibi, 1994);
es comprensible que cada vez existan mas estudios destinados a analizar el potencial
fertilizante de las microalgas. Asi, estudios como el de Uysal y colaboradores (2015) han
demostrado que con la aplicacion de un fertilizante algal se conseguia mejorar tanto la
altura como la germinacion del maiz y del trigo. Por su parte, Dineshkumar et al. (2018),

empleando como biofertilizante a las microalgas Chlorella vulgaris y Spirulina platensis

39



Introduccion

consiguieron mejorar el rendimiento de un cultivo de arroz a la vez que identificaron una

mejora en las propiedades fisicas y biologicas del suelo.

En muchas ocasiones las microalgas son empleadas para tratar aguas. Ademas de
cumplir esa funcion, la incorporacion de fertilizantes derivados del cultivo de algas en
aguas residuales puede conllevar a la sustituciéon de estos por los convencionales
sintéticos mejorandose el rendimiento de determinados cultivos horticolas (Gimondo,

2018).

Figura 3 - Cepa de Chlorella sorokiniana (imagen microscopio electrénico). — (UTEX, 2019).
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CAPITULO 3

3. Objeliios.

El posible potencial energético de los cultivos energéticos de Populus sp 'y Chlorella sorokiniana
deja patente la necesidad de investigar en profundidad todos los aspectos asociados a los
mismos. Por tanto, el objetivo principal de esta tesis es la valorizacion energética de un
cultivo de chopo y un cultivo de microalga. Asi mismo, y recurriendo a cada una de las
publicaciones que componen este documento, se pueden definir una serie de objetivos

especificos asociados a las mismas.
3.1. Relativos al cultivo de chopo (Populus sp) durante combustion y pirélisis.

v Comparar las propiedades como combustible para las distintas combinaciones clones-
tratamientos.

v" Identificar las distintas fases de pérdida de peso asociadas a cada proceso térmico, asi
como las temperaturas a las que acontecen estas.
Estudiar los parametros cinéticos de las muestras.
Determinar la posible existencia de un clon-tratamiento que denote mejores resultados

tanto agrondmicos como térmicos.
3.2. Relativos al cultivo de la especie de microalga Chlorella sorokiniana.

Analizar las propiedades como combustible de la microalga.
Identificar pérdidas de peso y temperaturas para los perfiles termogravimétricos.

Estudiar los parametros cinéticos.

AR N NN

Determinar los mejores resultados globales dentro de la evolucion del cultivo.
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CAPITULO 4

4. Naloviat y melodelogia.

Al tratarse esta una tesis defendida en la modalidad de compendio de publicaciones, la

metodologia seguida, asi como el material empleado para su correcto desempefio, sera

especificada en la seccion de Material y métodos de las diferentes publicaciones que componen

este documento. Independientemente de este hecho, se realiza, a continuacién, una

enumeracion del material y metodologia mas relevantes:

4.1. CULTIVO ENERGETICO DE POPULUS SP.

4.1.1. Material.

o

Parcela de 720 m? (45 m x 16 m) situada en la localidad de Hospital de Orbigo (42
27.183N, 05 53.650W).

4 clones distintos de Populus sp denominados (UNAL, I-214, AF-2 y AF-8) para hacer
un total de, aproximadamente, 1440 ejemplares.

2 fertilizantes de naturaleza organica. Por una parte, lodos de depuradora
(denominados BIOSOLIDS) y, por otra, lodos provenientes de una industria lactea
(MUD).

Calibre digital Powerfix®

Laser de alta precision Haglof Vertex® v3 201 DME

Estufa Memmert® GmbH + Co. KG

Bomba colorimétrica Parr® 6300

Molino convencional Fritsch® P-19

Molino de bolas Retch® MM200 con sus respectivos recipientes de acero.

Termobalanza TA Instruments® SDT 2960

4.1.2. Metodologia.

o

El laboratorio de técnicas instrumentales de la universidad de Ledn (LTI) fue el
encargado de llevar a cabo la analitica tanto de los suelos como de los distintos
fertilizantes. A destacar los parametros de conductividad (UNE 77308:2001), pH
(UNE-ISO 10390:2012), NOs (UNE 77318:2001) y amonio (UNE 103302:1994).

Tratamientos previos de la biomasa. Aproximadamente 200 g de madera seca
(secado al aire durante 72 h) fue reducida de tamafio empleando un molino
convencional y posteriormente recurriendo a un molino de bolas operando con 10

mg de biomasa durante 4 min a 30 rpm.
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o

Material y metodologia

Propiedades combustibles de la biomasa. Estas propiedades fueron determinadas
por un laboratorio externo, laboratorio regional de combustibles (LARECOM),
acorde a una serie de normas estandarizadas.
- Humedad: método de secado en estufa hasta alcanzar peso constante segin
lo establecido en la norma UNE-ISO 18134-1:2015.
- Poder calorifico superior (HHV): siguiéndose el protocolo dictaminado en
la norma ISO 18125:2017 con bomba adiabatica.
- Analisis elemental: carbono (UNE-EN ISO 16948:2015), azufre-cloro (UNE-
EN ISO 16994:2015), hidrégeno-nitrogeno (UNE-EN ISO 16948:2015).
- Analisis inmediato: cenizas (ASTM D1102 - 84(2013)), volatiles (ASTM E872
- 82(2013)).
Perfiles termogravimétricos. Para operar con la informacion relativa al estudio
termogravimétrico se usé el programa informatico TA® Universal Analysis 2000
junto con la hoja de calculo Microsoft® Excel.

El analisis estadistico se llevd a cabo con el software estadistico IBM SPSS® v.24.

4.2. CULTIVO ENERGETICO DE CHLORELLA SOROKIANIA.

4.2.1. Material.

o

Cepas de la especie de microalga Chlorella sorokiniana.

Matraces Erlenmeyer de 250 ml.

Medio de cultivo Mann and Myers.

Fotobiorreactores (PBRs) tubulares de 1.2 1 (8.75 cm de didmetro y 30 cm de altura).
Espectrofotémetro de rango UV/Visible BECKMAN® DU640.

Centrifuga SIGMA® 2-16P.

4.2.2. Metodologia.
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o

El cultivo de la microalga se efectud en los estadios iniciales en matraces Erlenmeyer
y posteriormente en PBRs que operaron tanto en batch como en discontinuo. Con un
sistema de CO:2y de iluminacion adecuados, el cultivo de la microalga se desarrollo
tomandose muestra de biomasa algal en 4 puntos de muestreo (a los dias 4, 17, 19y
21 respectivamente). Esa muestra de biomasa algal fue la que se valorizo

energéticamente.



CAPITULO 4

o Tanto el material como la metodologia empleados para llevar a cabo el andlisis
termogravimétrico de las muestras de la microalga asi como la interpretacion de los

resultados fue idéntica a la del cultivo de chopos.
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1. Introduction

The success of human evolution has been related to the orderly
population growth and the sustainable use of resources and energy
[1]. However, the current demand in the use of fossil fuels is causing
more than apparent decrease in the reserves of these energy re-
sources. It has been predicted that fossil fuels will represent a
percentage of 84% of the total energy demand in 2030 [2]. Besides,
recent estimations about the duration of such reserves are not
encouraging [3—5], since it is thought that the current reserves of
oil, coal and gas will last for 40, 60 and 150 years, respectively [6].
Furthermore, it is important to highlight that the world distribution
of such reserves is heterogeneous [2].

Forecasts and trends studies [7] indicate that civilization is now
facing a major challenge of energy; not being easy to achieve the
goals set for the coming years. A major difficulty arises from the
growing pressure of emerging countries [8—10] and from their
aspirations to reach the developed ones; which implies a growing
energetic consume [11].
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E-mail addresses: sergio.paniagua@unileon.es (S. Paniagua), luis.escudero@
gmail.com (L. Escudero), carla.escapa@unileon.es (C. Escapa), rdes@unileon.es
(R.N. Coimbra), marta.otero@unileon.es (M. Otero), Ifcalp@unileon.es (L.E. Calvo).
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The knowledge of this fact has led the European Union to set the
target to the fulfilment of 20% of its total energy needs with
renewable sources by year 2020 [12]. In Spain there are studies
[12,13] that indicate that this target for 2020 will be very difficult to
achieve.

To reverse the situation there is a global tendency to use
renewable energy [14—16]. Renewable energy sources (RES), also
known by alternative energy sources are those derived from inex-
haustible natural resources that can be drawn permanently [17].

Out of the numerous RES, biomass — and particularly woody
biomass - has many advantages and may play an important role in
displacing fossil fuels. Biomass resources may come from many
heterogeneous sources [18]. This heterogeneity, together with
technology, allows the production of energy by different ways.
Among them, thermo-chemical processes play an important role in
the production of this alternative energy [19].

In Spain, the principal biomass sources are related to forest
residues [7] and energy crops [21]. Within the latter, it should be
highlighted the case of lignocellulosic energy crops. The environ-
mental benefits of these plantations are well documented and can
be outlined acting as carbon sinks, thereby contributing to the
reduction of greenhouse gas [22].

When conducting an energy crop, apart from the design and
planting density [20], it is essential to select the correct species and,
within these, the most suitable clones [21,22]. In this senses, poplar
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(Populus sp) is one of the most studied species [23—27]. In fact,
several UE countries are considering the use of this species within
energy crops [28,29]. Comparative benefits of this species are
widely referenced [24,30]. As for the species considered in short
rotation forestry (SRF) crops, poplars have (i) high energy and fuel
quality, (ii) high yields of biomass dry weight, (iii) rapid juvenile
growth, (iv) good regrowth capacity, (v) narrow glasses or large
leaves at the top of the cup and, (vi) high adaptability to different
areas and resistance to biotic and abiotic stresses [31].
Fertilization is another important aspect to consider in order to
successfully establishing an energy crop. In this paper we worked
with organic amendments due to their biological and economical
potential [32,33] as well as their contribution to the closure of
certain cycles (nutrients and pollutants) and to providing a use for a
waste that previously had none. Furthermore, this type of fertilizer
could increase rates of soil microbial biomass [34] and improve soil
structure [35]. Still, in the specific case of poplars, it has been
proved that the application of a waste organic amendment signif-
icantly increased the trees growth without denoting changes in the
nitrate or in the phosphate concentrations in soil solution [36];
something that help to conserve the adjacent aquatic ecosystems.
In this context, the present work, which was conducted during a
four years' time period (2010—2013), aimed to study the effects of
the application of different organic fertilizations onto different
poplar clones. The main purpose was to determine under which
conditions (clones and organic fertilizations) the best thermal and
agronomic performance of the energy crop were obtained.

2. Materials and methods
2.1. Plots, poplar clones and fertilization

This study was carried out in a plot of 720 m? (45 m x 16 m) at
the North-West of Spain (42 27.183 N, 05 53.650 W). Selecting the
correct genotype of the species is very important in successfully
establishing a plantation [37]. For this reason, four different clones
of genus Populus were used. Two of these clones were Spanish:
Populus x interamaricana UNAL and Populus x euramericana 1-214,
which in this work were designated as UNAL and 1-214, respec-
tively. Also, two Italian clones specifically imported for biomass
production were used: Populus x euramericana AF-2 and Populus x
euramericana AF-8, which were designated as AF-2 and AF-8.

Two different organic amendments together with a control, in
the absence of any fertilization, were considered in this work for
comparison purposes. The first organic treatment, which was here
designated as BIOSOLIDS, was a dehydrated sludge from the Leén
(Spain) sewage treatment plant (STP). The second treatment, which
was designated as MUD, was a liquid organic sludge from the
wastewater treatment plant of a dairy industry. Both amendments
were obtained from the respected sources and applied immedi-
ately. According to the number of poplar clones and organic
amendments considered in this work, the experimental plot was
subdivided into 12 subplots, each of which corresponding to a
different poplar clone and a different organic treatment or control
(Fig. 1). The characteristics of the organic amendments used in this
work can be seen in Table 1.

The above organic amendments were applied once a year
throughout the four years duration (from September 2009 to
September 2013) of this study. The first fertilization was applied
in September 2009 and then annually until the end of the proj-
ect; whereas poplars were established in April 2010 after the
sanitation of the plot. Taking into account the treatments char-
acteristics (Table 1), as well as the agronomic requirements of the
crop, each year, a total amount of 143.8 kg of BIOSOLIDS and
1200 L of MUD were applied to the corresponding subplots.

Agronomic requirements of the crop were estimated according
[38] and were of 29417 mg N/kg wet soil, taking into account the
annual organic matter mineralization there is an availability of
annual nitrogen of 15021 mg N/kg wet soil. The BIOSOLIDS
treatment was employed as a basal dressing and the MUD
treatment as a top dressing.

2.2. Soil sampling and characterization

Throughout the duration of this study, soil was sampled every
year in September. Soil samples were collected following a standard
soil sampling protocol [39], each subplot constituting a sampling
unit. An amount of approximately 1 kg of soil in each of the sub-
plots was collected. Along each subplot land surface, soil sampling
was done in a zigzag pattern. Every 15 steps a sample was taken by
wiping the surface of the land. Soil from 15 to 25 cm depth was
sampled by opening a “V” hole in the ground. Each of the sampled
portions of soil were deposited in micro perforated plastic bags and
labelled. Stones and other impurities were removed from soil
samples by a reciprocating sieve with a mesh size of 2 mm, dis-
carding the material that has not gone through the sieve. Soil
samples were analyzed for conductivity (UNE 77308: 2001), pH
(UNE-ISO 10390:2012), NO3 (UNE 77318:2001) and ammonia (UNE
103302:1994).

2.3. Lignocellulosic growth

Throughout the duration of the study, lignocellulosic growth
was related with differences from year to year in the trees height
and diameter besides biomass volume. The estimation of the
biomass volume may be done by different methods. Among them
are those based on the utilization of satellite images [40—42] and
those employing mathematical expressions [43—45]. Belonging to
this last group, it is the model proposed by Refs. [46], which was
used in this work for the calculation of the biomass volume, as
described in Eq. (1):

Vy = 0.3D?H (1)

where Vi the biomass volume (cm?), D is tree diameter at basal
height over bark (cm) and H is the tree height (cm).

During the study, height (H) and diameter (D) of the trees were
measured once a year, in September. A caliper ‘Powerfix’ was used
to determine the basal diameter at a height of 5 cm from the
seedling. Then, the height was measured by a high precision laser
(Haglof Vertex v3 201 DME), as the distance between the base of
the seedling and the apical sprout. Then, H and D were used for
calculating approximate volumes of wood biomass, according
equation (1).

For the different clones and treatments, differences between
these parameters related to lignocellulosic growth, namely D, H
and Vi, were compared using an ANOVA. Then, the Tukey's HSD test
was used to compare treatment means, for which significant
(p < 0.05) differences were determined by ANOVA.

2.4. Biomass sampling

At each subplot, biomass sampling was yearly carried out in
September as described elsewhere [47] and following the guide-
lines by Ref. [48]. Analogously to soil sampling, for the collection of
biomass, subplots were considered as sampling units. Within each
subplot, biomass sampling was carried out so to ensure that two
consecutive trees were never sampled. The sampled branches were
taken at approximately half the height of the tree, carrying out
sampling at different orientations. The sampled mass was 150 g of
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Fig. 1. Main plot (a) and one of the subplots (b).

wood for each subplot. The samples were deposited in perforated
plastic bags, which had been previously labelled.

2.5. Biomass fuel analysis

The fuel properties of biomass were approached by elemental
analysis and proximate analyses and by the determination of the
calorific value. Biomass from the tree branches was analyzed to
determine these main properties affecting to thermal conversion.
Moisture content was determined gravimetrically by the oven dry-
ing method. Higher heating value (HHV) at a constant volume was
measured by means of an adiabatic oxygen bomb calorimeter.
Proximate determinations were made according to modified pro-
cedures from ASTM D3172 to D3175 (Standard Practice for Proximate
Analysis of Coal and Coke), E 870 (Standard Methods for Analysis of
Wood Fuels), D 1102 (ash in wood) and E 872 (volatile matter).
Elemental analysis of the biomass samples was carried out by a
commercial laboratory, where standard analytical methods were
used (Carbon, UNE-EN ISO 16948:2015, Sulfur and Clorine, UNE-EN
ISO 16994:2015, Hidrogen and Nitrogen, UNE-EN ISO 16948:2015).

Table 1

Physicochemical characteristics of the organic amendments used.
Elements BIOSOLIDS MUD
Dry matter (%) 92.0 14
pH 75 7.7
Conductivity (mS/cm) 1.72 0.47
Organic matter (%) 375 60.0
Total nitrogen (%) 3.2 6.9
C/N ratio 7.0 5.0
N-NHZ (mg/kg)* 896.56 2282.61
N-NO3 (mg/kg)® 314.71 588.22
Phosphorus (mg/kg)? 31.1 16.0
Calcium (mg/kg)* 45.8 16.0
Magnesium (mg/kg)* 6.1 3.8
Potassium (mg/kg)? 3.2 53
Sodium (mg/kg)® 8.52 13.12

2 On a dry basis.

2.6. Biomass thermogravimetric analysis and modeling of results

Before thermogravimetric analysis, biomass samples were dried
by air-drying for a minimum of 72 h. Then, samples were milled on
a Fritsch mill Model P-19 to a 1 mm particle size. Afterward, by
using a Retch ball mill model MM200, particle sizes around about
0.2 mm were obtained. After these pretreatments, samples were
stored before thermogravimetric analysis (for a period of time no
longer than 2 days) in airtight containers at 291 + 5 K.

Thermogravimetric analysis was carried out using a TGA In-
strument SDT2960, which is able to supply a continuous mea-
surement of sample weight as a function of time or temperature.
Milled samples weighing 6—8 mg were placed in a pottery crucible
and heated at 10 K/min from ambient to 1273 K. This heating was
carried out under a flow of 100 mL/min of air (at a gauge pressure of
1 atm) to achieve the oxidative process that takes place during
combustion. Thermogravimetric (TG) profiles of the samples were
so obtained. Then, through the derivation of these TG profiles, the
derivative (DTG) curves; in which may be seen the different com-
bustion steps, were determined. At these DTG curves, the temper-
ature at which occurred each stage was noted, this parameter
pointing to the operating temperature of the boiler. Also, the mass
lost at each stage was determined. From DTG and TG curves, both
the temperature and mass lost at each stage was determined for
each clone and treatment.

In order to study the kinetic characteristics and to determine the
activation energy (E;) and the frequency factor (ko) values, the
approximate integral method (AIM) was employed [49], as
described in Supplementary Material. This information is essential
and complementary to that provided by the thermogravimetric
analysis. The E; is associated with the energy required to start a
chemical reaction while kg is identified as the number of collisions
between molecules involved in a reaction. The larger number of
collisions, the higher the reaction rate; consequently, the time
associated with the chemical reaction will be lower. This parameter
(ko) is a key tool for the interpretation of results when temporary
differences are apparent in DTG profiles.
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Table 2
Edaphic properties of the soil from the subplots under the different applied treatments (CONTROL, BIOSOLIDS or MUD).
CONTROL BIOSOLIDS MUD
First year? Last year” First year® Last year” First year® Last year®
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
N-NHZ (mg/kg) 14.052 033 2.44° 0.50 13.922 0.50 2.77° 0.36 15.06° 027 3.98f 0.40
Conductivity (uS/cm) 33.98* 7.80 41.10¢ 1.77 37.28* 8.71 45.58° 1.76 37132 7.90 44.38° 1.76
N-NO3 (mg/kg) 2.24% 0.23 9.10¢ 0.93 2212 0.40 26.44 1.34 2397 0.43 20.69% 1.97
pH 7.70° 0.22 6.91¢ 0.09 7.68% 0.14 6.82¢ 0.11 7.64% 0.11 6.58° 0.08

SD.: Standard deviation. Values obtained from data derived from the subplots in which each treatment was determined.
Note: the non-parametric Kruskal—Wallis test was used to find out significant differences between the three treatments, followed by a Mann—Whitney U-test. Significantly
different values (p < 0.05) are marked with different superscripts (a, b, c for the First year; d,e, f for the Last year), while the same superscript is used in the case of no significant
differences (p > 0.05). Those properties for which significantly different values have been determined are in bold.

2 First year: values obtained for soils sampled in September 2009 (before fertilization).

b Last year: values obtained for soils sampled in September 2013.

3. Results and discussion

Results from the experimentation carried out, as above
described, have been divided in two main groups, agronomic and
thermal results.

3.1. Agronomic results

3.1.1. Edaphic properties

Table 2 shows the analyzed properties for the three treatments
here considered, namely CONTROL, BIOSOLIDS and MUD. The
characterization of the soil showed a non-relevant variation of pH
values related to the application of organic amendments, as
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way to estimate the soluble salts from a soil, although an increasing
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this increase was much more evident after the application of MUD
and, especially, BIOSOLIDS. The N-NH} levels showed a reduction
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ments. Thus, compared to the CONTROL, the application of the
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Table 3
Biomass volume data (cm?) calculated for each treatment and poplar clone.
Treatments
CONTROL BIOSOLIDS MUD
First year® Last year” First year® Last year” First year® Last year”
CLONE Mean Mean Mean Mean Mean Mean
UNAL 57 845 51 880 110 1530
1-214 19 652 26 538 41 748
AF-2 54 942 57 1174 144 1679
AF-8 27 716 46 861 69 1271
Treatment mean (cm?) 39 789 45 863 921 1402
Treatment SD 19 130 13 61 45 441

SD.: Standard deviation of the mean data for each particular subplot.
2 First year: values obtained for 2010.
b Last year: values obtained for 2013.

waste organic amendments meant an increase of the nitrate con-
tent of soil.

3.1.2. Trees diameter and height

With respect to the diameter of trees under the different
treatments, behavior of these parameters (Fig. 2) as well as the
statistical analysis (Appendix I-IV) can be observed. It is to highlight
that, for each year of the study, the average diameter increased
significantly when applying the treatment MUD, compared to the
diameter of trees under the other treatments. Differences between
the average diameter of trees under the CONTROL and BIOSOLIDS
treatments were not significant neither in the first year (2010),
neither in the following years. Nevertheless, there is an average
diameter increase for trees under MUD treatment. With respect to
the clones (Fig. 2b), significantly smaller diameter values are
related to the 1214 clone compared to the rest of clones, namely
AF2, UNAL and AF8 clones, which displayed a similar behavior as
the diameter regards. Average diameter (around 3.0 cm) values are
between the interval of data obtained by other authors [22].
However, comparing our diameter results with other studies in
which authors did not applied an amendment [51,52], poplar basal
diameter for the species employed in this paper is slightly higher.

Regarding the trees height under the different treatments
(Fig. 2c), the average growth rate of fertilized trees was greater than
that of CONTROL trees. As well as trees did not grew as the same
rate during the 4 years. Similar results were obtained in Ref. [50].
Also, no significant differences were found between BIOSOLIDS and
CONTROL treatments throughout the duration of the study. How-
ever, and as it happened with the diameter, the average height of
trees under the MUD treatment was significantly higher than that

Table 4
Fuel properties of biomass sampled from each subplot.

under BIOSOLIDS or CONTROL for each year. With regard to the
response of the different clones (Fig. 2d), as stated by Refs. [22],
selection of clones, along with the technique of tillage, are one of
the key parameters in order to establish an energy growth of the
genus Populus. In this work, the AF-2 and UNAL clones have an
average height slightly larger than the two other clones, being these
differences statistically significant. The 1214 and the AF8 clones
showed similar heights in the first and in the last year, but 1214
trees were significantly shorter than AF8 in 2011 and 2012. Average
height was higher than data showed in certain papers than
employed only new agroforestry system [51] even being a more
durable planting (6 years in the case of the above cited work).

3.1.3. Biomass volume

Biomass volume results, calculated by Eq. (1), are depicted in
Table 3. As it may be seen, for all the clones, the biomass volume at
the last year is larger than at the first year. Also, for all the clones,
the average biomass volume of the poplars at subplots fertilized
with organic amendments was greater than at control subplots. The
only exception to this trend occurred under fertilization with BIO-
SOLIDS and for the last year of the 1-214 clone. Comparing both the
waste organic fertilizations here used, MUD was the one providing
a greater increase in the biomass volume for all the clones. Globally,
considering all the clones together, an increase from 90.98 cm® to
1402.16 cm? of biomass volume occurred under fertilization with
MUD between the first and the last year. Under this treatment,
except for 1-214, the rest of clones here considered provided
biomass volumes of the same order of magnitude at the last year of
the study. On the other hand, it must be highlighted that AF-2 was
the clone showing the largest increase of biomass volume under

Elemental analysis

Proximate analysis Calorific value

c? H? N? s? Volatiles® Ash? Moisture? HHV®

CONTROL UNAL 495 5.80 0.56 0.11 79.9 3.28 7.9 19.78
1-214 489 5.66 0.68 0.10 80.3 3.62 8.6 19.48

AF-2 49.7 5.81 0.66 0.11 79.3 293 8.5 19.80

AF-8 49.1 5.70 0.53 0.12 785 3.82 8.2 19.60

BIOSOLIDS UNAL 496 5.86 0.55 0.11 81.3 2.49 8.9 19.73
1-214 49.0 5.74 0.74 0.10 79.0 343 8.5 19.46

AF-2 496 5.80 0.69 0.12 81.1 3.12 6.0 19.75

AF-8 495 5.82 0.60 0.09 79.0 3.23 6.3 19.77

MUD UNAL 496 5.95 0.40 0.08 81.2 2.65 8.2 19.70
1-214 49.1 5.87 0.56 0.16 80.1 2.57 104 19.55

AF-2 49.4 5.91 0.67 0.09 79.7 2.90 6.6 19.78

AF-8 49.7 5.78 0.64 0.09 78.8 361 8.8 19.83

2 In pertentage. All values are in dry basis except moisture.
> HHV: high heating value (MJ/kg).



S. Paniagua et al. / Renewable Energy 94 (2016) 166—174 171

30 1000

------- UNAL —1214 AF-2 «e+ee+ AF-8 Temperature (K)

2 | 800
_20 T g
= . 3 =7
E i 600 E
£15 1 £
&) b I 2
2 1 a0 £

10 3 2

5 200
0 = =SSO 0
0 40 50
a
30 1000
------- UNAL ——1214 AF-2 ++eeee AF-8 Temperature (K)

25 / 800
20 : 2
= \ ~
g 5 600 E
21
<] E 2
= A | 400 £

10 // ‘e o ﬁ

5 . < j 200
/J' i
(0 Aot e el - tanneerend 0
0 10 20 30 40 50
b time (min)
30 1000
------- UNAL =——1214 AF-2 ++eeee AF-8 Temperature (K)
800
- )
= =2
E 600 ;
X =
O =
E 400 E
200
Seaecens “esesesesnset O

10

c time (min)

Fig. 3. DTG curves corresponding to each of the four clones under the CONTROL (3a), BIOSOLIDS (3b) and MUD (3c) treatments.

organic fertilization, either with BIOSOLIDS or with MUD.

Average biomass volume obtained in this paper is between 17
and 33 m3/ha. These values are relationship with studies that are
employed another organic fertilizer (like hog manure) [50] but are
lower than other work in which authors wanted to study the po-
tential of poplar in the riparian zone [53]. The lesser extent of our
data can be derived in shorter planting (4 years versus 6) and the
lower initial height of the trees planted.

3.2. Thermal results

3.2.1. Elemental, proximate and heating value analysis
Results from the elemental and proximate analyses of the

poplars biomass are shown in Table 4 together with the high
heating value (HHV). Regarding the elemental analysis, to select a
biofuel, high contents of carbon and hydrogen are desirable, since
oxidation of both elements is exothermic. Also, low sulfur content is
preferred, because it does not provide energy and its reaction
generates sulfur oxides, which are potent air pollutants. All the
samples show very uniform values for the elemental analysis, so it
does not enable the selection of a particular clone. Something
similar occurs when we review the proximate analysis. It is not
possible to select the clone with the highest volatile content and
lowest ash content, since these values are similar for all the clones
and treatments considered. The heating value (energy produced
when a fuel is completely oxidized) is one of the key parameters to



172 S. Paniagua et al. / Renewable Energy 94 (2016) 166—174
Table 5
Characteristic parameters obtained from the DTG combustion curves obtained for the biomass from the different subplots.
CONTROL BIOSOLIDS MUD
UNAL 1-214 AF-2 AF-8 UNAL 1-214 AF-2 AF-8 UNAL 1-214 AF-2 AF-8
Devolatilization
To (K) 543.93 541.03 554.58 550.30 562.40 545.32 546.72 545.67 550.68 547.02 551.94 546.48
Tr (K) 644.43 646.53 609.08 615.80 599.90 641.82 612.72 641.67 608.68 609.52 631.44 599.48
DTGax (%/min) 12.250 10.570 10.760 8.589 15.450 9.079 10.170 11.140 10.550 9.708 11.410 10.830
Tpremax (K) 589.93 590.53 588.58 590.80 584.90 589.82 588.72 587.67 589.18 589.52 587.94 584.48
Ignition
To (K) 682.43 697.53 691.58 696.30 698.90 691.82 696.22 686.67 692.18 702.02 685.44 683.43
Tr (K) 684.43 683.53 693.08 717.80 700.40 693.82 698.22 687.67 693.18 704.02 687.44 684.48
DTGmax (%/min) 25.960 18.720 18.090 3.636 24.150 20.690 18.200 19.900 22.780 19.040 20.510 22.140
T premax (K) 683.43 698.53 692.58 710.30 699.90 692.82 697.22 687.17 692.68 703.02 686.44 683.98

To: initial temperature of the process; Tr: final temperature of the process; DTGmayx: largest value of DTG in the considered process; Tprgmax:temperature associated to DTGmax.

characterize a biofuel but, again, HHV in Table 4 are very close for all
clones and treatments, although the 1-214 was the clone showing
the lowest HHV under the three treatments. HHV obtained are
similar to the results denoted by other authors who had worked
with similar lignocellulosic biomass species like poplar [54] or pine
[55]. Furthermore, in comparison with other biomass sources
which boom is having significance in recent years, for example
peanut shell, wheat straw [56] or rice straw [57], HHV data of this
work was higher. Although it is true that the calorific value of the
poplars cannot reach the values provided by fossil fuels such as coal
[54,58].

3.2.2. Thermogravimetric analysis

The curves of derivative weight loss (DTG (%/min)) versus time
(minutes) obtained for the biomass of the different clones consid-
ered under the different treatments here applied are shown in
Fig. 3. A third axis has been incorporated to show the temperature.
As it may be seen, these DTG curves reveal the existence of three
stages throughout heating under oxidizing atmosphere. These
stages are coincident with those described by Refs. [49,59],
although the typical temperatures at which they occurred are
different. In the present study the drying step took place at 373 K;
then, the devolatilization stage occurred at between 500 and 600 K;
and finally, the ignition phase occurred at around 640—760 K.

Characteristic temperatures and the maximum DTG values from
these figures are depicted in Table 5. For a matter of clearness, only
the values corresponding to the main devolatilization peak and to
the main ignition peak are shown.

From a practical point of view, both for devolatilization and
ignition, large weight losses are desirable, with low initial and final
temperatures and low associated energy. Thus, for the CONTROL
(Fig. 3a), the best performance was that of the UNAL clone, which
devolatilization and ignition DTGpax values are quite higher than
for the rest of the clones, Under fertilization with BIOSOLIDS
(Fig. 3b), again the UNAL is which values denotes the highest

DTGmax. Analyzing the results obtained under the application of
this BIOSOLIDS treatment during devolatilization phase, it is
appreciated that this DTGmax happened at similar temperatures
for all clones during devolatilization and ignition phase. Finally,
under fertilization with MUD (Fig. 3c), there is a very similar
behavior among clones UNAL, AF-2 and AF-8. All of them show very
similar DTGpax Values that are reached at similar temperatures. The
clone 1-214 showed the lowest DTGp,,x under MUD treatment, this
DTGmax occurring at higher temperatures than for the other clones.
If we compare the three treatments (Fig. 3), it may be appreciated
that, under fertilization with waste organic amendments, the
devolatilization and the ignition occurred at higher temperatures
than for the control; being this control DTG obtained values so close
in relation with the achieved by other authors at a similar heating
rate [55,60] and higher than the denoted ones for other biomass
sources like corn cobs [61] or eucalyptus wood [60].

For the determination of the activation energy (E;) and the
frequency factor (ko) associated with each DTG stage, AIM was
applied to thermogravimetric data as described by Ref. [52]. The
obtained results are shown in Table 6. For eight cases out of twelve,
the E, values corresponding to ignition were higher than those
corresponding to devolatilization. Average E, values (around 170 kJ/
mol) are similar to pine values [55] and higher than obtained these
papers in which authors used olive biomass [62]. In comparison
with other thermal process like pyrolysis, values derived from
possible co-pyrolysis with coal, although it is a different depends on
the type of coal and conversion, the results we got were lower
compared to this co-combustion. Fact probably derived by the high
content of C within the coal and not presented in our poplar
elemental analysis [54].

As regards to ko, the values were lower during the devolatili-
zation than during ignition phase, as it corresponds to more narrow
and pronounced ignition peaks. This fact indicates that the re-
actions that occur during the ignition phase are much faster than
reactions at devolatilization phase. Average ko values are higher

Table 6
Kinetic parameters obtained for the combustion of poplar biomass by the application of the approximate integral method (AIM) -
CONTROL BIOSOLIDS MUD
UNAL 1-214 AF-2 AF-8 UNAL 1-214 AF-2 AF-8 UNAL 1-214 AF-2 AF-8
Devolatilization
E, (kJ/mol) 123 118 153 150 266 125 136 141 153 146 147 158
ko (1/s) 3.50E+8 1.26E+08 2.18E+11 1.42E+11 OR® 469E+08 594E+09 2.03E+10 225E+11 537E+10 544E+10 8.15E+11
Ignition
E, (kJ/mol) 182 360 222 122 211 158 152 183 166 142 129 187
ko (1/s) OR* OR* OR* OR* OR* OR* OR" OR* OR" OR* OR? OR?

E,: activation energy; ko : frequency factor.

2 OR: out of range. ko >E+30 frequency factor values are considered as out of range.
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than estimated values for pine branch thermal processes (both
combustion and pyrolysis) [63], something that also happened in
comparison with other pyrolysis kinetic parameter data [54].

Taking into account Kkinetics parameters focusing on the
different treatments, it can be said that under CONTROL treatment
(Table 6) the clone that denotes the lowest E, value for devolatili-
zation was 1-214 (118.41 kJ/mol). This peak occurred at a similar
speed for the four clones (E+8 <kg< E+11). During the ignition peak
of this CONTROL treatment, the 1-214 clone showed a higher E,
value (359.75 kJ/mol) in relation with the other clones. On the
contrary, AF-8 clone showed the lowest E, value (121.70 kJ/mol). For
the four clones, the speeds for this peak were equal and very high
(ko > E +30).

Regarding BIOSOLIDS treatment and data show in Table 6, the
energy required by [-214 clone for the devolatilization peak
(124.48 KJ/mol) was lower than for the rest of the clones. Further-
more, for this devolatilization peak, the UNAL clone denoted the
highestE, and ko value. Something that also occurs in the ignition
phase. In this ignition phase, reaction rates are very high
(ko > E + 30 ) for the four clones.

For MUD treatment (Fig. 3¢), and in particular for the devolati-
lization peak,E, and ko were very similar for all the clones, as it may
be seen in Table 6. During the ignition peak, the values of ko were all
very high (ko > E + 30) and out of range. Also, and comparing with
the other treatments, E, values were quite similar for all the clones,
none of them being higher than 200 kJ/mol.

On the whole, there was not a consistent trend associated to the
application of waste organic amendments that could be observed
for all clones.

4. Conclusions

The application MUD caused a relative increase of the average
poplars biomass volume, which was especially evident for UNAL
and AF-2. Concerning the biomass fuel properties, HHV values were
very close, those corresponding to I-214 being slightly lower than
for the rest of the clones. Thermogravimetric results revealed that,
under MUD fertilization, devolatilization and ignition of AF-8 and
AF-2 occurred at lower relative temperatures but with similar in-
tensity than for UNAL. However, the activation energy (E;) and
frequency factor (ko) did not shown any particular trend. On the
whole, in this study, AF-2 clone under fertilization with MUD was
the most favorable case from an energy crop point of view.
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Modeling of thermogravimetric results
The velocity of a chemical reaction increases with temperature. If a particular reaction is studied at different temperatures
remaining constant the concentrations of the substances involved in such reaction, it is shown that the reaction speed (Eg. (1))
increases with temperature.

dx n
a = K@= )

where dx/dt is the speed at which the chemical reaction occurs, k is the specific rate constant, a is the original amount, x
refers the amount of substance transformed y n is the order of the reaction.

Since n is independent of temperature, an increase in the value of dx/dtnecessarily implies that it is the parameter k which
increases with temperature. The relationship between this constant k and reaction temperature T (measured in Kelvin degrees, K)
is given by the relationship established by Van’t Hoff and Arrhenius (1889), as shown in Eq. (2):

B
Ink=InA - T @)

where k is the specific rate constant, A is the exponential factor or frequency factor (value of k at infinite temperature), B is a
parameter that Arrhenius associated with the activation energy (E,) and T refers to the temperature (K). Then, if In (k) are
represented versus 1/T, experimental results will give a straight line with intercept equal to In(A) and slope equal to (—B).

Proposed Arrhenius and Van't Hoff expression (Eq. (2)) can be expressed exponentially by Eq. (3):

k=A- e B/T 3)
In 1869 Arrhenius found that B constant was closely related to the activation energy (E,), so that Eq. (3) become Eq. (4) or
Arrhenius equation

K=A. eFa/RT 4)
where k is the specific rate constant, A or k, refers to the frequency factor (proportional to the frequency of collision of the

molecules), E, is the activation energy of the reaction (J/mol or cal/mol) T is the absolute temperature (K) and R corresponds
to the universal gas constant (8.314 J/mol-K or 1.987 cal/mol-K).

Applying logarithms in the above expression, Eq. (4), it is obtained Eq. (5):

E, 1
Ink=InA— —2.= ®)
R T
If we proceed to the calculation of differentials with respect to the absolute temperature, Eq. (6) results:

d(nk) _ E,

dT R-T? (6)
Grouping terms we obtain Eq. (7):
a d
d(nk) = 2. 2 @

If the above expression (Eq. 7) is integrated between T; (which has an associated value of k = k;) and T, (k = k), we obtain:

T, dt

[Zdnk) = 2= [2 8 (®)
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The activation energy (E,) of a certain reaction might be obtained through the Eq. (11) from the values k; determined to T;and k,
determined toT,. Generally the calculation of this parameter does not usually run in this way to avoid the error associated with the
use of only two experimental points.

To mitigate this disadvantage, can be carried out a number of transformations on the above equations in order to estimate the
kinetic parameters of activation energy (E,) or the frequency factor (k, or A). The processing carried out in this paper is based on
expressing the mass loss rate (Eq. (12)) related to Arrhenius expression for the kinetics of a chemical reaction [30].

dx E
% = Koexp (— ﬁ) f(x) (12)
Where x is the mass conversion factor, Eq. (13):
X = mo—m
Mmo= mg (13)

Being m, the initial sample mass (g), m the initial sample mass at time ¢ (s) and m, is the final mass sample (g)

koorA is the frecuency factor (1/sin a first order kinetics), E o E,is the activation energy and f(x)is the sample
transformation function.

Eq. (12) can be transformed to different expressions depending on the method employed to obtain the kinetic parameters k, and
E,. In this study, it was used the approximate integral method (AlM).

Using this method, Eq. (12) is transformed to obtain the derivative of x with respect to the absolute temperature (7). For the case
of a constant heating rate, this equation can be written in the manner reflected in Eq. (14).

&= Rexp(—15) (0 (14)

where qis the constant heating rate (Eq. (15)):
dT
Q9=4 (15)

In this paper an only constant heating rate was employed (273.15 K/min).

Eq. (14) can be solved only when the kinetic parameters of the reaction are assumed or known, which is obtained using the values
of the TGA. As it has been defined in Eqg. (13), in the conversion factor x is verified that f (x) = (1 — x). Substituting this value
into Eq. (14) it is obtained Eq. (16):

= Rexp(—75) -0 (16)

The integrated form of Eq. (16) is given byEq. (17):

x dx

_ ko T E
D= 2y exp (— ) dT (17)

Given that the second member of Eq. (17) is not directly integrable, it must be solved numerically or by approximate solutions.
There are several solutions proposed for this term [31-33]. Among them, the solution by Agrawal [33] proposes to T, = 0, the
approximate solution shown in Eq.(18).

R-T

x dx __ RTZ| 1-2— E
01-x — E [1_5{R<]::[‘}2] €xp (_ ﬁ) (18)

Substituting this expression into Eq. (17) and rearranging the equation obtained, we get:



—In(1-x)\ _ ko R 1-2— E 1
ln(T—z)—ln[f'g'Tj}z]—ﬁ'% (19)

The first term of the second member of Eq. (19) tends to be relatively constant in the temperature range employed; such that when
it is represented the first member against 1/T a straight line (whose slope is E,/ R (negative slope)) is obtained. This way
activation energy E, value can be determined and, once known its value, we may infer the frequency factor values.

E, = —R - slope (20)

To know the values of the above kinetic parameters, activation energy (E,), and frequency factor (k,), are vital to complement the
information provided by the thermogravimetric analysis. The activation energy is associated with the energy required to start a
chemical reaction. Thus, the peaks derived from thermogravimetric analysis start at different temperature values depending on the
species and the treatment. The adjustment of the peaks is considered, therefore, essential to know these thermal properties.

The frequency factor (k,) is identified as the number of collisions between molecules involved in a reaction. A larger number of
collisions involves a higher reaction rate; consequently, the time associated with the chemical reaction will be lower. This
parameter (k) is a key tool to clarify results when temporary differences are apparent in DTG profiles. The numerical valuesof
this parameter will be calculated by the AIM, in the same way that the activation energy (E,).



Appendix | - Statistical study (HSD-Tukey) to identify differences analyzing the height and diameter of the poplars considering the amendment and clones for the first year of

planting.
Height (m)
alfa =0.05
Clone
1 2
HSD -Tukey 1214 360 .8273
AF8 360 .9289
AF2 360 1.1250
UNAL 360 1.1950
Sig. .310 .637
Diameter (mm)
alfa = 0.05
Clone 1 2 3
HSD -Tukey 1214 360 8.5962
AF8 360 10.0391
AF2 360 11.9961
UNAL 360 12.2442
Sig. 1.000 1.000 916

Height (m)
alfa = 0.05
Amendment
1 2
HSD -Tukey BIOSOLIDS 480 .9280
CONTROL 480 .9783
MUD 480 1.1744
Sig. .590 1.000
Diameter (mm)
Ifa = 0.
Amendment alfa = 0.05
1 2
HSD -Tukey BIOSOLIDS 480 9.8743
CONTROL 480 10.2287
MUD 480 12.2542
Sig. .551 1.000




Appendix Il - Statistical study (HSD-Tukey) to identify differences analyzing the height and diameter of the poplars considering the amendment and clones for the second year of

planting.
Height (m)
HSD -Tukey
Clone alfa = 0.05
1 2
1214 353 1.5069
AF8 324 1.7749
UNAL 331 1.8889
AF2 337 1.9782
Sig. 1.000 124
Diameter (mm)
HSD -Tukey
Clone alfa = 0.05
1 2
1214 353 15.9260
UNAL 324 19.8041
AF8 331 19.8126
AF2 337 20.8277
Sig. 1.000 466

Height (m)
HSD -Tukey
Amendment alfa = 0.05
1 2
BIOSOLIDS 443 1.6286
CONTROL 431 1.7657
MUD 471 2.0133
Sig. .194 1.000
Diameter (mm)
HSD -Tukey
Amendment alfa = 0.05
1 2
BIOSOLIDS 443 17.8938
CONTROL 431 18.0936
MUD 471 21.7663
Sig. .941 1.000




Appendix 11 - Statistical study (HSD-Tukey) to identify differences analyzing the height and diameter of the poplars considering the amendment and clones for the third year of
planting.

Height (m) Height (m)
alfa = 0.05 alfa = 0.05
Clone N Amendment N
1 2 3 1 2
HSD -Tukey 1214 353 1.9685 HSD -Tukey | BIOSOLIDS 443 | 2.1429
AF8 321 2.2082 CONTROL 431 | 2.2158
AF2 328 2.4353 MUD 471 2.6257
UNAL 336 2.5406 Sig. .348 1.000
Sig. 1.000 1.000 317
Diameter (mm) Diameter (mm)
Clone N alfa ~0.05 Amendment N alfa = 0.05
1 2 1 2
HSD -Tukey 1214 353 | 23.0854 HSD -Tukey | CONTROL 440 | 25.1558
AF8 321 26.9208 BIOSOLIDS 428 | 25.3865
UNAL 328 27.9918 MUD 470 30.3807
AF2 336 28.6747 Sig. .946 1.000
Sig. 1.000 .180




Appendix IV - Statistical study (HSD-Tukey) to identify differences analyzing the height and diameter of the poplars considering the amendment and clones for the fourth year of

planting.
Height (m)
alfa = 0.05
Clone N 1 2
HSD -Tukey 1214 352 2.2220
AF8 321 24212
UNAL 326 2.6497
AF2 335 2.8191
Sig. .059 143
Diameter (mm)
alfa = 0.05
Clone N 1 2
HSD -Tukey 1214 352 27.2161
AF8 321 30.7912
UNAL 326 31.7789
AF2 335 32.8269
Sig. 1.000 .309

Height (m)
Amendment alfa = 0.05
N 1 2
HSD -Tukey | CONTROL 439 2.4468
BIOSOLIDS 426 2.5744
MUD 469 3.0328
Sig. 241 1.000
Diameter (mm)
Amendment N alfa = 0.05
1 2
HSD -Tukey | CONTROL 439 29.6105
BIOSOLIDS 426 31.1874
MUD 469 34.6797
Sig. .355 1.000
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Abstract Thermal conversion of biomass derived from
energy crops is one alternative for the production of energy.
In this work, thermogravimetric analysis of poplar biomass
was carried out and both the kinetic parameters (activation
energy and frequency factor) and characteristic indexes
were determined. Four poplar clones (UNAL, I-214, AF-2
and AF-8) under no fertilization (CONTROL) or under
fertilization with either dehydrated composted sewage
sludge (BIOSOLIDS) or sludge from dairy wastewater
treatment (MUD) were used in this work. Five weight loss
stages were identified in the DTG pyrolysis curves: mois-
ture loss, active pyrolysis (two phases), passive pyrolysis
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and a high-rank pyrolysis phase. Among them, the second
pyrolysis active phase was the most representative one.
For this stage, BIOSOLIDS-UNAL poplars biomass was
the one that achieved the highest weight loss values. The
characteristic parameters and indexes (especially P and P,
indexes) also pointed to UNAL poplars under BIOSOLIDS
fertilization as the most favourable for pyrolytic thermal
conversion.

Keywords Bioenergy - Biomass - Kinetics - Pyrolysis -
Thermal conversion

Abbreviations

Treatments
CONTROL  Name of the treatment in which no ferti-

lizer was applied to soil.

BIOSOLIDS Name of the treatment in which dehydrated
composted sewage sludge was applied to
soil.

MUD Name of the treatment in which sludge
derived from dairy wastewater treatment
was applied to soil.

Clones

UNAL Clone with the same name (UNAL) of the
Populus x interamericana species employed
in this study

1-214 Clone with the same name (I-214) of the

Populus x interamericana species employed
in this study
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AF-2 Clone with the same name (AF-2) of the
Populus x euramericana species employed
in this study

AF-8 Clone with the same name (AF-8) of the
Populus x euramericana species employed
in this study

Introduction

Current demand in the use of fossil fuels is causing a
decrease in the reserves of these energy resources. Recent
estimations about the duration of such reserves are not
encouraging [1-3]. Therefore, it is necessary to search for
new energy forms to mitigate this fossil fuels dependence.
Nowadays, biomass obtained from energy crops is a good
alternative to non-renewable energy sources [4]. This bio-
mass energy is encompassed within the alternative energy
sources. These alternative energies are those that derive
from inexhaustible natural resources that can be drawn
permanently [5]. An increase in fossil fuel prices and
technological progress have allowed for the development
of energy systems based on biomass. This energy is more
efficient, reliable and respectful of the environment [6].
Recent studies show that the potential of available globally
biomass is increasing and can supply, in a sustainable way,
between a quarter and a third of the energy needs predicted
for 2050 [7].

Among biomass energy sources, it should be highlighted
the lignocellulosic crops. These ones are crops estab-
lished for energy production. One of most common species
employed in these crops is the poplar (Populus sp). Its use
becomes even more noticeable in Europe [8—11]. In fact,
several European countries are considering the use of this
species within energy crops [12—14]. Its utilization is justi-
fied by the involved social and environmental benefits [15]
such as the easy way to propagate through vegetative cut-
tings and their facility to grow under a wide variety of site
and climatic conditions [9, 10, 16, 17].

Fertilization is another important aspect to consider in
order to successfully establishing an energy crop. Tradi-
tionally, it has been opted for mineral fertilizers due to
their high performance compared to the natural and/or
organic ones [18]. However, organic fertilization poses
economic benefits that can make their use attractive.
Today, certain studies [19] have tried to make a com-
parison between biomass yields depending on the type of
fertilizer used. Utilization of organic stabilized residues
as fertilizers, apart from economic benefits, can contrib-
ute to the closure of certain cycles (nutrients and pol-
lutants). Organic amendments, in addition to providing
increased rates of soil microbial biomass [20], are known
for improving soil structure. These amendments increase

@ Springer

the moisture retention capacity and the plant availability
of nutrients [21]. Related to poplars, it has been proved
that the application of a waste organic amendment sig-
nificantly increased the trees growth without important
changes in the soil solution nitrates or phosphates con-
centrations [22]. However, as it happens for inorganic fer-
tilizers, it is essential to determine the right amount of
fertilizer to be applied considering working conditions
(as described in “Plots, Poplar Clones and Fertilization”
section). An accurate fertilizer amount will probably
reduce the risks of nutrients losses to surface or subsur-
face waters bodies.

Biomass from energy crops is mainly composed of cel-
lulose, hemicellulose and lignin [23]. Lignocellulosic
biomass has experimented an increase in its use with the
aim to generate products like bio-based chemicals and
polymers [24], ethanol [25, 26] or bioethanol [27], among
others. Pyrolysis involves heating of poplar biomass at
temperatures between 673 and 923 K under a completely
inert atmosphere (without O,). The overall process is able
to produce gases (syngas), liquids (bio-oil) and/or a solid
residue (char). The elements produced are related to the
conversion mechanism. These data, as well as extensive
information concerning the pyrolytic process is included in
several published review papers [28-30].

Taking into account the different types of biomass
pyrolysis, fast pyrolysis is being one of the most studied.
This is so due to the high bio-oil content that is achieved
in this particular pyrolysis type. It is important not misun-
derstanding this bio-oil with bio-fuels, since both have dif-
ferent composition such as denoted in [31]. The bio-oil can
be used in engines and turbines and its use as a feedstock
for refineries is also being considered. Problems with the
conversion process and subsequent use of the oil, such as
its poor thermal stability and its corrosiveness, still need
to be overcome [32]. The current literature is focusing on
improving the fast pyrolysis process to achieve a bio-oil
as optimized as possible [33]. Current trend is to look for
new numerical models that help to understand the conver-
sion process and implant it in the pyrolysis reactor design
and optimization [34]. For this task, computational fluid
dynamics (CFD) simulations can play an important role
[35].

Many researchers [36-39] have studied the biomass
thermal decomposition under pyrolysis employing thermo-
gravimetric analysis (TGA). In this work, which is based on
a poplar energy crop during a 4 years’ time period, the aim
was to study the effect of organic amendments on the pyro-
lytic behavior (analyzing the thermal capacity and kinetic
parameters) and on the biomass generation of four different
poplar clones. Thermal behavior was analyzed to identify a
better biomass performance. This better performance will
be evaluated according to the energy that a certain process
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needs to start (activation energy) as well as the speed at
which the reactions take place (frequency factor).

Materials and Methods
Plots, Poplar Clones and Fertilization

This study was carried out in a plot of 720 m? (45 mx 16 m)
at the North-West of Spain (42 27.183 N, 05 53.650 W).
Four different clones of genus Populus were used. Two
of these clones were Spanish: Populus x interamaricana
UNAL and Populus x euramericana 1-214, which in this
work were labeled as UNAL and I-214 respectively. Also,
two Italian clones specifically imported for biomass pro-
duction were used: Populus x euramericana AF-2 and Pop-
ulus x euramericana AF-8, which were designated as AF-2
and AF-8.

Two different organic amendments together with a CON-
TROL (no fertilization) were considered in this work for
comparison purposes. The first organic treatment, named
as BIOSOLIDS, was a dehydrated sludge from the Ledn
(Spain) sewage treatment plant (STP). The second treat-
ment, named as MUD, was a liquid organic sludge from the
wastewater treatment plant of a dairy industry. According
to the number of poplar clones and organic amendments
considered in this work, the experimental plot was subdi-
vided into 12 subplots, each of which corresponding to a

16 m
1214 UNAL AF-2 AF-8
MUD MUD MUD MUD
1214 UNAL AF-2 AF-8
BIOSOLIDS | BIOSOLIDS | BIOSOLIDS | BIOSOLIDS
£
wn
<
1214 UNAL AF-2 AF-8
CONTROL | CONTROL | CONTROL | CONTROL
(a)

different poplar clone and a different organic treatment or
control (Fig. 1).

The characteristics of the organic amendments used in
this work can be seen in Table 1.

The amendments were applied once a year throughout
the 4 years duration of this study (from September 2009
to September 2013). The first fertilization was applied in

Table 1 Physicochemical characteristics of the organic amendments
used

Elements Biosolids SD MUD SD
Dry matter (%) 92 43 1.4 0.2
pH 7.5 1.3 7.7 1.5
Conductivity (mS/cm) 1.72 023 047 0.09
Organic matter (%) 37.5 2.3 60 4.9
Total nitrogen (%) 3.2 0.7 6.9 1.6
C/N ratio 7 0.7 5 0.6
NH,* -N (mg/kg)* 896.56 8420  2282.61 245.23
NO;™ - N (mg/kg)? 314.71 5722  588.22 88.54
Phosphorus (mg /kg)* 31.1 8.8 16 1.4
Calcium (mg/kg)* 45.8 9.5 16 2.2
Magnesium (mg/kg)* 6.1 0.5 3.8 0.3
Potassium (mg/kg)* 32 0.6 5.3 0.7
Sodium (mg/kg)* 8.52 1.1 13.12 2.5
SD Standard deviation
#On a dry basis
4m
P PP

€

0

P P PP

€
©

Y PEPY

(b)

Fig. 1 Main plot (a) and one of the subplots (b). 1214, UNAL, AF-2 and AF-8 are the poplar clones. MUD and BIOSOLIDS are the amend-

ments compared with the subplots without treatment (CONTROL)

@ Springer
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September 2009 and then annually until the end of the pro-
ject. Trees were established in April 2010 after the sanita-
tion of the plot. Taking into account the treatments charac-
teristics (Table 1), as well as the agronomic requirements
of the crop, each year, a total amount of 143.8 kg of BIO-
SOLIDS and 1200 liters of MUD were applied to the cor-
responding subplots. Agronomic requirements of the crop
were estimated according [40] and were of 29,417 mg N/
kg wet soil, having an availability of annual nitrogen of
15,021 mg N/kg wet soil. The BIOSOLIDS treatment was
employed as a basal dressing and the MUD treatment as a
top dressing.

Biomass Sampling

Biomass sampling was done following the guidelines estab-
lished by [41]. Besides, this sampling was yearly carried
out in September as described in [42]. Subplots were con-
sidered as sampling units. Within each subplot, biomass
sampling was carried out so to ensure that two consecu-
tive trees were never sampled. The sampled branches were
taken at approximately half the height of the tree, taking
samples at different orientations. The sampled biomass
amount was 150 grams of wood for each subplot. The sam-
ples were deposited in perforated plastic bags, which had
been previously labeled.

Biomass Fuel Analysis

The fuel properties of biomass were assessed by the ele-
mental analysis and proximate analyses as well as the
calorific value. Biomass from tree branches was analysed
to determine the main thermal properties. Moisture con-
tent was determined gravimetrically by the oven drying
method. Higher heating value (HHV) at a constant volume
was measured by means of an adiabatic oxygen bomb calo-
rimeter. Proximate determinations were made according to
modified procedures from ASTM D3172 to D3175 (Stand-
ard Practice for Proximate Analysis of Coal and Coke), E
870 (Standard Methods for Analysis of Wood Fuels), D
1102 (ash in wood) and E 872 (volatile matter). Regarding
the elemental analysis, carbon (C) was determined accord-
ing to UNE-EN ISO 16,948:2015. Sulphur (S) and Chlo-
rine (Cl) content was established according to UNE-EN
ISO 16,994:2015; whereas the UNE-EN ISO 16,948:2015
was followed for the determination of Hydrogen (H) and
Nitrogen (N).

Biomass Volume Estimation

Trees volume was calculated employing the mathematical
expression proposed by [43], which is described in Eq. (1):

V, =0.3D’H (1)

@ Springer

where V, the biomass volume (cm®), D is tree diameter at
basal height over bark (cm) and H is the tree height (cm),

Height (H) and diameter (D) trees were measured once
a year (September) during the 4 years of the project. A
“Powefix” caliper was used to determine the basal diameter
at a height of 5 cm from the seedling. Height was meas-
ured employing a “Haglof Vertex v3 201 DME” high preci-
sion laser. For this study, authors defined the height as the
distance between the base of the seedling and the apical
sprout.

Biomass Thermogravimetric Analysis and Modeling
of Results

A protocol was followed with biomass samples before per-
forming thermogravimetric analysis. Samples were dried
by air-drying for a minimum of 72 h. Then, samples were
milled on a “Fritsch P-19” mill to a 1 millimeter particle
size. Afterwards, using a “Retch MM200” ball mill, parti-
cle sizes around about 0.2 mm were obtained. After these
pre-treatments, samples were (for a period of time no
longer than 2 days) in airtight containers at 291 +5 K.

Non-isothermal pyrolysis runs were carried out in a
TGA equipment, model SDT2960, which was calibrated
(baseline, weight, temperature and heat flow) prior utili-
zation. For each clone and treatment, composite milled
samples were submitted to dynamic runs at 10 K/min up
to 1273 K. Three repetitive derivative thermogravimet-
ric (DTG) curves were obtained for each composite sam-
ple in order to guarantee reproducibility of the results. All
dynamic runs were carried out on a pan containing 7 + 1 mg
of the corresponding sample, which was verified to be an
appropriate sample size to ensure representativeness and
to avoid heat or mass transfer limitations. Inert atmosphere
inside the furnace during temperature-programmed pyroly-
sis was obtained by means of a continuous nitrogen flow of
100 mL/min at a gauge pressure of 1 atm.

The different pyrolysis steps may be seen in the deriv-
ative thermogravimetric profiles (DTG). Using these
profiles, both the mass lost and the temperature associ-
ated with each step can be determined. In order to study
the kinetic characteristics and to determine the activa-
tion energy (E,) and the frequency factor (A) values, the
approximate integral method (AIM) was employed with
DTG profiles as described by Calvo et al. [44] and Pania-
gua et al. [45]. The activation energy is associated with
the energy required to start a chemical reaction. Peaks
derived from thermogravimetric analysis started at differ-
ent temperature values depending on the species and the
treatment employed. The adjustment of these peaks is,
therefore, essential to know the respective thermal prop-
erties. The frequency factor (A) is defined as the number
of collisions between molecules involved in a reaction. A
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larger number of collisions involve a higher reaction rate;
consequently, the time associated with the chemical reac-
tion will be lower. Therefore, this parameter is related to
the speed at which chemical reactions occur. The numeri-
cal values of this parameter, as in the case of activation
energy values, have been determined by the AIM.

Characteristic Indexes

Characteristic indexes were here employed to comple-
ment the results obtained for TGA and kinetic parameters
(A and E,). The main advantage of these indexes, apart
from their calculation speed, is the immediate possibil-
ity that they offer to identify the thermal properties of a
biomass source.

We will determine the indexes for each of the stages
identified in the DTG profiles (active, passive and high-
rank pyrolysis).

For all the values, a statistical analysis was done with
the IBM SPSS v.23 software to identify significant differ-
ences. This analysis was based in a one-way ANOVA test
with a 5% significance level (p).

Determination of Pyrolysis-Peak Temperature (T,)
and Pyrolysis Index (P;)

Before calculating the Pyrolysis Index (P;), it is need to
define a series of variables that are part of it. The first
one has been named as pyrolysis-peak temperature (T).
Theoretically, we can say that this variable is related to
the minimum temperature at which the substance experi-
ments the behaviour associated with the particular phase
without the presence of an external agent. This variable,
which is so similar to the ignition temperate (at combus-
tion processes), can be determined with the DTG profiles
and the protocol defined by [46, 47].

The pyrolysis index (P;) represents the pyrolysis
capacity for each particular stage (peak). The higher P,
the easier the fuel pyrolysis occurs. This index was deter-
mined by the following Eq. [48]:

dw
e @
tp -1,
where (dw/dt),,,, is the maximum pyrolysis rate (%/min),
t, is the time (min) at which the largest peak (at a tempera-
ture above 293 K) occurs and t, is the time (min) associated
with the T,,.
P, index allows us to know the pyrolysis capacity of
a system, the higher its value, the easier the pyrolysis of

the biomass.

P =

L

Determination of Pyrolysis Burnout Index (B,)

The burnout index (B;) denotes the pyrolysis capacity of a
fuel and was here determined to evaluate the biomass burn-
out performance. This index values were estimated accord-
ing to Eq. 3 [48]:

)
Bi= m e @
12725 25
At,, is the time (min) in the first half of the DTG for the
particular stage, t; is the time at which the end of the peak
takes place (starting counting time zero to 293 K and con-
sidering the final moment as that in which it reaches the 2%
of DTG,,,,)-
This index is very similar to the P; with the difference
that Dy gives greater importance to the end of the peak and
does not consider the pyrolysis-peak temperature.

Pyrolysis Characteristic Index (P)

This index can be used for a preliminary assessment of the
pyrolysis performance and represents the energy requiered
to pyrolize a fuel. This index would be the equivalent of the
combustion characteristic factor (CCF), an idex employed
during combustions [49]. This way, P index can be calcu-
lated in a very similar way to CCF:

() x (%)
_ o dt “max dt “mean
P= - @)
T2 xT,

where (dw/dt),.,, 1S the average pyrolysis rate considering
the 1% of the DTG,,,, as the start and the end of the pro-
cess (%/min), T, is the pyrolysis-peak temperature (K) and
T; is the temperature value at which the end of the peak is
achieved (1% of the DTG,,,).

P index evaluates the characteristics of the pyrolysis; this
is, if P increases, the pyrolysis peak temperature decreases
and pyrolysis begins earlier.

Results and Discussion
Elemental and Proximate Analyses

The elemental and proximate analyses as well as the calo-
rific results can be observed in Table 2.

In order to select a raw material as a biofuel, it should
be taken into account that a high content of carbon and
hydrogen are desirable, since both elements are the basis
of many molecules resulting from the pyrolytic process.
Carbon and hydrogen content showed in the samples

@ Springer
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Table 2 Elemental, proximate
analyses and calorific value

Elemental analysis

Proximate analysis

Calorific value

of biomass sampled for each (s H? N? S# Volatiles® Ash® Moisture® HHV®
subplot

CONTROL UNAL 495 580 0.56 0.11 799 328 79 19.78

1-214 489 566 0.68 0.10 80.3 3.62 8.6 19.48

AF-2 497 581 0.66 0.11 793 293 85 19.80

AF-8 49.1 57 053 0.12 785 382 82 19.60

BIOSOLIDS UNAL 49.6 586 055 0.11 813 249 89 19.73

1-214 49.0 574 074 0.10 79.0 343 85 19.46

AF-2 49.6 580 0.69 0.12 81.1 312 6.0 19.75

AF-8 495 582 060 0.09 79.0 323 63 19.77

MUD UNAL 49.6 595 040 0.08 812 265 82 19.70

1-214 49.1 587 056 0.16 80.1 257 104 19.55

AF-2 494 591 067 0.09 79.7 290 6.6 19.78

AF-8 497 578 064 0.09 788 361 838 19.83

“In percentage. All values are in dry basis except moisture

YHHV high heating value (MJ/kg)

are so close to other biomass sources like sawdust [50],
pine [51], eucalyptus [52] oak [53] or wheat straw [54].
Also, related to the sulfur content, large sulfur content
within the typical samples cause the formation of pollut-
ants (mainly COS and H,S) [55], which does not provide
energy and its reaction generates sulphur oxides, which
are potent air pollutants. All the samples show very uni-
form values for the elemental analysis, so it does not
enable the selection of a particular clone. Something
similar occurs when we review the proximate analysis.
In the case of the HHV and ash content there is also a
homogeneity in the samples (standard deviations between
0.13 and 0.44). In spite of this homogeneity, the low
ash content (2.49%) present in the UNAL-BIOSOLIDS
constitutes a fact to consider favorably this combina-
tion. It must be highlighted that ash contents negatively
affects the heating value of biomass [56]. A 2-4% vari-
ation in the ash may cause around 8% variations in pro-
cess yields, which, ultimately, would result in economic
consequences.

Other key parameter to characterize a bio-fuel is the
heating value (energy produced when a fuel is completely
oxidized). This parameter can be estimated, in addition to
traditional analytics, through the use of empirical equa-
tions [57]. We have employed the advice equation propose
by the above authors to verify the veracity data of our ana-
lytical HHV results. Knowing this fact, HHV values for this
manuscript paper (Table 2) are very close for all clones and
treatments, although the I-214 was the clone showing the
lowest HHV under the three treatments. Calorific values
obtained for poplar biomass were higher when comparing
the results with rice straw [58] and so similar that oat varie-
ties straws values [59]. Furthermore, HHV obtained for the
poplar plot are in the line with the obtained values for other
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authors that have worked with wood as biomass source
[60]. However, poplar biomass has a lower HHV than con-
ventional fossil fuel like petrol or coal [61].

Biomass Volume

Biomass volume results (Table 3) showed that volume was
higher for the subplots that had been fertilized than for the
CONTROL subplot (except for I-214 clone under BIO-
SOLIDS treatment). This may be associated with a higher
poplar growth (both in diameter and height) once the
amendment was applied. Furthermore, considering each
treatment, MUD was the most favorable amendment. Under
this treatment, virtually all the clones (except 1-214) pro-
vided an important increase in the volume quantity at the
last year of study. On the other hand, it must be highlighted
that AF-2 was the clone showing the largest increase of
biomass volume under organic fertilization, either with
BIOSOLIDS or with MUD.

Poplar biomass volume values are substantially lower
than the volumes obtained by other authors [62] work-
ing with different clones of poplar. This fact may be due
to the difference in conditions (weather, watering, pruning,
etc.), as well as to the duration of the study. In this study,
the effect was studied for 4 years and many studies have a
longer duration.

Thermogravimetric Analysis

Biomass devolatilization is referred to in terms of its three
main components (lignin, cellulose and hemicelluloses).
As published in [63], three stages during the pyrolysis ther-
mal decomposition (TGA profiles) of wood were identi-
fied: water evaporation, active and passive pyrolysis. The
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Table 3 Poplar biomass

3 CLONE Treatments
volume (cm”) calculated as
Eq. (1) for each treatment and Control Biosolids MUD
clone - - -
First year  Lastyear®  First year®  Lastyear®  First year®  Last year”
Mean Mean Mean Mean Mean Mean
UNAL 57 845 51 880 110 1530
1-214 19 652 26 538 41 748
AF-2 54 942 57 1174 144 1679
AF-8 27 716 46 861 69 1271
Treatment mean (cm®) 39 789 45 863 91 1402
Treatment SD 19 130 13 61 45 441

SD Standard deviation

“First year: values obtained for 2010

PLast year: values obtained for 2013

decomposition of hemicelluloses and cellulose takes place
in active pyrolysis in the temperature range from 473 to
653 K and 523 to 653 K, respectively. Whereas lignin is
decomposed in both stages (active and passive pyrolysis)
from 453 to 1173 K [64].

Differential mass loss curves (DTG (%/min)) corre-
sponding to the thermal decomposition of poplar wood
pyrolysis at a heating range of 10 K/min under nitrogen
atmosphere for each treatment are shown in Figs. 2, 3
and 4. In these curves, five main different regions can be
identified, their respective parameters has been summa-
rized in Table 4. The first four regions are related to: water
evaporation, active pyrolysis (which includes two peaks

or regions) and passive pyrolysis. The fifth region (named
by the authors as high-rank pyrolysis) appeared at 900 K.
Although this peak has not been identified in the poplar
biomass pyrolysis [64—67], other authors have attributed
this phase to the decomposition of carbonaceous materials
retained in char residues from the pyrolysis [52].

The first region, which takes place from 325 to 375 K,
is related to the loss of water (moisture loss or adsorbed
water loss). The second region is the most representative
one (active pyrolysis). It occurs in a range from 430 to
720 K. In this region we can analyse two peaks (the first
peak achieves the DTG, at 500 K and the second one at
approximately 620 K). It is thought that these two peaks

Fig. 2 DTG of poplar samples 8
during CONTROL (C) treat-
ment for pyrolysis process

Deriv. Weight (%/min)
H
1

C-UNAL
e—— C-I1214

250 350 450

550 650 750 850 950
Temperature (K)

@ Springer
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Fig. 3 DTG of poplar samples 8
during BIOSOLIDS (B) treat-
ment for pyrolysis process

Deriv. Weight (%/min)
H
1

B - UNAL
e B-I1214
-———— B-AF2
x B - AF

550 650 750 850 950
Temperature (K)

2 —
0 T
250 350
Fig. 4 DTG of poplar samples 8
during MUD (M) treatment for
pyrolysis process
6 -

Deriv. Weight (%/min)
H
1

250 350

are related to the hemicelluloses and cellulose decom-
position. Like it was said, lignin is decomposed both in
active and passive pyrolysis [63, 68]. There is no any
characteristic peak related to the lignin decomposition. In
the passive pyrolysis phase (DTG,,,, at 760 K) there is
a smaller mass loss compared with that occurring in the
active pyrolysis.

@ Springer

T ' T T . T T T
550 650 750 850 950
Temperature (K)

From the point of view of the energy optimization
within the pyrolysis process, it is desirable to have feed-
stocks with low ash contents. Besides, it would be better
that these weight losses processes take place at low ini-
tial and final temperatures. Taking into account the above
statement, for the CONTROL treatment (Fig. 2), the AF2
clone shows a best performance during the active pyrolysis
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Table 4 Characteristic parameters obtained from the DTG pyrolysis curves obtained for the biomass from the different subplots

CONTROL BIOSOLIDS MUD
UNAL 1214 AF-2 AF-8 UNAL 1214 AF-2 AF-8 UNAL 1214 AF-2 AF-8
Active pyrolysis—620 K
T, (K) 433.24 44131 43951 4431 44131 443.1 44131 434.13 43951 438.62 429.65 434.13
T (K) 653.82  654.72 65292 647.54 651.13 652.03 651.13 648.44 64572 648.44 650.23 654.72
DTG,,,, (%/min) 6.19 6.20 7.34 6.65 7.66 5.14 6.09 6.44 7.02 6.90 6.84 6.46
T prgmax K 615.26  619.75 61526 616.19 620.64 61347 610.78 611.68 616.16 616.16 61437 612.57
Passive pyrolysis— 750 K
Ty (K) 724.66 74439  729.14 74259  722.87 72825 72197 724.66 72645 730.04 722.87 721.07
T (K) 773.08 771.29 77398 77846  770.39 773.08 77129 77039 774.87 775777 769.49  769.49
DTG,,,, (%/min) 0.70 0.60 0.60 0.67 0.48 0.81 0.68 0.65 0.63 0.62 048 0.56
T prgmax K) 754.25 75425 758773 758.73  753.35 756.04 75246 75425 756.04 760.53 75694  756.04
High-rank pyrolysis —920 K
T, (K) 861.85 86633 869.92 872.61 862.75 8744 871.71 85826 869.02 8744 860.06  860.95
T (K) 937.17 94793  929.1 933.59 92552 94524 99635 933,59 93897 93359 924.62 930
DTG,,, (%/min) 0.41 0.24 0.32 0.33 0.27 0.55 0.52 0.38 0.38 0.32 030 0.33
T prgmax K 915.65 92193 909.37 913.86 901.3 924.62 946.14 91296 914.75 91296 901.3 896.82

T, initial temperature of the process, T final temperature of the process, DTG,,,, largest value of DTG in the considered process, Ty, tem-

perature associated to DTG,

process (it has higher DTG,,,, values). Otherwise, consid-
ering the passive pyrolysis stage, as well as the high-rank
phase, UNAL clone is the one which higher DTG,,,, val-
ues. Regarding the temperature of the DTG,,,, for these last
phases, values are quite similar, around 755 K for passive
phase and 915 K in the case of high-rank. Under fertili-
zation with BIOSOLIDS (Fig. 3) the UNAL clone shows
higher DTG,,, for active pyrolysis phase; although this
maximum weight loss is delayed about 10 K respective
the other clones (610-620 K). In contrast, for passive and
high-rank phases, 1-214 is the one that has a better behav-
iour (reflected by the higher values of DTG,,,, and the tem-
perature values at passive (755 K) and high-rank (920 K)
phases. Finally, under fertilization with MUD (Fig. 4),
UNAL is the clone that denotes a higher DTG, value for
the three stages, having similar characteristic temperatures
to the other clones (615, 755 and 915 K for active, passive
and high-rank respectively).

If the two organic fertilizations are compared (Table 4),
we realize that the DTG, value is reached at a very sim-
ilar temperature for both the active (620 K) and the pas-
sive (760 K) phases. Considering the visual expression of
the DTG- profiles (Figs. 2, 3, 4) at active pyrolysis phase,
different DTG,,,, values have been determined for the dif-
ferent clones under either CONTROL or BIOSOLIDS
treatments. On the contrary, under MUD, the DTG,,,, cor-
responding to the different clones are mostly homogeneous
at this phase. Regarding the passive and high-rank phases, a
number of trends can be obtained collectively. UNAL pop-

lar clones were those that showed higher DTG, values for

MUD treatment and CONTROL subplots. Under BIOSOL-
IDS treatment this trend is not maintained.

Therefore, analyzing the previous trends, it can be said
that the term analysis recommends the use of the UNAL
poplar clone.

Kinetic Analysis

Results of the kinetic parameters are shown in Table 5.
Average activation energy values (without taking into
account high-rank phase values) are between 280.64 and
361.18 kJ/mol. These values are all lower during the active
pyrolysis phase than during the passive phase. This implies
that, when samples are exposed to a pyrolytic process, a
greater amount of energy is need to start the reactions dur-
ing the passive phase is comparison with the active phase
(independently of the treatment and clone). Furthermore,
under BIOSOLIDS treatment, activation energy average
values are lower in comparison with the other treatments
for the active and passive pyrolysis phases. Among samples
from poplars fertilized with BIOSOLIDS, the 1-214 clone
is the one showing the lowest E, values. For the CON-
TROL treatment, is the UNAL clone which has the lowest
E, vales. Under the MUD fertilization, there is great homo-
geneity (especially in the active phase) on the E, values,
although the UNAL clone is the one showing the lowest E,
value for the passive pyrolysis.

With respect to the high-rank pyrolysis phase, the
CONTROL treatment is the one showing a better behav-
iour about the E, values. Under this treatment, the lowest

@ Springer
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E, values were determined for the UNAL clones for vir-
tually the three treatments.

Again and considering the activation energy values,
we have verified that the UNAL clone was the one that
better global results denoted.

Concerning frequency factor, the values were higher
during the passive pyrolysis than during the active pyrol-
ysis. The passive pyrolysis phase occurs faster than the
active pyrolysis phase. This can be seen in the thermo-
grams (Figs. 2, 3, 4) through peaks which occur in a
narrow temperature ranges (750-770 K). For the MUD
treatment, A values were higher than for the other treat-
ments, being the AF-2 clone the one having higher val-
ues for both active and passive pyrolysis phases. Another
aspect derived from the results of the frequency factor
is the behaviour of AF-8 clone for CONTROL treat-
ment. Under these conditions, this clone (AF-8) had a
higher A value (5.5 E+ 62 1/s) than the rest of clones for
the same treatment during the passive pyrolysis phase.
The second active pyrolysis and the passive phases are

Table 6 Characteristic indexes results

the temperatures ranges at which reactions occur faster
(higher A values).

Comparing E, values with other biomass sources [44],
it can be stated that poplar pyrolysis denoted higher activa-
tion energy values. Although it is true that there are few
studies with the aim to analyze the kinetic parameters dur-
ing the pyrolysis (and much less that work independently
with each phase), we are able to compare the kinetic param-
eters showed by the pyrolysis of poplar clones with certain
biomass sources, like rice husk [69], rice straw, cellulose or
corncob [70]. Both the activation energy and the frequency
factor values are higher for poplar pyrolysis, which could
be related to the specific biomass composition and the heat-
ing rate used during this work.

Characteristic Indexes Results
Having carried out the estimation of the mentioned thermal

indexes (Table 6) and its corresponding statistical analysis,
the main discussion that can be stated for each particular

CONTROL BIOSOLIDS MUD

T, (K) T, (K) T, K)

Active Passive H-R Active Passive H-R Active Passive H-R
UNAL 540 680 900 545 760 880 540 755 910
1-214 525 750 920 540 755 920 545 755 910
AF-2 520 750 910 530 740 910 530 755 900
AF-8 545 755 920 520 750 900 525 740 900

P, (%/min®) P, (%/min?) P, (%/min®)

Active Passive H-R Active Passive H-R Active Passive H-R
UNAL 7.6E-03 4.0E—-04 1.1E-04 9.1E-03 3.1E-04 8.1E-05 8.0E-03 2.8E-04 9.9E-05
1-214 8.1E-03 2.8E-04 8.3E-05 6.4E-03 3.8E-04 1.4E-04 8.2E-03 2.7E-04 7.9E-05
AF-2 9.8E-03 2.8E-04 9.5E-05 7.9E-03 3.5E-04 1.4E-04 8.8E-03 2.3E-04 7.0E-05
AF-8 8.1E-03 2.9E-04 8.6E-05 8.7E-03 2.9E-04 9.9E-05 8.5E-03 2.6E-04 7.7TE-05

B; (%/min®) B; (%/min*) B, (%/min*)

Active Passive H-R Active Passive H-R Active Passive H-R
UNAL 3.0E-03 4.0E-04 7.4E-05 4.2E-03 2.4E-04 3.9E-05 3.4E-03 6.8E—04 9.4E-05
1-214 2.7E-03 3.2E-04 1.2E-04 2.2E-03 5.2E-04 1.1IE-04 3.6E-03 6.4E-04 5.8E-05
AF-2 4.4E-03 4.5E-04 7.1E-05 2.7E-03 2.9E-04 6.0E—05 3.6E-03 3.2E-04 6.7E—05
AF-8 3.6E—-03 4.7E-04 1.0E-04 2.7E-03 4.6E—04 8.5E-05 3.2E-03 3.1E-04 3.8E-05

P [(%/min)* K~3)/K3 P [(%/min)?> K~3/K3 P [(%/min)? K~3)/K3

Active Passive H-R Active Passive H-R Active Passive H-R
UNAL 1.7E-07 1.3E-09 2.0E-10 2.5E-07 7.1E-10 1.0E-10 1.9E-07 8.2E—10 1.7E-10
1-214 1.8E-07 7.1E-10 1.2E-10 1.2E-07 1.4E-09 3.8E-10 2.0E-07 7.2E-10 1.1E-10
AF-2 2.6E-07 7.7E-10 1.6E—10 1.6E-07 1.1IE-09 3.3E-10 2.1E-07 54E-10 8.7E—11
AF-8 2.0E-07 8.5E—-10 1.3E-10 1.9E-07 8.1E-10 1.8E—10 1.9E-07 6.5E—10 1.0E-10

(T,) pyrolysis-peak temperature, (P;) pyrolysis index, (B;) burnout index, (P) pyrolysis characteristic index

@ Springer
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index is summarize in the following paragraphs. Informa-
tion, the following, which must take into account that the
statistical analysis (appendix I of the supplementary mate-
rial) denoted that no significant differences were identified
for any of the cases studied.

Pyrolysis-Peak Temperature (T,) and Pyrolysis Index (P;)

Lower Tp values are advisable, since, in this way, each
phase (peak) will start with lower energy expenditure.
Considering each phase, T, values are very similar to each
other, with virtually no differences between clones and
treatments. As could be expected, when we advance in the
DTG profile, the associated T, values are greater.

Pi values are higher during the active phase. Making a
global analysis of all treatments and clones combinations
for this index, it can be said that UNAL clone is the one
that generally reflects a better behavior. Behavior that, in
average values for the three phases, was better appreciated
after applying BIOSOLIDS treatment.

Pyrolysis Burnout Index (B;)

This parameter is very similar to the previous one. B, index
gives greater importance to the final part of each stage,
without considering the pyrolysis-peak temperature.

In this index, although it is still maintained that the
values for active phase are higher than the values for the
rest of the phases, a clear trend cannot be identified in the
results, as it happened in the previous case.

Pyrolysis Characteristic Index (P)

This index may be the most useful of all that have been cal-
culated. The previous statement is made on the basis that,
although it is true that null references have estimated this
index for the specific case of pyrolysis, there are certain
references that have obtained the equivalent index for the
specific case of combustion, CCF (Combustion characteris-
tic factor), and, therefore, a comparison with them can me
make.

Again, the values of the active phase are higher than for
the other stages. The values related to this active pyroly-
sis phase will be those used to establish a comparison with
other references. Authors have selected this phase since it
is the most representative phase during the DTG profiles as
well as the P values associated with this peak are so close
to referred CCF data.

For the nine cases studied (three phases and three
treatments), in five of them the UNAL clone showed
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higher values; being remarkable the particular case of the
combination UNAL — BIOSOLIDS for the active pyroly-
sis phase. Under this treatment the UNAL clone experi-
ences an increase in the value of the index

(2.5 X 10_7L> that is not experienced with MUD

min?xK3
treatment. Fact, the above, that advises us to use this
clone and treatment.

Comparing P values obtained for our pyrolysis sam-
ples with CCF (also called S or Sy) of certain biomass
sources, it can be said that the values obtained are lower
during pyrolysis. While for the case of the P index dur-
ing the active pyrolysis phase, values between 1.6 and
2.6 have been obtained, for the Sy, other authors have
achieved higher values: 3.9 for wheat straw and even val-
ues close to 5 for blends with coal [71]. As the proportion
of fossil fuels in a mixture increases, the value of both
indexes decrease. This is because if we compare their
values separately, we can see how fossil fuels have lower
P or CCF values than most biomass sources. Moreover,
for our case study, the values obtained are greater than
2% 1077, so that, for this active phase, poplar samples
have a good thermal performance [72].

Conclusions

According to biomass fuel properties, differences
between the poplar clones or treatments studied in this
work were not appreciable. However, under the MUD
treatment, it was verified a remarkable increase of the
biomass volume over the first year of treatment. DTG
curves determined for poplar biomass samples showed
five weight loss stages, namely, moisture loss, first active
pyrolysis, second active pyrolysis, passive pyrolysis and
a high-rank pyrolysis phase. Among them, the second
active pyrolysis was the most representative of the whole
pyrolysis process and it was the combination BIOSOL-
IDS-UNAL the one that achieved the highest lost weight
values at this stage. Besides, the application of BIOSOL-
IDS treatment led to lower energy expenditure within
the active and passive phases of the poplars pyrolysis as
inferred by the lower activation energy values. Regard-
ing the reactions speed (estimated by the frequency fac-
tor parameter), there were no appreciable differences
between the different poplar clones or treatments. On the
whole, the UNAL clone under BIOSOLIDS fertilization
showed the most favorable pyrolytic behavior.
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Abstract This work aimed to investigate thermal decom-
position of microalgae throughout the different culture
stages. For this purpose, Chlorella sorokiniana was cul-
tured in photobioreactors, and microalgae biomass was
sampled at different days throughout the development of
the culture. The aim was to analyze the energetic value of
this biomass by thermogravimetric analysis as well as to
calculate combustion characteristic indexes during the
different culture stages. In all cases, thermal decomposition
of microalgae biomass during combustion denoted two
stages. The first one encompassed the carbohydrates and
proteins decomposition and the breakdown of hydrocarbon
chains of fatty acids, whereas the second step was closely
related to the combustion of the formed char. Fuel com-
position analysis denoted a microalgae HHV value quite
similar to that of Poplar (considered as an energy crop)
biomass and slightly higher than published values for
herbaceous biomass. In relation with the culture stages, a
better combustion performance was found (higher thermal
indexes as well as higher DTG,,,x values) for microalgae
biomass sampled at days 19 and 21. These results point to
the importance of the culture stage for the thermal val-
orization of microalgae biomass.
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Introduction

The depletion of fossil fuel reserves and the environmental
pollution associated with their burning have prompted
scientist and engineers to develop new technologies and
find alternative energy sources [1]. According to the 2013
Survey of the World Energy Resources (WER), 223 mil-
lion tonnes of crude oil and 209 million cubic meters of
natural gas remain in our planet. These global reserves of
crude oil and gas are estimated to last for 56 and 55 years,
respectively. This report also estimates that there are 869
million tonnes of coal reserves, which based on current
production rates should last for around 115 years [2].
Consequently, biomass fuels are gaining particular
attention as an alternative, clean and renewable energy.
Among these biofuels, photosynthetic organisms have the
advantage to fix CO, in the atmosphere and for this reason
are considered as CO,-neutral fuels when being combusted
[3]. In this sense, microalgae have been proposed as a
third-generation biofuel source due to their rapid growth
rate and high oil contents, high yield per area, no compe-
tition with crops for arable land or freshwater, and their
capacity to use CO, as feedstock. In addition, microalgae
are able to use nutrients from most wastewaters, providing
an alternative method for wastewater treatment [4].
Thermochemical conversion of biomass is considered as
one of the most promising routes for biomass utilization
[5]. Nowadays, combustion is the most simple and direct
technology available for biomass utilization, which is
responsible for over 97% of the world’s bioenergy
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production [6]. For the prediction of combustion perfor-
mance in boilers and obtaining relative combustion char-
acteristics of fuels, thermogravimetric analysis (TGA) is
known to be most useful [7]. Nevertheless, only very
recently were published studies on the TGA of microalgae
combustion. Chen et al. [8] reported the combustion
behavior of Chlorella vulgaris under different oxygen
concentrations. Gai et al. [9] carried out a kinetic analysis
of thermal decomposition characteristics of Chlorella
pyrenoidosa and Spirulina platensis under non-isothermal
conditions. Lopez et al. [5] investigated thermal behavior
of Nannochloropsis gaditana, Scenedesmus almeriensis
and Chlorella vulgaris under oxidizing atmosphere by
TGA coupled with mass spectrometry. Liu et al. [10] used
TGA for the determination of the ash content and the
qualitative or semiquantitative analysis of the carbohy-
drates, proteins and lipids in four microalgae species based
on TG analysis ash content. These authors [10] pointed to
the possible utilization of TGA for microalgae screening
and cultivation monitoring. However, to our best knowl-
edge, such an assessment has not been published yet.

During cultivation of microalgae, their growth affects
the nutrients removal rates, and a nutrients limitation
improves lipids accumulation in microalgal cells [11].
Consequently, cell composition of microalgae varies along
the different stages of culture. This feature may affect the
behavior of thermal decomposition [9]. For this reason, it is
important to study thermal properties evolution of the
microalgae throughout the different culture stages.

In this work, Chlorella sorokiniana was cultured and
microalgae biomass withdrawn throughout the develop-
ment of the culture and analyzed by TGA. The aim of this
research was to assess the evolution of thermal character-
istics of the combustion of microalgae Chlorella
sorokiniana throughout the different stages of the culture.

Materials and methods
Microalgae culture

The microalgae strain used in this study was Chlorella
sorokiniana CCAP 211/8 K (UTEX Culture Collection).
Inoculum for the experiments was cultivated in 250-mL
Erlenmeyer flasks in the standard culture medium Mann
and Myers [12], which was autoclaved for 20 min at 1 atm
pressure to ensure aseptic ambient. Firstly, the inoculum
was cultivated in 250-mL Erlenmeyer flasks and, in the
second stage, microalgae were cultured in tubular bubbling
photobioreactors (PBRs) at pilot scale (0.0875 m diameter
and 0.3 m height with 1.2 L capacity).

PBRs were inoculated with the same volume of pre-
cultured microalgae to ensure the same initial

@ Springer

concentration (0.1 g L_l.) Growth conditions were main-
tained constant, under controlled temperature (25 £ 1 °C),
irradiance (LE m~2 s ') and photoperiod (12:12), inside a
vegetal culture chamber. In the same way, pH was con-
trolled (7.2-7.5) by the injection of 7% CO,-enriched air,
filtered through 0.2-pum sterile air-venting filter (Millex-
FG50, Millipore). The PBRs surface was illuminated with
eight fluorescent lamps (33 W, 2150 Im, Philips, France)
providing 650 pE m2s™' light intensity under 12:12
light/dark cycle.

PBRs were operated under two conditions, batch (or
discontinuous) or semi-continuous. In the period of time in
which the PBRs are in discontinuous mode, point dilutions
were made every 24 h of 0.5 g L™". These dilutions were
not performed when culture was under discontinuous
mode. Daily dilution of the culture volume was carried out
to guarantee a biomass concentration of 0.5 g L™'. PBRs
were then operated in semi-continuous mode until the
volume of culture medium exchanged was equal to 2.5
times the volume. Then, the culture was kept in batch mode
for three days, after which the culture was ended. Figure 1
represents the growth of microalgae biomass in PBRs
throughout the culture times. Biomass samples of the cul-
ture were taken four times, as indicated in Fig. 1. The first
sample was taken after 14 days (t14). The above sample
was related to the last day of the cultivation in batch and
the first day at which a dilution was effected. The second
sample point was done after 17 days (t17) of the start of the
trial; this point denoted a middle point during the semi-
continuous stage. The third point, at 19 days (t19), was
associated with time at which the semi-continuous stage
ended as well as the last dilution was done. The last
sampled point, 21 days (t21) after the start of the experi-
ment, was associated with the end of the culture. The above
point was at a batch stage.

Culture growth was monitored by the determination of
microalgae biomass concentration. For this purpose, opti-
cal density at 680 nm (OD680) was daily measured by
spectrophotometer (UV/Vis spectrophotometer Beckman
DU640). The dry biomass concentration was measured by
filtering 25 mL of culture through 0.45-um filter and dry-
ing it in an oven at 105 °C for 24 h.

Biomass harvested after 14, 17, 19 and 21 days under
cultivation was centrifuged at 6461 g for 5 min (SIGMA
2-16P). The pellet was washed twice with distilled water,
dried in an oven at 105 °C for 24 h and homogenized for
subsequent analysis.

Chlorella sorokiniana elemental, proximate
and calorific value analysis

The fuel properties of this microalgae strain were assessed
by the determination of the elemental and proximate
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Table 1 Analysis (elemental and proximate) and calorific value of Chlorella sorokiniana and three other biomasses for comparison purposes

Elemental analysis

Proximate analysis Calorific value

Cc? H* N? s? Moisture® Ash? Volatiles® HHV*/MJ kg~!
Chlorella sorokiniana (this work) 47.9 6.40 8.74 0.78 9.6 7.83 76.1 18.72
Rice straw [23] 37.87 4.61 0.63 0.14 7.43 19.07 67.95 14.71
Poplar [24] 49.50 5.80 0.56 0.11 7.90 3.28 79.90 19.78
Coal [22] 62.07 2.3 1.16 2.21 11.2 30.33 8.01 24.38

* In percentage. All values are in dry basis except moisture
® HHV higher heating value

analysis as well as by the determination of the calorific
value. Moisture content was determined gravimetrically by
the oven drying method. Higher heating value (HHV) at a
constant volume was measured by means of an adiabatic
oxygen bomb calorimeter. A set of standardized rules were
used to calculate the Chlorella sorokiniana values shown
in Table 1. Moisture (ASTM 3320), volatiles (UNE
32019), ash content (UNE 32004), carbon, hydrogen and
nitrogen (ASTM 5373), sulfur (ASTM 4239). Also, higher
heating value (HHV) was determined according to UNE
32006 rule. For comparison purposes, Table 1 also shows
both the elemental and proximate analysis and the heating
value for certain biomass crops (poplar and rice) and a
fossil fuel (carbon). With these data, authors want to give
the readers a preliminary idea about the possible thermal
valorization of Chlorella sorokiniana biomass.

Thermogravimetric analysis (TGA)

Dried and homogenized microalgae biomass samples were
preheated according to the methodology followed by [5] to
further reduce the moisture content. Then, samples were
milled on a Fritsch mill Model P-19 to a 1 mm particle
size. Afterward, by using a Retsch ball mill model MM200,
particle sizes around 125 pm were obtained. After such
conditioning of microalgae biomass samples, TGA was
carried out using a TA Instruments SDT2960, which is able
to supply a continuous measurement of sample mass as a
function of time or temperature. Milled samples weighing
4-6 mg were placed in a pottery crucible and heated at
three heating rates (10, 20 and 40 K min~") from ambient
to 1150 K. This heating was carried out under an air flow
of 100 mL min~" (at a gauge pressure of 1 atm) to carry
out the combustion process. Then, derivative thermo-
gravimetric curves (burning profiles) were obtained for the
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combustion of microalgae biomass samples collected
throughout the culture.

Combustion characteristic indexes

In agreement with the opinion of several authors, thermal
indexes can give fast and truthful information on the
kinetics of the combustion of the biomass extracted from
the microalgae [5, 13]. The following indexes were cal-
culated in this work:

Determination of ignition temperature (T,) and ignition
index (D;)

Considering a typical DTG curve for the combustion of
microalgae biomass (Fig. 2), the ignition temperature (7)
is defined as follows [14, 15]: Firstly, through the DTG
peak point a, a vertical line was made upward to meet the
TG oblique line at point b; secondly, a tangent line to the
TG curve was made at point b, which met the extended TG
initial level line at point c; thirdly, another vertical line was
made downward through point ¢, which met the cross-axle
at point d. The corresponding temperature of point d was
defined as T, [16].

The ignition index (D;) represents the ignition capacity
of a fuel so that, the higher the D;, the easier the fuel
ignition occurs. This index was determined by the fol-
lowing equation [17]:

)

D; = ~d max (1)

Iy - I

where (dw/df),.x is the maximum combustion rate (%
min~ '), t, is the time (min) at which the largest peak (at a
temperature above 293 K) occurs, and 7. is the ignition
time (min).

Determination of burnout index (Dy)

The burnout index Dy denotes the combustion capacity of a
fuel and was here determined to evaluate the burnout
performance of microalgae biomass. These index values
were estimated according to Eq. 2 [17]:

()
Df — dt / max
Aty -ty - 1

(2)

Aty is the time (min), in the first half of the DTG for the
particular stage, since the half of the maximum DTG value
is reached until this DTG,,,, value (min) is achieved, # is
the time at which the end of the peak takes place (starting
counting time zero to 293 Kelvin degrees and considering
the final moment as that in which it reaches the 2% of
DTG ax)-

This index is very similar to the D; but gives greater
importance to the end of the peak and does not consider the
ignition temperature.

Devolatilization index (D)

This parameter, which is related to the release of volatiles
during combustion, was estimated as depicted in Eq. 3:

Fig. 2 Thermogravimetric 18 100
curves for the combustion c STAGE 1 STAGE II
process of Chlorella 16 - - 90
sorokiniana microalgae. Points -2 P
Peak 1 eak 2
a, b, c and d are employed to 80
calculate ignition temperature 14
(T,) index
|\ 70
12
- &
= = © %
g 10 g 3
S 2
g hi Peak 3 50 2
>
8 %) L
) & =

Sub-step I+I1

450 550
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_ (%) max (3)

B Tmax -AT
Tax 1S the temperature at which DTG, is achieved (K),
and AT is the difference between Ty, and T, (K).

Combustion characteristic index (S)

This index can be used for a preliminary assessment of the

microalgae combustion performance [18] and represents

the energy required to burn a fuel. The S was calculated

according to Eq. 4:

S — (%) max' (%) mean
T? - Ty

(4)

where (dw/df)mean 1S the average combustion rate consid-
ering the 1% of the DTG, as the start and the end of the
process (% min_l), T, is the ignition temperature (K), and
Tt is the temperature value at which the end of the peak is
achieved (1% of the DTG,ay)-

Results and discussion
Fuel properties of Chlorella sorokiniana

The results asociated with the Chlorella sorokiniana
results are shown in Table 1. Percentages obtained for the
C, H, N and S elements are in concordance with the lit-
erature related to this microalgae genus (50% for C, 6-8%
in the case of H, 7-10% for N and < 1% talking about S
content (w/w)) [5, 19-21]. In the case of the calorific value,
results here obtained are also similar to those obtained by
other authors for this particular genus (values about
18-20 MJ kg~ ! of HHV) [19, 22].

For comparison purposes regarding the fuel quality,
besides the data for Chlorella sorokiniana, the elemental
and proximate analysis as well as the calorific value of an
herbaceous crop (rice straw), a lignocellulosic energy crop
(poplar) and a bituminous coal [23] (exploited in thermal
stations) is depicted in Table 1. Compared with rice straw
[24], microalgae showed higher values for all the param-
eters included in the elemental analysis with a major dif-
ference in the case of nitrogen. Regarding the proximate
analysis, it is to highlight the relative lower ash content of
microalgae, which is an important feature for fuel. More-
over, the HHV of microalgae is higher than that of rice
straw. Compared with a lignocellulosic crop (poplar) [25],
microalgae have similar H and C contents, but lower N and
higher S contents. Meanwhile, the ash content of
microalgae is slightly higher and the volatiles content
lower than for poplars. In any case, microalgae and poplars
have quite similar HHV (around 20 MJ kg™ "). In the last

term, if we make a comparison between the microalgae and
a conventional coal, data showed for the Chlorella ele-
mental analysis, H, N and S values are higher for the
microalgae (not so in the case of carbon). Following the
comparison between coal and algae, HHV of the coal was
higher than the same parameter for the microalgae,
although it was true that the difference was not as large as
expected. On the whole, it may be said that Chlorella
sorokiniana fuel properties are within the range of con-
ventional biomass raw materials.

Thermogravimetric analysis (TGA)

Thermal decomposition of Chlorella sorokiniana under air
atmosphere denoted two stages, which is coincident with
published results [8, 26]. These stages can be seen in the
DTG profile represented in Fig. 2, which also shows three
evident peaks. For each of these peaks, the characteristic
temperatures and maximum DTG signal corresponding to
the biomass sampled at different culture times (14, 17, 19
and 21 days) and subjected to temperature-programmed
combustion at different heating rates (10, 20 and 40 K) are
depicted in Fig. 3. In the same way, most relevant data
associated with this figure are shown in Table 2.

The first stage encompasses the devolatilization of the
samples and extended until temperatures between 720 and
775 K is reached. As the heating rate increases, this phase
ends at a higher temperature (note the 40 K min~"' heating
rate at all times in Fig. 3). Mass loss associated with this
stage is due to the release of organic compounds leading to
the formation of char [26].

The first stage of microalgae combustion has been
subdivided into three sub-steps. The first sub-step (sub-step
I in Fig. 2) has been related to intrinsic lipid decomposi-
tion, such as aldehydes and ketones [27], and it would
involve the decomposition of carbohydrates. In this work,
this sub-step I was not clearly identifiable for Chlorella
sorokiniana but overlapped with the second sub-step (sub-
step II), which points to the relative low lipid and carbo-
hydrates content of this microalgae biomass. A second sub-
step at above 580 K has been associated with carbohy-
drates and proteins decomposition [28]. In this work, the
second sub-step (sub-step II) is mainly responsible for peak
1 in Fig. 2, which meant the maximum mass loss (DTG, .«
in Table 2) for the considered culture times under the
heating rates here used. Also, as can be seen in Table 2, the
larger the heating rate, the higher the Tj, the Tprgmax and
the DTGy,.x of the peak 1. On the other hand, under the
here used heating rates, the largest DTG,,x of peak 1 was
determined for microalgae sampled after 21 days under
culture, which may be associated with an increase in the
protein and carbohydrate content. The major decomposi-
tion of these proteins and carbohydrates at time 21 days
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Fig. 3 Thermogravimetric combustion curves at the different heating rates for the times at which Chlorella sorokiniana biomass was sampled:

a 14 days, b 17 days, ¢ 19 days and d 21 days

will next cause a greater amount of char available for the
subsequent peaks. The case of a raised ramp (40 K min)
for t21 is remarkable. In this case, a large release of car-
bohydrates and proteins occurs in a short temperature
range, which can be seen in Fig. 3d as a narrow and high
peak.

A third sub-step (peak 2 in Fig. 2) occurred at a tem-
perature range of 593-613 K (Table 2) depending on the
heating rate. (The lower the heating rate, the lower the
temperature at which this second peak starts.) The litera-
ture indicates that the final decomposition of lipids takes
place in this sub-step III. Breakdown of hydrocarbon
chains of fatty acids plays an important role in this peak
[26, 27, 29]. According to results in Table 2, this break-
down is maximal after 19 days under cultivation. Fur-
thermore, at 21 days, a lower DTG,,,, points to a less
content of hydrocarbon chains of fatty acids to be broken
down. The delay in the maximum values of the peaks (that
was experienced in the previous stage) does not occur in
this stage. In fact, for t19, when using a raised ramp
(40 K min~") the maximum peak for this stage is advanced
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with respect to the intermediate ramp of 20 K min~'

(Fig. 3c¢).

It is well known that microalgae lipid accumulation
increases under cultivation conditions stressed [30]. This
microalgae stress increases with dilutions in the PBRs
where they are hosted. This may explain that peak 2, which
is closely related to lipid content, has shown the highest
DTG« at the time 19 days under culture. As previously
indicated, this is the time after the whole semi-continuous
stage (repeated dilutions). Thermal indexes confirm the
above statement for the case of the culture at t19.

The second stage of microalgae temperature-pro-
grammed combustion has been related to the decomposi-
tion of the formed char. This second stage is known to end
at variable temperature values depending on the reactivity
and the amount of char formed. Results in Table 2 show
that this decomposition stage (peak 3 in Fig. 2) took place
in a large range of temperatures (between 639 and 950 K)
for the combustion of Chlorella sorokiniana. Also, for
biomass sampled at the same culture day, the larger the
heating rate, the larger the DTG,,,. For t14 time (Fig. 3a),
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Table 3 Combustion characteristic indexes for the temperature-programmed combustion under different heating rates of Chlorella sorokiniana

biomass sampled at different culture times

Heating rate/K min~"' 10 20 40
Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3

aTJK

Time 14 525 595 775 525 600 775 530 600 770

Time 17 520 610 775 520 600 740 530 600 770

Time 19 525 595 730 550 610 820 535 610 780

Time 21 525 582 725 545 610 770 550 605 765
°Dy/% min~3-107*

Time 14 54 41 12 420 280 70 3400 2100 410

Time 17 49 33 5 420 200 37 3000 1600 180

Time 19 52 35 10 360 310 39 3300 2500 230

Time 21 75 25 13 550 300 59 4500 2000 380
°Di% min~*107*

Time 14 11 402 3.30 173 1000 32 3060 5430 277

Time 17 11 43 0.80 187 253 19 2750 3360 256

Time 19 13 55 1.45 159 511 23 3620 5020 395

Time 21 21 264 1.94 352 1450 39 5340 4400 185
4D/% min~' K~2-107*

Time 14 1.98 8.52 0.68 2.59 5.33 0.69 5.39 9.30 0.83

Time 17 1.75 7.15 0.59 271 3.86 0.26 532 5.51 0.38

Time 19 1.58 6.45 1.32 436 19.35 0.16 5.39 25.24 0.18

Time 21 2.97 2.18 1.80 778 22.39 0.23 14.35 10.05 0.35
°$/% min~> K=3.1077

Time 14 0.54 0.58 0.14 237 2.03 0.35 5.47 5.88 0.58

Time 17 0.43 0.50 0.04 2.10 1.10 0.14 8.50 4.27 0.27

Time 19 0.57 0.51 0.14 2.13 2.53 0.25 11.44 10.52 0.47

Time 21 1.02 0.31 0.21 4.20 2.40 0.39 19.80 6.51 0.91

T, ignition temperature

® D, ignition index

¢ Dy burnout index

4 D devolatilization index

¢ S combustion characteristic index

this peak is clearly differentiated from the rest of the peaks,
something that does not happen for the rest of the times
(Fig. 3b—d), where this peak 3 is not so visibly recogniz-
able. Talking about peak 3, it is a fact that depending on the
heating rate employed, the DTG,,,x value is obtained at
different culture days. Therefore, DTGy, for 10 K min™"
heating rate is shown during t14, for 20 K min~" is the
17 days of the culture the one with a higher value for this
parameter, and 19 days for the particular case of a
40 K min~" heating rate.

Combustion characteristic indexes
The analysed indexes at the different culture times are

shown in Table 3.
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Ignition temperature (T,) and ignition index (D;)

T, values in Table 3 ranged between 520 and 550 K for
peak 1; between 582 and 610 K for peak 2; and between
725 and 780 K for peak 3. Also, for the combustion of
microalgae biomass sampled at each time, the 7, corre-
sponding to each peak was very close under the heating
rates here used.

Regarding D;, an increase trend with increasing heating
rate is observed in Table 3. Likewise, it may be seen that,
under the heating rates here considered, relative high D
values were determined at time 14 days (first biomass
sampling) for peak 1. Then, D; values decreased at t17 and
t19 to next achieve maximum return values at time 21 days
(similar or higher than that for the first data values). This
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trend points to the decrease in microalgae carbohydrates
and proteins content during the semi-continuous culture.
Compared with the temperature-programmed combustion
(heating rate of 20 K min~') of high ash coal [16],
Chlorella sorokiniana biomass samples in this work had
lower D; values. When comparing the results of this
parameter (for peak 3) with other types of biomass (for
example sunflower and rape), Chlorella results were lower.
Only at t14 D; values were similar to the mentioned bio-
mass fuels. In contrast, D; Chlorella values were higher
than those obtained for the biomass derived from corn
[13, 31].

Burnout index (Dy) results

The same trend observed for D; regarding peak 1 was also
observed for D; (Table 3), whose maximum values were
reached at the first and last days of biomass sampling. This
confirms the lower carbohydrates and proteins content of
microalgae sampled during semi-continuous culture.

Devolatilization index (D) results

As can be seen in Table 3, for each sampling day, peak 3
showed the lowest D values at any of the heating rates here
considered. This is related to the comparatively lower
volatiles release that occurs during the second stage of
microalgae combustion, which is mostly due to the oxi-
dation of char. In fact, volatiles release occurs during the
first stage of combustion, which comprises peaks 1 and 2.
Within this parameter, peak 1 results showed quite similar
D values for the first three sampling days (t14, t17 and t19)
and an increase for day 21 under the three heating rates
here used. For the peak 2, the heating rate plays an
important role. While for a slow heating ramp
(10 K min™"), high values of this parameter are denoted at
the initial times, then, these values are substantially
reduced. However, for more pronounced ramps (20 and
40 K min™') the tendency is the opposite; the highest
values are denoted at the end times for this study. These
events may be because the thermal degradability of the
hydrocarbon chain fatty acids is only achieved with high
heating ramps and end times. Only the remaining lipid
decomposition occurs at low ramps.

Combustion characteristic index (S) results

As can be seen in Table 3, for biomass sampled at the same
day, the faster the heating rate, the higher the S values. This
trend is related to the combustion occurring at lower tem-
peratures under relatively slow heating rates. Likewise, it
may be observed that for peak 1, the highest S values
corresponded to the combustion of biomass sampled at day 21,

which indicates an improvement in the burning perfor-
mance with culture time [32].

When comparing S values in Table 3 with those deter-
mined for other biomass sources under the same or similar
heating rate, lower S values were here calculated for the
combustion of Chlorella sorokiniana than for straw dust
and wheat straw biomass sources [32]. Moreover, com-
paring the results here obtained for Chlorella sorokiniana
to those obtained by other authors for the same microalgae
genus [33], higher S values were here found under the same
heating rate. Establishing a comparison with the combus-
tion of other microalgae genus, such as Scenedesmus
almeriensis and Nannochloropsis gaditana, under the same
heating rate [33], higher S indexes were here determined.
Therefore, under the experimental conditions followed in
this study, less energy is required to perform the combus-
tion of Chlorella sorokiniana.

Heating rate influence

The different heating rates employed throughout this study
have an effect on the combustion characteristic indexes as
well as the thermogravimetric results.

As the heating rate is increased, the greater are the
DTG,,.x values for all the cases. Furthermore, the tem-
perature at which this DTG,,,, value is obtained (parameter
that has been grouped under the acronym TDTG,,,,x for this
study) also increased as we used higher heating rates,
although this increase was not as pronounced as in the case
of DTGy,,ax. This fact (the temperatures are not too high) is
suitable for the thermal process, since in this way we will
need less energy expenditure to reach the DTGy ,x.

Taking into account peak 2 (for being the most repre-
sentative in the thermal microalgae decomposition), it is a
fact that if we use a low heating rate (10 K min~ '), the
maximum indexes values are denoted at the start of the
experiment (t14), something that does not happen with the
another heating rates, for which the higher values are
achieved at the end of the experiment (t19 and, for the most
cases, at t21). It would also be good to highlight to the peak
3, for many cases and all the heating rates, the maximum
values of the indexes are related to the beginning and end
of the trial (t14 and t21). In the middle of the experiment
(t17 and t19), these values are usually lower.

Biomass microalgae concentration

The concentration of microalgae biomass throughout the
culture is shown in Fig. 1. During the discontinuous phase
(also called batch), biomass concentration increased to a
higher rate than during the semi-continuous culture. This
fact is attributable to the main parameter defining the semi-
continuous, which is the dilution with a frequency of 24 h.
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Therefore, no biomass growth occurred during the semi-
continuous culture. Differently, exponential growth was
observed under batch culture.

Conclusions

Chlorella sorokiniana thermal decomposition denoted two
stages. The first one encompassed the carbohydrates and
proteins decomposition (peak 1) and the breakdown of
hydrocarbon chains of fatty acids (peak 2), whereas the
second step is closely related to the combustion of the
formed char (peak 3). Fuel composition analysis denoted a
microalgae HHV value quite similar to the same value for
Poplar biomass and slightly higher values than the pub-
lished values for herbaceous biomass. In relation with the
period of time which reflected a better performance (higher
thermal indexes as well as higher DTG,,,x values), for
virtually all cases, days 19 and 21 were the ones in which
both thermal index and TGA values were better.
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CAPITULO 8

8. Resullades y discusin.

Al igual que en la seccidon de Material y metodologia (capitulo 4), cada uno de los articulos que

componen este documento cuenta ya con una explicacion e interpretacion de los resultados.

Es por ello que, en este capitulo, se pretende plasmar un resumen de los resultados mas

relevantes asi como informacion adicional que, bien por falta de espacio es su momento, o

por ser publicados a posteriori, no aparecen reflejados en las publicaciones.

8.1. CULTIVO ENERGETICO DE POPULUS SP.

o

En lo que respecta a la evolucion del suelo de las distintas subparcelas, la aplicacion

de lodos (independientemente de su naturaleza) estuvo ligada a un aumento en el
contenido en nitrato del suelo. El resto de parametros analizados (conductividad,
amonio y pH) no presento6 grandes diferencias. Determinados autores han destacado
que la utilizaciéon de lodos puede ser suficiente para mejorar las propiedades
quimicas del suelo y que, incluso, dependiendo de la naturaleza y la planta en
cuestion, este tipo de fertilizante puede reemplazar a los fertilizantes inorganicos
disminuyendo la dosis aplicada (Samaras et al., 2008). Ademas, la literatura (Belhaj
et al., 2016; Kchaou et al., 2018) recomienda verificar el contenido en metales pesados
de los suelos que hayan sido fertilizados con lodos ya que, aunque no se puede
afirmar que exista una clara evidencia de que los lodos sean una fuente de este tipo
de metales. Sin embargo, Lopez-Mosquera y su grupo de trabajo (2000) sugieren que

la aplicacion de estos lodos es el principal origen de estos metales.

Relativo al crecimiento agronémico de los ejemplares (diametro y altura), los

fertilizantes se comportaron de forma distinta. BIOSOLIDS no aumentd
significativamente el didmetro de los arboles, algo que si hizo el fertilizante MUD.
La variacion de este diametro fue muy similar para todos los clones con la salvedad
de que el clon I-214 present¢ valores medios inferiores al resto. Este aumento medio
de didmetro (en torno a 3 cm) estan en linea con los resultados obtenidos por otros
Broeckx et al. (2012); siendo estos mayores a los obtenidos por otros estudios en los
que no se aplico ningun fertilizante (Swamy et al., 2006; Lamerre et al., 2015). Asi

mismo, la fertilizacion hizo que la altura de los arboles aumentara con respecto a las
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parcelas control con resultados muy similares a los obtenidos por Lafleur et al. (2012)

, siendo ligeramente superiores para el fertilizante UNAL y los clones AF-2 y UNAL.

Propiedades como combustible de las muestras. El andlisis elemental para todos los
casos fue uniforme, no pudiéndose seleccionar una combinaciéon como la mas
optima. Algo idéntico ocurrié con el analisis inmediato, cuyos datos de materia
volatil, cenizas y HHV fueron practicamente analogos. Estos valores obtenidos estan
en consonancia con Carmona et al (2015) para una gran seleccion de clones del

género Populus analizados.

La interpretacién de los perfiles térmicos (TGA) permitié determinar 3 etapas de

pérdidas de peso para las combustiones y 4 para la pirdlisis.

* Combustién: se identificaron tres etapas. (1) Pérdida de humedad, (2)
desvolatilizacion en el rango de 500-600 K e (3) ignicion del char a 640-760 K.
Etapas coincidentes con las identificadas por Saidur y colaboradores (2011).
Dichas etapas estan relacionadas con la degradacién térmica de los distintos

componentes de la madera.

= Pirolisis: se identificaron 4 etapas. (1) Deshidratacion a 373 K, (2) pirdlisis
activa en el rango de 500-620 K, (3) pirolisis pasiva a 760 K y (4) pirdlisis de
alto rango a 900 K. Precisamente la identificacion de esta tltima etapa fue la
que diferenci6 esta publicacion de las ya existentes para esta misma especie
vegetal (Slopiecka et al., 2012). Estas etapas estan estrechamente relacionadas
con la temperatura de liberacion de la celulosa y lignina (Randriamanantena

et al., 2009).

Pardmetros cinéticos (energia de activacion, E,, y factor de frecuencia, k). El primero

esta relacionado con la energia necesaria para que comience una reaccion quimica y
el segundo con la velocidad de colision de las moléculas. Se perseguirdn reacciones
que ocurran lo mas rapido posible y con el menor gasto energético. En la combustion
de los chopos, los valores medios de energia de activaciéon fueron de 170 kJ/mol,

valores similares a los de, por ejemplo, la biomasa de pino (Gil et al., 2010). Ademas,
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no existié una tendencia clara a la hora de seleccionar un tratamiento/clon para este
proceso térmico. Por su parte, el rango de energia de activacion para la pirdlisis fue
superior (280.64 - 361.18 kJ/mol); siendo, para este proceso pirolitico, el tratamiento

BIOSOLIDS el que tuvo valores mas bajos para las principales fases (pirolisis activa

y pasiva).

o Recurriendo al empleo de indices térmicos, algo que se hizo para el caso de la

pirdlisis, estos son muy dtiles a la hora de comparar de manera rdpida nuestros
resultados con lo obtenidos por otros autores (bien para otros procesos térmicos o
para muestras de distinta naturaleza). Dentro de todos los indices y, a efectos
comparativos, el Pyrolysis characteristic index (P), puede ser comparado con el
combustion characteristic factor (CCF). Asi, para la parte mas representativa de los
perfiles piroliticos (la pirdlisis activa), los valores obtenidos (1.6 - 2.6:10”7 %/min)*/K3)
son cercanos o superiores a 2-107 (%/min)?/K?3), lo que indica el buen comportamiento
del chopo bajo proceso pirolitico (Jificek et al., 2012). Pese a todo, estos valores atin
distan bastante de alcanzar valores como los reflejados por los combustibles fésiles

(Wang et al., 2009).

8.2. CULTIVO ENERGETICO DE CHLORELLA SOROKIANIA.

o Propiedades como combustible de la microalga. Dentro de la analitica de la muestra

vale la pena destacar el alto contenido en volatiles de la muestra (76.1 %) asi como el
valor del poder calorifico superior (18.72 MJ/kg). Estos valores tan elevados para
ambos pardmetros son propios de materiales con alto contenido en lignina como, por
ejemplo, los chopos que comprenden los otros dos articulos de la tesis (18-20 M]/kg).
El resto de los valores obtenidos para el resto de los parametros esta en concordancia
con el resto de especies del género Chlorella (Rizzo et al., 2013; Lopez-Gonzalez et al.,

2014).

o Perfiles térmicos. Al margen de la pérdida de peso relativa a la humedad, los perfiles

analizados para las microalgas reflejaron, al igual que los resultados de otros autores

(Cheneet al., 2011; Tang et al., 2011), dos etapas de pérdidas de peso. Una primera fase

115



116

Resultados y discusion

de desvolatilizacion que comenzaba a los 450 K y cuya finalizacién variaba en el
rango de 720-775 K dependiendo de la rampa utilizada (las rampas mas altas
finalizaban a temperaturas mayores). Esta primera etapa presento, a su vez, dos picos
(sub-etapas) distintos. El segundo pico de esta etapa es mas notorio cuando el cultivo
se encuentra en semicontinuo. La segunda fase de pérdida de peso de Chiorella
sorokiniana (639-950 K) estd ligada a la descomposicion del char. Fue una tendencia
para todas las etapas el que cuanto mayor fuera la rampa, independientemente del

dia de cultivo, mayor fue el valor de DTGmax.

Las diferentes rampas empleadas en este cultivo tuvieron un efecto sobre los perfiles

térmicos y los indices térmicos. Aludiendo al Combustion characteristic factor (S o CCF),
los vales obtenidos fueron superiores a los de otros género de microalga empleados
en la literatura como Scenedesmus almeriensis y Nannochloropsis gaditana (Lopez

Gonzalez, 2013).

Asi mismo, los dias de cultivo 19 y 21 fueron los mayores valores de S reflejaron

siendo estos mayores a medido que aumentabamos la rampa de calentamiento. Por
lo tanto, puede afirmarse que es para estos ultimos dias de muestro (19 y 21) el
momento en el que el cultivo reflejé6 un mejor comportamiento térmico (mayores

valores de indices térmicos, asi como valores mas elevados de DTGmax).
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CAPITULO 9

9. Cenclusienes.

Las conclusiones derivadas de los trabajos de investigacion asociados a la presente tesis

doctoral fueron:

9.1. RELATIVAS AL CULTIVO ENERGETICO DE CHOPO (COMBUSTION)

Con relacidén a las propiedades como combustible, los valores de HHV fueron muy
similares, siendo los valores del clon I-214 ligeramente inferiores a los del resto.

Los perfiles termogravimétricos denotaron para la combustion tres etapas de pérdida
de peso: deshidratacion (373 K), desvolatilizacion (500-600 K) e ignicion del char (640-
760 K.

Los resultados termogravimétricos revelaron que, bajo la fertilizacion MUD, las fases
de desvolatilizacion e ignicion de los clones AF-8 y AF-2 acontecieron a temperaturas
mas bajas pero con intensidad similar a las del clon UNAL. Sin embargo, los
parametros cinéticos de energia de activacion (E;) y factor de frecuencia (ko) no
mostraron ninguna tendencia particular.

La aplicacion del fertilizante organico nombrado como MUD caus6 un incremento
relativo en el volumen medio de la biomasa de los chopos; incremento especialmente
evidente para los clones UNAL y AF-2.

En su conjunto, para este estudio, fue el clon AF-2 junto con la fertilizacion MUD el

que reflejo los resultados mds favorables desde un punto de vista energético.

9.2. RELATIVAS AL CULTIVO DE CHOPO (PIROLISIS)

Con relacion a la analitica de las muestras, no se apreciaron diferencias en lo que los
clones y tratamientos se refiere.

Los perfiles DTG determinaron cuatro fases distintas: pérdida de humedad (373 K),
pirdlisis activa (500-620 K), pirdlisis pasiva (760 K) y pirdlisis de alto rango (900 K). La
pirdlisis activa present6 dos sub-etapas, siendo la segunda la mas representativa del
proceso. La combinacion BIOSOLIDS-UNAL fue la que obtuvo mayores valores de
pérdida de peso para esta fase.

El tratamiento MUD reflejé un incremento en el volumen de biomasa para el primer

afno de tratamiento.
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Conclusiones

La aplicacion del fertilizante BIOSOLIDS estuvo relacionada con un menor gasto
energético tanto para la fase actica como pasiva del proceso pirolitico tal y como se
deduce de los menores valores de energia de activacion.

No existieron diferencias apreciables en lo que respecta a la velocidad de reaccion de
los distintos tratamientos/clones. Este hecho se pudo comprobar con la similitud
cuantitativa del factor de frecuencia.

Para el conjunto, el clon UNAL junto con el fertilizante BIOSOLIDS fue el que mostro

el mejor comportamiento pirolitico.

9.3. RELATIVAS AL CULTIVO CHLORELILA SOROKINIANA.

122

El analisis de las propiedades como combustible de la microalga deshidratada denoto
valores de poder calorifico (HHV) similares a los de la biomasa del chopo y
ligeramente superiores a los de la biomasa herbacea.

Los perfiles térmicos de Chlorella sorokiniana denotaron tres etapas. Una primera
relacionada con la perdida de humedad (373 K), una segunda asociada con la
descomposicion de hidratos de carbono y proteinas y la rotura de cadenas de
hidrocarburos de acidos grasos (550-650 K) y, una tercera estrechamente relacionada
con la combustiéon del char formado (850 K)

En relaciéon con el periodo de tiempo que reflejé el mejor comportamiento (mayores
indices térmicos asi como mayores valores de DTGmax), para practicamente todos los
casos, los dias 19 y 21 fueron aquellos en los que tanto los indices térmicos como los

perfiles TGA fueron mejores.
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CAPITULO 10

106. Cenclusiens.

The conclusions derived from the literature papers associated with the present doctoral

thesis were:

10.1. RELATED TO POPLAR ENERGY CROP (COMBUSTION):

e Concerning the biomass fuel properties, HHV values were very close, those
corresponding to I-214 being slightly lower than for the rest of the clones.

e Combustion thermal profiles showed three weight loss stages: moisture loss (373 K),
devolatilization (500-600 K) and char ignition (640-760 K)

e Thermogravimetric results revealed that, under MUD fertilization, devolatilization
and ignition of AF-8 and AF-2 occurred at lower relative temperatures but with similar
intensity than for UNAL. However, the activation energy (E,) and frequency factor
(ko) did not shown any particular trend.

e The application MUD caused a relative increase of the average poplars biomass
volume, which was especially evident for UNAL and AF-2.

e Overall, in this study, AF-2 clone under fertilization with MUD was the most favorable

case from an energy crop point of view.

10.2. RELATED TO POPLAR ENERGY CROP (PYROLISIS):

e According to biomass fuel properties, differences between the poplar clones or
treatments studied in this work were not appreciable.

e DTG curves determined for poplar biomass samples showed five weight loss stages;
namely, moisture loss (373 K), active pyrolysis (500-620 K), passive pyrolysis (500-620
K) and a high-rank pyrolysis phase (900 K). There were two sub-steps in the active
phase; the second one was the most representative of the whole pyrolysis process and
it was the combination BIOSOLIDS-UNAL the one that achieved higher lost weight
values at this stage

e Under the MUD treatment, it was verified a remarkable increase of the biomass

volume over the first year of treatment.
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Conclusions

Besides, the application of BIOSOLIDS treatment led to lower energy expenditure
within the active and passive phases of the poplars pyrolysis as inferred by the lower
activation energy values.

Regarding the reactions speed (estimated by the frequency factor parameter), there
were no appreciable differences between the different poplar clones or treatments.
On the whole, the UNAL clone under BIOSOLIDS fertilization showed the most

favorable pyrolytic behavior.

10.3. RELATED TO CHLORELLA SOROKINIANA ENERGY CROP.
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Fuel composition analysis denoted a microalgae HHV value quite similar to the same
value for Poplar biomass and slightly higher values than the published for herbaceous
biomass.

Chlorella sorokiniana thermal decomposition denoted three stages. The first one related
to the moisture loss (373 K), one second associated with the carbohydrates and proteins
decomposition as well as a break-down of hydrocarbon chains of fatty acids (550-650
K) and the third and last step closely related with the combustion of the formed char
(850 K).

In relation with the period of time which reflected a better performance (higher
thermal indexes as well as higher DTGmax values), for virtually all cases, days 19 and

21 were the ones in which both thermal index as TGA values were better.
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