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ABSTRACT 

This thesis is devoted to the optimization of the pyrolysis process of forest waste for 

the simultaneous production of charcoal useful for metallurgical applications and high 

value gases. The thesis arose as part of an existing collaborative research work 

between Befesa Steel R&D S.L. Company and the Chemical and Environmental 

Engineering Department of the Faculty of Engineering of Bilbao (UPV/EHU). This 

company was interested in developing the biomass pyrolysis process at large scale to 

produce charcoal to be used as reducing agent in the metallurgical industry and to 

economically optimize the process by producing gases of the highest possible value. 

 

In order to produce pyrolysis solids useful as reducing agents the pyrolysis process has 

to be carried out at high temperature and with slow heating rates. These same 

conditions also increase gas yield, however, in order to enhance the production of high 

value gases a thermal-catalytic treatment of pyrolysis vapors has to be carried out so 

that tars are eliminated and H2/CO are maximized by cracking and reforming reactions. 

 

The biomass samples used for the experiments were provided by a Spanish company 

devoted to provide bioenergy installations for heating based on wood chips. It 

consisted of the rejected fraction of particle size <6 cm that is produced in the chipping 

operations of wood coming from forest thinning activities in Biscay (Spain). 

 

The pyrolysis experiments were carried out in a laboratory scale continuous pyrolysis 

plant designed and manufactured specifically for this research project. The pyrolysis 

plant consists of two reactors connected in series, the first one is a continuous auger 

reactor where the pyrolysis process is carried out and the charcoal is formed, and the 

second one is a tubular reactor for vapors upgrading where the thermal-catalytic 

treatment of the pyrolysis vapors is carried out. Pyrolysis temperatures in the range 

300-900 °C, residence time of 32 or 64 min and two different temperature profiles 

inside the pyrolysis reactor (progressive increasing or isothermal) have been studied. 
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For the thermo-catalytic vapors treatment different catalyst and two temperatures 

(500-800 °C) were used. 

 

The studies carried out in this thesis have been divided into two main sections, which 

are in turn classified into different subsections: 

 

(1) The first one is dedicated to the study of the influence of the process conditions on 

the pyrolysis products. This section is divided into two subsections: 

- A study of the influence of different temperature profiles, heating rates and 

residence times in the pyrolysis of pine chips (Pinus pinaster and Pinus radiata). 

It was observed that, as a general rule, rising pyrolysis temperature results in 

higher gas yields and lower solid and liquid yields. Pyrolysis temperature also 

increases the carbon content of the charcoal and decreases its volatile matter 

and oxygen content. The proportion of hydrogen in the gases also increases as 

the temperature rises. 

- A comparative study of the effectiveness of different catalysts for the upgrading 

of pyrolysis vapors. The catalysts tested were three Ni/Al2O3 catalysts (17-44 

wt.% Ni content) with different nickel contents and a commercial activated 

charcoal. The best performing catalyst was also tested at different pyrolysis 

temperatures. The use of catalyst decreases the liquid yield and increases the gas 

yield as well as the H2 content of the gases. The 44 wt.% Ni catalyst is the most 

effective one. The gases obtained at very high temperatures (700-900 °C) in the 

presence of 44 wt.% Ni catalysts are very rich in H2 (> 50 vol.%) and CO, which 

makes them valuable for energy production, as hydrogen source, producer gas or 

reducing agent. 

 

(2) The second section of the thesis is devoted to the study of the suitability of the 

pyrolysis charcoal as fuel and reducing agent in metallurgical applications. This section 

is divided into three different subsections:  

- A comparative study between charcoal and three commercial reducing agents 

commonly used in rotary kilns. The charcoals obtained fulfill the requirements to 
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be used as fuels and reducers in non-ferrous processes where no mechanical 

strength is required, like rotary kilns, in substitution of fossil reducers typically 

used in such processes. Their higher heating values (HHV) are in the range or 

over those of conventional fossil coals and have the advantage of not containing 

polluting elements (S, N) and having less ash contents. 

- Production of biocoke by mixing pyrolysis charcoal with industrial coking coal 

mixtures. The addition of up to 0.9 wt.% of the 900 °C charcoal to an industrial 

coal blend does not affect the quality of the biocoke, however the addition of ≥ 2 

wt.% degrades the biocoke mechanical and plastic properties below the 

demanded requirements.  

- A study of the effect of the potential substitution of pulverized coal for 

particulate charcoal in blast furnace tuyere injection operations, by means of a 

laboratory experimental rig. The charcoal obtained can be used as injectant in 

blast furnaces with a better performance than conventional pulverized coals. 
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RESUMEN 

Actualmente el calentamiento global que padece el planeta como consecuencia de 

emisiones masivas de gases de efecto invernadero (en especial el CO2) a la atmosfera 

supone uno de los desafíos medioambientales más graves a los que se ha enfrentado 

la sociedad. El aumento de la población mundial y, por consiguiente, del consumo de 

bienes, junto con una mayor concienciación ambiental fruto de la preocupación por la 

contaminación progresiva y alarmante que padece el planeta, ha llevado a los 

gobiernos a tomar medidas, en forma de leyes e iniciativas, para la correcta gestión de 

las emisiones y vertidos producto de la actividad humana. El compromiso internacional 

más reciente, conocido como Cumbre del Clima de París o Conferencia de las Partes 

(COP21) (2015), estableció el compromiso de los 195 países participantes de esforzarse 

por disminuir el aumento medio de la temperatura del planeta para que a finales del 

siglo XXI sea inferior a 2°C en comparación con los niveles preindustriales.  

 

Una de las industrias que más contribuye a la emisión de gases de efecto invernadero 

es la siderúrgica. En 2016 la Asociación Mundial del Acero publicó que, en promedio, 

se emiten 1,8 toneladas de dióxido de carbono por cada tonelada de acero producido, 

lo cual en 2013 significó 2,9 Gt de emisiones globales de CO2; que se correspondió a 

aproximadamente el 9% de las emisiones mundiales de este gas. Además del CO2, la 

industria siderúrgica también es responsable de la emisión de importantes cantidades 

de contaminantes como SO2, NOX, COV, metales pesados, dioxinas y furanos, 

principalmente como consecuencia del uso de combustibles fósiles. Por lo tanto, la 

principal forma de reducir las emisiones de CO2 pasa por reducir el consumo de coque 

y carbón de origen fósil, esto se puede conseguir sustituyéndolos por otros materiales 

que no contribuyan al aumento de los gases de efecto invernadero en la atmosfera. 

 

El uso de biomasa vegetal como combustible implica un balance neto nulo de 

generación de CO2 (ciclo neutro de carbono), ya que el CO2 emitido en la combustión 

es “neutralizado” por el CO2 absorbido por la propia planta durante el proceso de 
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crecimiento. Además de ésta, la biomasa presenta otras ventajas medioambientales 

frente a los combustibles fósiles tradicionales: disminución de las emisiones de azufre, 

así como de CO, hidrocarburos y NOX; reducción de riesgos de incendios forestales y de 

plagas de insectos, aprovechamiento de residuos agrícolas, posibilidad de utilización 

de tierras de barbecho para cultivos energéticos, independencia de las fluctuaciones 

de los precios de los combustibles provenientes del exterior (no son combustibles 

importados) y la mejora socioeconómica de las áreas rurales debido a la dispersión del 

material. Sin embargo, debido al alto contenido de humedad que presenta la biomasa 

fresca, su uso directo es poco eficaz en muchas aplicaciones como la siderúrgica, y es 

por tanto recomendable someterla a un tratamiento previo, como es la pirolisis. 

 

La pirólisis consiste en la descomposición térmica de la materia orgánica bajo la acción 

del calor y en atmosfera inerte, a través de una serie compleja de reacciones químicas. 

Como productos del proceso se forman tres fracciones: una gaseosa compuesta por 

hidrogeno, CO, CO2 e hidrocarburos ligeros; una fracción líquida compuesta por agua, 

bio-oil y alquitranes, y un sólido carbonoso conocido como charcoal. Los productos 

derivados de la biomasa, especialmente el charcoal (carbón vegetal), presentan 

muchas ventajas sobre los coques convencionales y carbones además de la del ciclo 

neutro de carbono. El carbón vegetal tiene un área específica más alta, lo que conduce 

a una mayor reactividad que los combustibles convencionales, y presenta menos 

cenizas, azufre y fósforo en su composición. Además del charcoal, los gases de pirólisis 

también son productos valiosos debido a su alto contenido de hidrógeno, metano y 

CO. 

 

El objetivo de esta tesis doctoral es la optimización del proceso de pirólisis de residuos 

forestales para la producción simultánea de charcoal útil para aplicaciones 

metalúrgicas y gases de alto valor añadido. Esta tesis surge como una colaboración 

existente entre la empresa Befesa Steel R&D S.L. y el Departamento de Ingeniería 

Química y del Medio Ambiente de la Escuela Técnica Superior de Ingeniería de Bilbao 

(UPV/EHU). Uno de los intereses de esta empresa es el desarrollo del proceso de 

pirólisis a gran escala para producir un charcoal útil como agente reductor en algunas 
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de sus plantas industriales y la optimización económica del proceso mediante la 

producción de los gases de mayor valor posible. 

 

La producción de sólidos de pirólisis que puedan ser útiles como agentes reductores en 

operaciones metalúrgicas se ve favorecida por procesos de pirólisis lentos a altas 

temperaturas. Este mismo proceso también incrementa el rendimiento en gases, sin 

embargo, para la producción de gases de alto valor añadido se necesita someter los 

vapores de pirolisis a una segunda etapa termo-catalítica para la valorización de los 

vapores de pirólisis mediante craqueo y reformado para la eliminación de alquitrán y el 

aumento del contenido en H2 y CO en la corriente gaseosa. 

 

Las muestras de biomasa utilizadas para los experimentos fueron proporcionadas por 

una empresa española dedicada a la instalación de calderas de bioenergía para el 

calentamiento mediante astillas de madera. Las muestras consistieron en la fracción 

rechazo de tamaño de partícula <6 cm que se produce en las operaciones de astillado 

de la madera proveniente de actividades de entresaca forestal en Vizcaya (España). 

 

Los experimentos de pirólisis se realizaron en una instalación de laboratorio de reactor 

de tornillo y funcionamiento en continuo diseñada y fabricada específicamente para 

este proyecto de investigación. La instalación consta de dos unidades, la primera 

consistente en un reactor continuo de tornillo sin fin (auger) donde se lleva a cabo el 

proceso de pirolisis y se forma el charcoal. La segunda unidad consiste en un reactor 

tubular donde se lleva a cabo la optimización (tratamiento térmico/catalítico) de los 

vapores de la pirolisis. Las temperaturas de pirólisis estudiadas se hallan en el rango de 

300-900 ° C, los tiempos de residencia han sido de 32 o 64 minutos y se han utilizado 

dos perfiles de temperatura diferentes dentro del reactor de pirólisis (progresivo o 

isotérmico). Para el tratamiento termo-catalítico de los vapores se utilizaron diferentes 

catalizadores y dos temperaturas (500-800 ° C). 

 

Los estudios que se han llevado a cabo en esta tesis pueden separarse en dos 

secciones principales, las cuales a su vez se dividen en diferentes subsecciones: 
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(1) El primero está dedicado al estudio de la influencia de las condiciones del proceso 

en los productos de pirólisis. Esta sección está dividida en dos subsecciones: 

- Un estudio de la influencia de diferentes perfiles de temperatura, velocidad de 

calentamiento y tiempos de residencia en la pirólisis de la astilla de pino (Pinus 

pinaster y Pinus radiata). Se pudo observar que, como regla general, el aumento 

de la temperatura de pirólisis da como resultado rendimientos de gas más altos y 

rendimientos de sólidos y líquidos más bajos. La temperatura de pirólisis también 

aumenta el contenido de carbono del charcoal y disminuye su contenido de 

materia volátil y oxígeno. La proporción de hidrógeno en el gas también aumenta 

a medida que aumenta la temperatura de pirólisis. 

- Un estudio comparativo de la efectividad de diferentes catalizadores para la 

mejora de los vapores de pirólisis. Los catalizadores probados fueron tres 

catalizadores de Ni/Al2O3 con diferente contenido de níquel (17-44% en peso de 

contenido de Ni) y un carbón activo comercial. El catalizador con mejores 

resultados también se probó a diferentes temperaturas de pirólisis. El uso de 

catalizador disminuye el rendimiento del líquido y aumenta el rendimiento del 

gas, así como el contenido de H2 de los gases. El catalizador con 44% en peso de 

Ni es el más efectivo. Los gases obtenidos a temperaturas muy altas (700-900 °C) 

en presencia este catalizador son muy ricos en H2 (> 50% vol.) y CO, lo que los 

hace valiosos para la producción de energía, como fuente de hidrógeno, gas 

productor o agente reductor. 

 

(2) La segunda sección de la tesis está dedicada al estudio de la idoneidad del charcoal 

de pirólisis como combustible y agente reductor en aplicaciones metalúrgicas. Esta 

sección está dividida en tres subsecciones diferentes: 

- Un estudio comparativo entre el carbón vegetal y tres agentes reductores 

comerciales comúnmente utilizados en hornos rotativos. Los charcoales 

obtenidos cumplen con los requisitos para ser utilizados como combustibles y 

reductores en procesos no ferrosos donde no se requiere una alta resistencia 

mecánica, como hornos rotativos, en sustitución de los reductores fósiles 

típicamente utilizados en tales procesos. Los valores del poder calorífico superior 

(PCS) de estos charcoales están en el rango o sobre los característicos de los 
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carbones fósiles convencionales y tienen la ventaja de no contener elementos 

contaminantes (S, N) y de tener un menor contenido de cenizas. 

- Producción de biocoque mezclando charcoal con mezclas industriales de carbón 

de coque. La adición de hasta el 0,9% en peso del carbón de 900 ° C a una mezcla 

de carbón industrial no afecta la calidad del biocoque, sin embargo, la adición de 

≥ 2% en peso degrada las propiedades mecánicas y plásticas del biocoque por 

debajo de los requisitos exigidos por la industria. 

- Un estudio del efecto de la posible sustitución de carbón pulverizado por 

charcoal particulado en operaciones de inyección por toberas de alto horno, por 

medio de una planta piloto experimental. El charcoal obtenido se puede utilizar 

en operaciones de inyección en altos hornos con un mejor rendimiento que los 

carbones pulverizados convencionales. 
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LABURPENA 

Doktorego Tesi honen helburua basoko hondakinen pirolisi prozesuaren optimizazioa 

da metalurgian erabili ahal izateko egur-ikatza eta balio erantsi handiko gasak (sintesi 

gasaren bezalakoak) ekoizteko. Tesi hau Befesa Steel R&D S.L. enpresa eta Bilboko 

Ingeniaritza Goi Eskola Teknikoko Ingeniaritza Kimikoa eta Ingurumenaren Ingeniaritza 

Sailak ikerketa arloan duten hartu-emanean sortzen da. Enpresa honen helburuetako 

bat bere metal ez-burdinazko enpresetan erabiltzeko agente bioerreduzitzaileak (egur-

ikatza, sintesi gasa) ekoizteko prozesu bat garatzea da eta prozesuaren optimizazio 

ekonomikoa lortzea gas baliotsuen ekoizpenaren bidez. 

 

Egur-ikatza metalurgia prozesuetan agente erreduzitzaile moduan erabilgarria izan 

daitezen, tenperatura altuko pirolisi motelak burutu behar dira. Prozesu horretan 

bertan gasen etekina igotzen da, baina pirolisi-lurrunak balioztatu behar dira 

mundrunak ezabatzeko eta H2 eta CO produkzioa igotzeko. Hau lortu asmoz, urrats 

katalitiko bat erabili behar da. 

 

Tesi honetan erabilitako biomasa laginak egur ezpalak elikaturiko bioenergizko 

galdarak instalatzen dituen euskal enpresa batek hornitu zituen. Bizkaiko basoen 

garbiketan hartutako adar eta enborren ezpaltze-prozesuan sortutako 6 cm baino 

txikiago den errefusa frakzioa da. 

 

Pirolisi saioak laborategiko torloju erreaktore batean gauzatu dira, modu jarraituan lan 

egiten duena. Instalazio hau ikerketa proiektu honetarako espresuki diseinatua izan 

zen eta bi unitatetan datza. Lehengoa torloju erreaktorea da, non biomasa pirolisia 

burutzen eta egur-ikatza ekoizten dala. Bigarren unitatea pirolisi-lurrunak 

balioztatzeko erreaktore tubular batean oinarritzen da. Erabilitako pirolisi 

tenperaturak 300-900 °C-en artean egon dira, iraupen denborak 32 edo 64 minutukoak 

izan dira eta bi tenperatura-profil desberdinak (tenperatura progresiboa edo 

isotermikoa) pirolisi erreaktore barruan aztertu dira. Lurrunen tratamendu termo-
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katalitikoarentzako katalizatzaile ezberdinak eta bi tenperatura (500-800 °C) erabili 

dira. 

 

Bi ildo ezberdin jarraitu dira doktorego tesi hau burutzerakoan, bakoitza aldiz beste 

zenbait azpiataletan banatuta dagoela: 

 

 (1) Lehenengoan, prozesuaren baldintzek pirolisiaren produktuetan daukaten eragina 

aztertzen da. Atal hau bi azpiataletan banatzen da: 

- Alde batetik, Pinus pinaster eta Pinus radiata pinuen ezpaltze-prozesuaren 

hondarrak lagin gisa erabilita, tenperatura-profil, berotze abiadura eta egoitza-

denbora ezberdinen eragina aztertu da. Orokorrean, pirolisiaren tenperatura 

igotzean, gasaren errendimendua handitzen dela eta, berriz, solido eta likidoen 

errendimenduak murrizten direla ikusi da. Pirolisi tenperaturak ere ikatzaren 

karbono-edukia areagotzen du eta beraren materia lurrunkorra eta oxigeno-

edukia murrizten ditu. Gasen hidrogenoaren proportzioa ere igotzen da 

tenperatura igotzen denean. 

- Beste aldetik, pirolisiaren lurrunak hobetzeko katalizatzaile ezberdinen 

eraginkortasunaren azterketa konparatiboa egin da. Nikel-eduki ezberdineko hiru 

Ni/Al2O3 katalizatzaile (%17-44 Ni) eta ikatz aktibatua probatu dira. Erabilitako 

katalizatzailerik onena pirolisi tenperatura ezberdinetan ere aztertu da. 

Katalizatzaileen erabilera likidoaren errendimendua murrizten duela eta aldiz, 

gasaren errendimendua eta gasen H2 edukia handitzen dituela egiaztatu da. Ni 

%44-ko katalizatzailea eraginkorrena da. Tenperatura altuetan (700-900 °C) eta 

aipatutako katalizatzailearen presentzian, lortutako gasek H2 eduki handia dute 

(>%50 bolumenean), baita CO edukia ere. Horrek pirolisi-gasak balio handiko 

gasak bihurtzen ditu, energia ekoizteko, hidrogenoa iturri edo agente 

erreduzitzaile gisa erabil bait daitezke. 

 

(2) Tesiaren bigarren atalean, lortutako pirolisi-ikatzak aplikazio metalurgikoetako 

eragile erreduzitzailea izateko duen gaitasuna aztertu da. Atal hau hiru azpiatal 

ezberdinetan banatzen da: 
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- Alde batetik, labe birakarietan erabili ohi diren hiru erreduzitzaile fosil 

komertzialen eta pirolisi-ikatzaren arteko azterketa konparatua gauzatu da. 

Ondoriorik nagusiena da lortutako ikatzak erreduzitzaile fosilak ordezkatu 

ditzakeela erregai eta erreduzitzaile eginkizunetan indar mekanikorik behar ez 

den prozesu ez-ferrikoetan (labe birakarietan gertatzen den bezala). Haien bero 

ahalmenak ohiko ikatz fosilek dutenen antzekoa edota handiagoa da, eta gainera 

ez daukate elementu kutsatzailerik (S, N), ezta errauts eduki handirik ere. 

- Beste aldetik, biocokea ekoiztu eta frogatu da pirolisi-ikatza eta ikatz industrialak 

nahastuz. 900 °C-ko pirolisi-ikatzaren proportzioa %0,9-arte igotzeak sortutako 

biocokearen ezaugarrietan eragin txarrik ez daukala ikusi da. Pirolisi-ikatzaren 

proportzioa %2-tik gora igotzeak, ordea, biocokearen propietate mekaniko eta 

plastikoak degradatzen dituela egiaztatu da. 

- Azkenik, labe garaiko injekzio-prozesuko ikatz fosilen ordez pirolisi-ikatzaren 

erabilpen potentziala aztertu da, batch rig izeneko laborategiko erreaktore 

esperimentala erabiliz. Ohiko ikatz fosilarekin alderatzean, pirolisiaren bidez 

lortutako ikatza labe garaiko injekzio-prozesuko emaitzak hobetuz erabil 

daitekeela frogatu da. 
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1. SCOPE AND OBJECTIVES 

The general objective of this doctoral thesis is to optimize the biomass pyrolysis 

process in order to obtain pyrolysis solids that can be used as reducing agents in 

metallurgical applications, and at the same time, enhance the quality of the pyrolysis 

gases so that they can be used in applications as profitable as possible. 

 

The world steel industry accounts for about 9% of total man-made greenhouse gases The 

substitution of fossil fuel such as coal and coke by CO2-neutral reducing agents 

(charcoal), along with the implementation of renewable high quality gas (pyrolysis 

gases) useful as fuel, reducing agent, hydrogen source or synthesis gas, has a great 

environmental, social and industrial potential benefit. The optimization of both the 

quality and value of the pyrolysis gases and of the charcoal characteristics could 

increase the economy of the process. 

 

In order to achieve the abovementioned general objective, the following partial aims 

and steps have to be attained. 

 

− Design, construction and set up of a continuous pyrolysis installation suitable for 

producing pyrolysis solids useful as reducing agents (charcoal) and for upgrading 

pyrolysis vapors. Additionally, the analytical techniques necessaries for a thorough 

characterization of the biomass samples and the solid, liquid and gaseous pyrolysis 

products should be tuned up. 

 

− Acquisition, preparation and characterization of the waste wood chips samples to 

be used in this thesis. 

 

− Selection and characterization of the catalysts to be tested in the pyrolysis vapors 

upgrading step. 

 

− Evaluation of the influence of operating conditions (peak temperature, heating 

rate and residence time) on the pyrolysis yields and products of the two biomass 
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species, as well as selection of the most appropriate conditions for charcoal 

production and pyrolysis vapors upgrading. 

 

− Study of the effectiveness of different catalysts for pyrolysis vapors upgrading, so 

that tar formation is minimized and hydrogen production is maximized. 

 

− Selection of the best performing catalyst and evaluation of the influence of 

pyrolysis temperature profile on the effectiveness of the selected catalyst under 

those conditions. 

 

− Evaluation of the suitability of the charcoal produced as reducing agents in 

steelmaking operations by three different means: 

o Comparison with commercial reducing agents for metallurgical 

applications that do not require of a high mechanical strength, such as 

rotary kilns. 

o Study of the quality of biocokes produced by coking mixtures of 

different proportions of charcoal and coking coal. 

o Analysis of the conversion degree of different charcoals on simulated 

blast furnace tuyere injection operations.  
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2. BACKGROUND AND CURRENT STATE OF 

ART 

For centuries, human activity has produced waste as a result of the exploitation of 

natural resources, waste that was usually returned to nature. During the last decades, 

the increase of the world population, and consequently of the consumption of goods, 

together with a greater environmental awareness due to the concern for the 

progressive and alarming pollution that the planet suffers, has led the governments to 

take measures, in the form of laws and initiatives, for the proper management of 

waste. The Kyoto Protocol (1997), for example, aimed to reduce the emissions of the 

six main agents of the greenhouse effect (CO2, CH4, N2O, Hydrofluorocarbon, 

perfluorinated compound and SF6) by approximately 5% in the period 2008-2012 

compared to their level in 1990, with the objectives being updated and extended to a 

second stage in the period 2013-2020. The most recent international compromise, 

known as the Paris Climate Summit or Conference of the Parties (COP21) (2015), 

established the obligation of the 195 attending countries to strive to maintain the 

average temperature rise of the planet by the end of the XXI century below 2 °C 

compared to pre-industrial levels. 

 

Faced with this situation, both the industry and the public sectors need to take 

innovative measures, on the one hand to prevent waste generation and on the other 

hand to take advantage of materials that have been considered as waste for a long 

time, while optimizing the processes both economically and energetically. In this 

scenario, scientific research is, more than ever, the protagonist of progress and 

innovation. 

 

One of the greatest fossil fuel consumer and CO2 producers is the metallurgical 

industry, and one alternative, sustainable and renewable fuel and source of chemical 
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products is biomass. For this reason, this thesis has been focused on taking advantage 

of biomass to produce useful products for the metallurgical industry. 

2.1. Biomass 

According to the European Directive 2009/28/EC, biomass is defined as the 

biodegradable fraction of products, waste and residues from biological origin from 

agriculture (including vegetal and animal substances), forestry and related industries 

including fisheries and aquaculture, as well as the biodegradable fraction of industrial 

and municipal waste. 

 

On the other hand, biomass can be considered a natural form of solar energy storage 

(see figure 2.1) and it is the oldest source of renewable energy known by humankind. 

Historically the most common way of treating biomass has been by direct combustion 

converting it to heat to meet the needs of heating, cooking food, steam production 

and electricity generation. At present combustion remains as the most widespread 

process applied to biomass due to the simplicity of the process compared to other 

treatment technologies. 

 

Figure 2.1. Cycle of biomass. [1] 
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The main advantage of biomass as energy vector compared to fossil fuels lies in that its 

use has a net zero balance of carbon dioxide emissions, also called "closed carbon 

loop", since the CO2 emitted in the combustion is "counterbalanced" by the CO2 

consumed by the plant itself during its growth (see figure 2.1). This factor arouses 

great interest in the implementation of biomass or its chemical derivatives in industrial 

and energy processes, due to the economic saving that means not having to pay taxes 

for the emissions of CO2. This is expected to be the main incentive that will promote 

the adoption of environmental improvement measures in companies in the near 

future. 

 

Some important additional advantages of the substitution of fossil fuels for biomass 

are listed below: 

 

a) Biomass is not a finite material but a renewable one. 

b) It promotes the development and efficiency of the agricultural and forestry 

sector, contributing to the creation of employment in rural areas, and providing 

a delocalized energy network, thus avoiding depopulation of these areas. 

c) The risks of forest fires and insect plagues caused by the rotting of forest 

residues would be reduced. 

d) The use of agricultural waste would avoid its burning in the fields. 

e) Fallow land could be used for energy crops. 

f) The economic and logistic independence from fluctuations in prices and 

production of fuels from abroad could be achieved. 

2.1.1. Types of biomass and treatment processes 

The term biomass, as can inferred from the previous definition, includes materials with 

very different physicochemical properties, from grass to slurry to even industrial waste 

of biological origin. Therefore, the most appropriate process for its treatment varies in 

function of the properties of each type of biomass.  
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According to the World Energy Council [2], in 2013 bioenergy (i.e. energy coming from 

biomass) accounted for around 78% of global renewable energy consumption and 14% 

of the world’s energy consumption. In the case of Europe, the share of biomass in the 

final energy consumption is 6.3%, predominantly produced from forestry products and 

residues. Concerning the Basque Country, biomass is currently the most widely used 

renewable energy source. In 2016 the use of renewable energy grew 3% over the 

previous year to reach 5443 MWh; 66.5% of this energy corresponds to biomass, 

15.1% to biofuels, 6.2% to hydroelectric energy, 6.1% to wind and 6.1% to solar energy 

(see table 2.1) [3]. This is due, in part, to the fact that in recent years there has been a 

significant increase in the use of wood pellets and biomass boilers in the residential 

sector as substitutes for fossil fuels such as diesel or natural gas. Table 2.1 shows the 

evolution of the renewable energy consumption in the Basque Country during the 

2010-2016 period, along with the share of biomass amongst that renewable energy. 

Table 2.1. Renewable and biomass energy consumption in the Basque Country [3] 

 
2010 2011 2012 2013 2014 2015 2016 

Renewable energy gross 
domestic consumption (MWh) 

5571 5373 5292 4885 5036 5280 5443 

Renewable energy gross 
domestic consumption (%) 

12.2 12.7 11.3 12.8 13.7 13.2 14.3 

Biomass share (%) 64.2 64.7 62.3 57.3 67.8 68.4 66.5 

 

A fundamental biomass classification parameter is the rate of degradation 

(biodegradability), which classifies biomass into two large groups: easily biodegradable 

and slowly biodegradable biomass. The optimal treatment processes for easily 

biodegradable biomass (grass, slurry, biodegradable fraction of solid urban waste, 

etc.) are biological processes, which use the bio-chemical characteristics of the 

biomass and the metabolic action of microorganisms to decompose the biomass and 

generate different products. The most important treatments are anaerobic digestion 

for the production of biogas and alcoholic fermentation to obtain bioethanol. 

 

On the contrary, slowly biodegradable biomass is not suitable for biological treatment 

from a practical point of view. This type of biomass (vegetal wood and derivatives) is 
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more suitable for thermal processes in which the high temperatures crack the organic 

chain structure of biomass, producing lighter products that can be useful at an 

industrial level. The three fundamental types of thermal processes are: 

 

a) Pyrolysis: biomass is subjected to temperatures above 300 °C in inert 

atmosphere, resulting in thermal decomposition or cracking of biomass 

yielding gaseous, liquid and solid products that can be used as fuel source 

or for other industrial purposes. 

b) Gasification: biomass is converted into a gas by a series of reactions 

occurring at high temperatures (800-900 °C) in the presence of a gasifying 

agent (air, oxygen, carbon monoxide and/or steam). The gas thus produced 

consists of "synthesis gas" or syngas (a mixture of carbon monoxide and 

hydrogen) together with some methane, carbon dioxide and nitrogen. 

Syngas can be used as fuel or as feedstock for the synthesis of chemical 

products. 

c) Combustion: biomass is subjected to oxidation at high temperature (800-

1000 °C) in the presence of oxygen in stoichiometric or higher proportion. 

The combustion produces very hot gases (CO2 and H2O) that can be used to 

produce heat and electricity. 

 

Apart from thermal and biological processes, there is another treatment, which is 

applied to high lipid content biomass. It is a physicochemical treatment, which consist 

on the production of biodiesel through the extraction and transesterification reaction 

of fats, and is of great interest for the production of biofuels. 

  

Although biomass combustion is the most used process, it produces just raw energy, 

while through the other two thermal processes (pyrolysis and gasification) different 

products are obtained, which could be used as fuels, but also for many other 

applications, such as source of chemicals. The main goal of this thesis is the production 

of a charcoal suitable both as a fuel and as a reducing agent for metallurgical 

applications; therefore, an alternative thermal treatment to the combustion has been 

studied. Since gasification, as the name implies, is focused on producing a high amount 
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of gases, pyrolysis is the proper choice. The biomass samples selected for this thesis 

consist on the residues generated during the forest thinning of pine plantations. 

Woody biomass present a higher lignin content than other biomass, which leads to a 

higher charcoal yield, which, as stated, fits the objectives of this thesis. 

2.1.2. Woody biomass 

2.1.2.1. Composition of woody biomass 

Wood is a complex biological structure, consisting of a composite material formed by a 

multitude of chemical substances acting in combination to meet all the needs of the 

plant. All vegetables, especially woody, are constituted by the following major 

elements: carbon (49-52 wt.%), hydrogen (6 wt.%), oxygen (39-43 wt.%) and nitrogen 

(0.1-1 wt.%), in addition to little amounts of calcium, potassium and magnesium [4]. 

These elements combined form the main components of wood, which are cellulose 

(40-45 wt.%), hemicellulose (15-25 wt.%) and lignin (25-35 wt.% in softwoods and 18-

25 wt.% in hardwoods) [5].  

 

Cellulose is the most common organic chemical compound on Earth [5], consisting of a 

linear polymer formed by β-glucoside-linked D-glucose monomers. The molecules of 

cellulose are linked one another through hydrogen bonds forming microfibers whose 

function is to give the cellulose of rigidity, a high stability and resistance against 

chemical attacks. Hemicellulose is a branched polymer of lower molecular weight than 

cellulose. It is formed by monosaccharides and uronic acids that regulate moisture and 

give flexibility to the fiber. The main function of hemicellulose is to operate as binding 

between cellulose and lignin. Being an amorphous structure, hemicellulose is more 

easily hydrolyzable to its constituent sugars than cellulose, and is generally more 

reactive. The sum of cellulose and hemicellulose is known as holocellulose. Lignin is 

the most complex and poorly characterized compound of the three described. The 

molecular structure of the lignin polymers is random and disordered, consisting mainly 

of a three-dimensional network of aromatic rings that varies depending on the 

biomass from which it comes [6]. The proportion and chemical composition of lignin 
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and hemicellulose differs for different woods, while cellulose is uniform in composition 

in all woods. 

 

In addition to these three main components, there are also others in lower proportions 

(less than 10 wt.%); these are substances with low molar weight that, depending on 

their solubility in water or in organic solvents, are known either as extractives, which 

present no structural functions, or as non-extractives such as mineral matter. The 

molecular structure of cellulose, hemicellulose and lignin, as well as a scheme of their 

arrangement in plant cells are shown in figure 2.2. 

 

Figure 2.2. Structure of lignocellulosic biomass [7] 

2.1.2.2. Resources of woody biomass 

The main woody biomass feedstocks can be classified in three categories [8]: energy 

crops, forest and agricultural residues, and wood waste from construction industry 

(the so called urban waste). Among these three main categories the biomass 

processing residues and energy crops are the best biomass feedstocks, since 

construction waste is usually heterogeneous in composition and contain other 

products like paint or varnish. There is a great potential in the use of woody biomass, 

although it is a resource relatively unexploited. Skytte et al. [9] reported that there is a 

4·1018 J year-1 woody biomass potential in Europe (almost 2·106 km2 of forest area 
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[10]), which represents almost 45% of the total biomass (woody and non woody) 

potential in Europe. 

 

In the case of the Basque Country, the forestry sector is particularly important given 

that a large part of the territory has forest qualification. The wooded forest area has 

grown from 353,120 ha in 1972 to 396,962 ha in 2011, with an average annual growth 

rate of 0.3% [11]. Considering replanting, cutting and wood growth all together, the 

wood stocks in Basque forests can be quantified in 62.6 million m3. It should be noted 

that the contribution of the entire timber industry (including forest services) to Basque 

Gross Domestic Product (GDP) is around 1.1%. 

 

The total volume of wood extracted annually in the Basque Country (around 1.2 million 

m3) is well below the available resources. On the one hand, the existing stock of wood 

and annual growth are significantly higher than the use of wood, which suggests that 

the local forestry sector could supply the raw material needs of the local industry. On 

the other hand, it is estimated that, according to the predicted scenarios of a GDP (of 

the Basque Country) increase between 2.5-3% by 2016 or the 20-20-20 Objective 

(integrated package of measures on climate change and energy proposed by the 

European Union [12]), around 2 million Tm/year of forest residual biomass will be 

required. Considering that the estimated annual growth is 3.4 million m3/year, it can 

be concluded that there is a potential margin to cover the possible demand for forest 

biomass [11]. 

 

Concerning the species that cover the forest area of the Basque Country, the wooded 

area is divided almost equally between hardwoods (51.6%) and conifers (48.4%), being 

the conifer Pinus radiata (a.k.a. insignis pine) the most widespread specie (33.3% of 

the total wooded area) [11]. Given this scenario, with a promising future prospect of 

wood production and, consequently, of biomass waste generated, conifers such as 

Pinus radiata and Pinus pinaster have been selected for study of the production of 

biomass derived products for the metallurgical industry. 
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2.2.  Woody biomass pyrolysis process 

2.2.1. Mechanisms of the pyrolysis reaction 

Pyrolysis consists of the thermal breakdown of organic matter under the action of heat 

and in the absence of an oxidizing medium. This decomposition takes place through a 

complex series of chemical reactions that result in a wide variety of products, which 

fall into three fractions: gaseous, liquid and solid [13–15]. In the case of wood 

pyrolysis, these products have the following characteristics: 

a) The gas fraction is composed of hydrogen, carbon monoxide and dioxide, 

methane and a low quantity of other hydrocarbons. 

b) The liquid fraction is a mixture of an organic phase, tars or oils containing 

complex oxygenated hydrocarbons, and an aqueous phase composed of 

water, acetic acid, phenol and derivatives. This liquid fraction is known in 

the literature as bio-oil. At high temperature, the bio-oil is volatilized in 

gaseous state, and mixed with the pyrolysis gas fraction they form the 

pyrolysis vapors. 

c) The solid fraction is a carbonaceous product (called charcoal or simply char) 

mixed with any inorganic material that was present in the raw biomass. 

The chemical reactions that occur during pyrolysis is known as thermal cracking and 

occurs following the typical mechanism of initiation, propagation, and termination 

reactions [16]. At the initiation stage, the carbon bonds linking the long hydrocarbon 

chains and cycles of the biomass structure are broken due to the high temperatures 

undoing the complex organic structures. Each rupture gives rise to two highly 

energetic molecules called free radicals (homolytic cleavage), which are highly 

unstable. In order to stabilize, these molecules in turn induce another homolytic break 

in the adjacent molecules, thus causing a chain reaction of propagation whose direct 

consequence is the formation of a variety of organic short-chain molecules. The 

reaction ends (termination) when the energy supplied is not high enough to induce 

further breaks, and then the radicals react one another to give stable molecules. Figure 
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2.3 shows an example of different products obtained from cracking reactions of 

cellulose and lignin. 

 

Figure 2.3. Example of thermal cracking reactions 

During the pyrolytic process, the wood particles go through a series of stages. The 

temperature at which these stages occur depends on several factors such as the 

composition of the biomass, the rate of heating, etc. According to Quan et al. [17] first 

at 100 °C the drying process (loss of surface moisture) begins and continues until about 

200 °C (loss of intrinsic moisture). Increasing the temperature (up to 280 °C) causes the 

desorption of the volatile compounds. These two phenomena are endothermic, that is, 

they need energy to take place. At temperatures over 200 °C, the macromolecules, 

starting with hemicellulose (210-370 °C) and then followed by cellulose (260-410 °C), 

are cracked into shorter molecules which are gaseous or liquids, releasing energy 

(exothermic reaction). The decomposition of lignin occurs in a much wider 

temperature range (up to 600 °C) and, due to its aromatic and hydrogen depleted 

structure, contributes the most to the formation solid char. These reactions continue 

until only the carbonaceous charcoal is left. Mathieson et al. propose another model, 

which is shown in table 2.2. [18], while Anca et al. [19] published a very complete 

model of the heat of reaction of secondary reaction of the volatile vapors.  
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Table 2.2. Thermochemical stages of pyrolysis with increasing temperature 

Temperature  Observation 

20–110 °C Wood absorbs heat and progressively loses moisture to “bone-dry” state 

110–270 °C 
Final traces of moisture are vaporized 
Endothermic decomposition commences, with the release of CO, CO2, acetic 
acid, and methanol 

270–290 °C Exothermic decomposition commences 

290–400 °C Continued exothermic decomposition, with release of CO, CO2, CH4, and H2 
gases, acetic acid, methanol, and higher-chained hydrocarbons and tars 

>400 °C The volatile matter content and yield of the charcoal decrease and the fixed 
carbon content increases. Exothermic reactions decrease 

 

Because of the solid condition of raw biomass, the distribution of temperature from 

the surface to the center of the particle is never homogeneous due to thermal 

conductivity; that is the reason why gasification reactions occur in the inner part of the 

particle while on the surface carbonization occurs. This circumstance has two main 

consequences, the first is the characteristic porosity of the carbonized solid product 

because of the pores that are formed while the vapors try to get to the surface of the 

particle; and the second the intense contact between the carbonized solid and the 

pyrolysis vapors throughout the entire process, which in turn induces more reactions. 

The initial pyrolysis products are mainly made of vapors and solid char. The vapors 

(which consist on bio-oils and gases) may react further into non condensable gases 

(CO, CO2, H2, and CH4), aqueous liquids, tars, and char due to gas-phase homogeneous 

cracking and partly through thermal cracking occurring between vapors and solid 

carbon. This phenomenon is called pyrolysis secondary reactions [16]. Figure 2.4 shows 

the whole process simplified. 

 

Figure 2.4. Pyrolysis of a biomass particle [20] 
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2.2.2. Influence of the operation conditions on the pyrolysis process 

The amount and quality of the solid, liquid and gas fractions obtained during pyrolysis 

depend on the raw materials [21–23] as well as on the operating parameters such as 

peak temperature [24–26], heating rate [15], residence time [25,27,28], pressure [29–

31], the presence of catalyst [13,32] and so forth [33,34].  

 

According to the literature, three different processes are distinguished: flash, fast and 

slow pyrolysis [28,29], hence depending on which product is the target of the process, 

one of these techniques is selected. Rapid heating rates and moderate operation 

temperatures result in maximum liquid yields and lower proportion of solid and gases. 

On the contrary, slow heating rates result in higher solid yields, lower liquid yields and 

greater gas generation [20,35,36].  

 

Up to now many of the research conducted in the field of wood pyrolysis has been 

mainly oriented to the production of liquid fuel (bio-oils) as the main product (e.g. 

[37–41]), remaining the study of gas and charcoal applications in a secondary position. 

Fast pyrolysis generates a great environmental interest as a means of producing 

"closed carbon loop" biofuels from waste biomass not suitable for alcoholic 

fermentation or transesterification. At present, most research [42–44] is focused on 

improving the properties of bio-oils, since they contain large amounts of water, which 

diminishes its calorific value, and many corrosive oxygenated compounds 

(hydroxyaldehydes, hydroxyketones, sugars, carboxylic acids and phenolic 

compounds). More suitable biofuels can be obtained by treating bio-oils after 

pyrolysis, by co-processing biomass with other products or by using catalysts for 

instance.  

 

The production of char from biomass is not a new technique, in fact it is the updating 

and modernization of the traditional process of obtaining charcoal from wood. 

Nevertheless, in recent years, the literature is getting a deeper understanding of the 

process [45] concerning the influence of the type of biomass and the operating 

parameters on the properties of the charcoal. These studies open a greater number of 
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potential applications of charcoal further from just fuel, for instance as soil amender, 

catalyst, adsorbent or metallurgical reducer. One of the conclusions reached in these 

investigations [15,33,46] is that if high enough temperatures (700-1000 °C) are used 

together with slow heating rate (slow pyrolysis), a solid product chemically similar to 

metallurgical coke can be obtained. Under these high temperature pyrolysis 

conditions, besides a potential metallurgical useful charcoal, large proportions of gas 

rich in H2, CO, CO2 and CH4 are generated, while only a low yield of bio-oils is 

produced, which turns to be just a non-desired by-product of the process. Since the 

objective of this thesis is to produce such metallurgical useful charcoal, slow high 

temperature pyrolysis was the type of process selected. 

 

Another important aspect that influences the pyrolysis processes is the reactor 

configuration. Continuous highly automated processes with low labor requirements 

that permit versatile wood chip or pellet feed and enable full recovery and utilization 

of by-products are key design factors for sustainable and profitable large-scale 

pyrolysis operations [18,47,48]. Amongst the different pyrolysis technologies available 

for small size biomass particles, such as forestry waste, the most utilized are rotary 

kilns, multi-hearth furnaces, and continuous screw reactors (also known as auger 

reactors). The latter is the one that has been designed, built and used in this thesis. 

The reasons for selecting this type of reactor are that they are very simple systems 

based on the Archimedes screw, easy to build and scalable to many sizes, from 

laboratory scale to big semi-industrial scale. It is even feasible to build them on 

vehicles to transport them to remote location to process scattered forest biomass 

waste resources [49] and thus reduce the load´s weight, therefore they are very 

promising both in results  and industrial aspect. Although at a laboratory research scale 

batch reactors and fluidized bed reactors are the ones most used, it can be found in 

the literature several studies with auger reactors [29,33,42,43,50–54]. Agirre et al. [33] 

worked with an auger reactor with final temperatures up to 900 °C and long residence 

times (1-2 h) and achieved a charcoal with very high carbon content. Puy et al. [52] 

used an auger screw reactor at temperatures as high as 800 °C with two species of 

pinewood chips to determine the influence of different operating parameters and 

showed that a good quality bio-oils can be obtained at 500 °C and more than 2 min of 
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solid residence time. Fassinou et al. [54] also used a screw reactor and studied the 

influence of temperature, biomass flow rate and residence time in pyrolysis of insignis 

pine and concluded that temperature is the main parameter driving the reaction, 

followed by the residence time.  

  

Aiming to make the process of obtaining charcoal from biomass more sustainable and 

profitable, an essential aspect to investigate is the usefulness of the generated vapors 

[48,55,56]. The above-mentioned high pyrolysis temperatures (700-1000 °C) optimize 

the properties of the solid product obtained and yield more gas than liquid fraction 

(tars and water). The properties of the gas are more promising than those of the liquid 

fraction because the secondary upgrading treatment necessary for its subsequent use 

is easier (requires many less stages) and cheaper than that of liquids. Therefore, in 

order to optimize the process, an essential aspect is to maximize the production and 

quality of gas and minimize tars so that the maximum possible quantity of a high 

added-value clean gas can be achieved. In this work, the optimization of the pyrolysis 

vapors has been carried out by direct thermo-catalytic treatment of the hot pyrolysis 

vapors. Various bibliographic references [57–59] indicate that achieving complete 

removal of the tars only by heat treatment is very difficult, while the elimination of 

tars in biomass gasification processes through the use of catalysts is a more efficient 

technique. Therefore, in this thesis the alternative that has been investigated is the 

combination of thermal and catalytic treatment, called catalytic cracking. As in thermal 

cracking, catalytic cracking requires high temperatures, however, unlike thermal 

cracking (homolytic breakdown), catalytic cracking is performed by an ionic 

mechanism (heterolytic breakdown). The presence of the catalyst favors certain 

reactions (e.g. reforming, dehydrogenation, water gas shift...) that would otherwise be 

given to a much smaller extent or would not occur, promoting the reaction of 

formation of certain higher-valued products against other reactions. In addition, it 

reduces the energy necessary to cause the breakdown of molecules, which allows 

working at a lower temperature. 

 

Nickel is the metal most frequently used as catalyst for biomass vapors processing 

[29,60–62]. Ni catalysts promote tar cracking to a very great extent provided that the 
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appropriate operating conditions are used [63–66]. Additionally, it has been reported 

that with Ni-based catalysts the hydrogen gas yield is improved [29,67]. It has also 

been reported in the literature that the use of Ni in the presence of steam not only 

promotes H2 production, but also has deoxygenation activity [68]. Concerning the 

catalyst support, different materials have been tested for Ni-based catalysts (Al2O3, 

ZrO2, TiO2, dolomite, olivine, etc.). Among them, alumina is one of the most 

widespread supporting carrier of active metals [69], and it has been found that 

Ni/Al2O3 has greater activities than Ni over other supports [70–72]. For this reason, 

nickel containing alumina supported catalysts have been used in this thesis. 

 

The potential use of pyrolysis charcoal both as catalyst [73] and catalyst support 

[74,75] for the reduction of tars has been studied. Its catalytic activity is not as high as 

that of nickel catalysts or dolomite [76], but it do has some activity. The use of charcoal 

as catalyst is an easy way to integrate the pyrolysis solid back into the process 

enhancing the quality of the gases. It also presents another advantage, since the 

depositions of coke (which is chemically similar to the charcoal itself) over the surface 

of the charcoal would not require any future catalyst regeneration step because the 

used charcoal can be dedicated for whatever original industrial application was meant.  

 

To summarize, this thesis is centered in the optimization of pyrolysis gas in the 

production of charcoal useful for the metallurgical industry by pyrolysis of woody 

biomass waste in a continuous auger screw reactor. There are several studies in the 

literature about biomass pyrolysis in auger reactors. The novelties of this work are, on 

the one hand, that the effect of temperature has been studied working up to very high 

temperature (900 °C) while in the literature mainly low temperatures are used; and on 

the other hand, that the optimization of the pyrolysis vapors to minimize tars and 

maximize the amount and quality of gas has been carried out by a second cracking step 

immediately after the main pyrolysis process. It is worth mentioning that a parallel 

work was carried out by Dr. Aitziber Adrados (former member of the same research 

team) in her Ph.D. thesis [77]. In fact, this work is a continuation of her research since 

both thesis shared the same goals, although Dr. Adrados worked with a discontinuous 

batch reactor and used different original biomass waste samples. The choice of the Ni 
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catalysts is based on her results [14], due to the limited effect that she saw on low 

nickel containing catalysts higher nickel containing catalysts were selected for this 

thesis. In order to fulfill the future work described in her thesis, a continuous process 

that can reach higher temperatures, has been designed, built and used, and the 

obtained charcoal´s potential usage in metallurgical application has been tested, as it 

will be explained in the next section.    
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2.3. Charcoal & metallurgical industry 

2.3.1. Use of biomass products in iron- and steelmaking 

According to the World Steel Association, in 2017 the total steel production in the 

world was 1690.48 million tonnes and the total blast furnace (BF) pig iron production 

was 1180.49 million tonnes [78]. Steel industry is responsible for approximately 5% of 

the worldwide energy consumption. Up to 17-19 GJ of energy are necessary to 

produce 1 tonne of crude steel using the BF route and around 65-75% of that energy is 

required only for the BF, coking and sintering plants [79], that is, operations which are 

much related to the use of fossil fuels (especially coke). Consequently, the greenhouse 

gas of most relevance due to the steel industry is carbon dioxide (CO2). The World 

Steel Association published also that, on average, 1.8 tonnes of CO2 are emitted for 

every tonne of steel produced (that includes coking, pelletizing and sintering) which in 

2013 meant 2.9 Gt CO2 global emissions. That corresponded to approximately 9% of 

the world's CO2 emissions (based on 32.2 Gt CO2 global emissions in 2013 calculated by 

the International Energy Agency in 2015 [80]). Besides CO2, the steel industry is also 

responsible for the emission of important amounts of pollutants such as SO2, NOx, 

VOCs, heavy metals, dioxins and furans. 

 

The international steel industry has accepted the challenge of cutting the greenhouse 

gas (GHG) emissions. With this purpose major programs have been under way for a 

decade, for example the European Union´s Ultra-Low CO2 Steelmaking (ULCOS) 

program [81] or the japanese CO2 Ultimate Reduction in Steelmaking Process by 

Innovative Technology for Cool Earth 50 (COURSE50) project [82]. In order to fulfill the 

environmental goals of these programs, the steel industry has to either develop new 

ironmaking processes or implement major modifications to the BF, since this is the 

principal emitter [83–85]. Many of those modifications involve improving processes 

efficiency and overall productivity and, since so many blast furnaces are still operative 

all over the world, the fastest and most feasible route to increase environmental 

sustainability in the short term is to implement BF modifications. Some of the 

measures proposed by Babich et al. [79] consist in improving the burden preparation 
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and distribution, lowering of the slag volume, increasing top gas over-pressure and 

blast temperature or improving the quality of the coke. By-products reuse and waste 

minimization are also key factors for a sustainable process, therefore top gas, coke 

oven gas and sintering gas recycling after CO2 and pollutants removal are rapidly 

spreading techniques, so is recycling dust fines in sinter production and making use of 

slag´s residual heat.  

 

Reducing coke and coal consumption is the main way to reduce CO2 emissions. Figure 

2.5 shows the evolution on the consumption of the conventional reducing agents 

during the 1950-2010 period in German blast furnaces and the most important 

improvements that were introduced during that time gap, which enabled the 

reduction in consumption of these materials. In the last sixty years in Europe the coke 

rate has decreased on average from more than 1000 kg to 400 kg per tonne of hot 

metal (kg/tHM); in fact, the best performing blast furnaces are operating at a total 

reducing agent rate of 450-460 kg/tHM on the annual basis. This is achieved by 

partially substituting coke by other materials like coal, pulverized coal, oil or natural 

gas, either mixing it with the burden or by injecting it by tuyeres.  

Figure 2.5. Consumption of reducing agents in BF operations during the last six decades in 

German blast furnaces and overlook to the techniques that permitted its reduction [86] 
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However, coke, coal, oil and natural gas are still fossil fuels that emit CO2. A much 

higher reduction in CO2 emission can be achieved by adopting other materials such as 

organic waste (plastics), hydrogen (acts as fuel and reducing agent and only produces 

water as by-product) and biomass derivatives. The use of raw biomass is not 

recommended due to its high moisture content, low carbon content and low calorific 

value.  

 

In opposition to conventional coal and coke, biomass derived charcoal has 

demonstrated many advantages [87–89], it is more porous and reactive than 

conventional fuels and it has lower ash, sulfur and phosphorus contents. The different 

pyrolysis process parameters offer different charcoal properties that best fit each 

application [18]; regardless, the most valued property of charcoal is the neutral CO2 

balance ("closed carbon loop"). The BF production cycle via biomass utilization is 

shown in figure 2.6. 

 

Figure 2.6. Schematic illustration of the closed cycle for iron production of biomass crops [90] 

The purpose of a blast furnace, as has been summarized by Babich et al [79], is to 

chemically reduce and physically convert iron oxides into liquid iron called “hot metal”. 

The blast furnace is a reactor based on the counter flow principle: the burden and coke 
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are charged on the top of the reactor in different layers and they descend under the 

effect of gravity while the hot blast (air or oxygen) is injected through the tuyeres, 

which are located in the lower part. In front of the each tuyere the descending coke 

reacts with the blast and burns. The resulting carbon monoxide ascend in the furnace 

through the porous bed of coke and reduces the iron ore, while the carbon dioxide 

reacts with the coke bed itself producing more carbon monoxide (see section 2.3.1.1.). 

At the bottom of the reactor, the molten metal is collected. Besides molten metal, a 

slag is formed that swims on the hot metal bath due to its lower density. The BF 

process cycle is illustrated in figure 2.7. 

 

Figure 2.7. Schematic illustration of the blast furnace process [91] 

Biomass and its derivatives can be used in several mayor ways in iron and steel 

making: 

a) By tuyere injection of charcoal, bio-oils or pyrolysis gas into blast furnace 

b) By incorporation into the coal blend for cokemaking, composites, self-reducing 

pellets, fuel for sintering, nut coke replacement and lump charcoal char [92] 

c) By gasification to generate gas for reduction or heating [93] 

d) Substitution for fossil fuels in electric arc furnaces steelmaking operations 
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Table 2.3 shows the potential substitution rate and the net CO2 emission reduction 

achievable to date associated to the application of charcoal in blast furnace 

operations. As it can be seen, the technique that achieves the highest CO2 emission net 

reduction (19-25%) is the tuyere injection of particulate charcoal, followed by the 

substitution of coke by charcoal in the sintering process (5-15%) and the nut coke 

replacement (3-7%). The biocoke production and the charge of lump charcoal in the BF 

are applications that can only substitute conventional fossil fuels in a rate of 2-10% 

and, consequently can only reduce CO2 emission in 1-5%.  

Table 2.3. Charcoal applications in blast furnace ironmaking operations and consequent CO2 

emissions reductions [18,48] 

Application and 
replaced carbon source  

Typical addition 
rate (kg/tHM) 

Charcoal 
substitution 

rate  

Charcoal       
amount 

(kg/tHM) 

CO2 emission 
net reduction 

Coke making  480-560 2-10 % 9.6-56  1-5 % 

BF tuyere injection  150-200 0-100 % 0-200 19-25 % 

BF nut coke replacement  45 50-100  % 22.5-45 3-7 % 

Sintering solid fuel  45-60 50-100  % 22.5-60 5-15 % 

BF lump charcoal charge 300-350 2-10 % 6-35  1-5 % 

In fact, complete lump charcoal charge is a possibility, although nowadays this is only 

practiced in mini blast furnaces in Brazil [94] because of the limited mechanical 

properties of the charcoal (as it will be thoroughly explained in section 2.3.1.1). A 

comparative analysis of the coke and charcoal routes [95] revealed that, in equal 

conditions, the coke route liberated 1650 kg of CO2 and fixed 1536 kg of O2 per ton of 

steel produced, while the charcoal route from an eucalyptus plantation abated 16336 

kg of CO2 and regenerated 12407 kg of O2 in a complete cycle (from biomass to iron 

and back to biomass). Furthermore, the emissions of SO2 are reduced to the point of 

almost disappearing.  

 

In this thesis only two of the applications in table 2.3 have been studied: injection of 

pyrolysis charcoal and gases into the blast furnace and charcoal addition to coking coal 

blends. 
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2.3.1.1. Injection of charcoal in the blast furnace 

The main goal of the injection technologies is to reduce the amount of coke needed in 

iron production by partially substituting it for cheaper and/or more sustainable 

materials. In addition, these injections can improve the hot metal quality, prolong the 

furnace service life, ease process parameters control and achieve favorable economic 

and environmental effects. Nowadays, about 64% of blast furnaces worldwide use 

injectants, mostly pulverized carbon, achieving up to 40% of coke replacement [79]. 

Nevertheless, complete substitution of coke is not possible in modern BF because of its 

special characteristics. In general terms, coke fulfills three main roles in the BF: 

a) Metallurgical reducer: the carbon in coke can react at high temperature with 

the CO2 produced during the combustion of the coke itself creating CO (the 

Boudouard reaction, see Eq. 2.1), which is the responsible of the indirect 

reduction of iron ores into metal iron. Equations 2.1, 2.2, 2.3 & 2.4 show the 

mentioned reactions. 

C (s) + CO2 (g)  2CO (g) Eq. 2.1 

3 Fe2O3 (s) + CO (g)  2 Fe3O4 (s) + CO2 (g) Eq. 2.2 

Fe3O4 (s) + CO (g)  3 FeO (s) + CO2 (g) Eq. 2.3 

FeO (s) + CO (g)  Fe (l) + CO2 (g) Eq. 2.4 

b) Fuel: supplying the necessary heat for smelting the metal and the slag 

alongside permitting the Boudouard reaction to take place. 

c) Permeable mechanical support of the burden inside the reactor: the essential 

contact between the iron ore and the up flowing gases is achieved due to the 

mechanical strength of the permeable coke bed, which remains solid until it 

reaches the so-called active coke zone, where it burns or is dissolved into the 

iron. 

The alternative solid materials that are normally injected by the tuyeres can match the 

reducer and fuel requirements of coke, but not the mechanical one; therefore, the use 

of coke is still compulsory nowadays. When the auxiliary reducing agent is injected via 
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the tuyeres, it first mixes with the oxygen enriched hot blast, which causes its 

incomplete combustion producing CO, CO2, H2O and soot. Once in the raceway, the 

remaining blast produces further combustion of the coke and soot, and the hot gases 

start flowing upwards and reacting with the coke bed converting carbon into CO by 

following the Boudouard reaction and the carbon gasification with steam. A simplified 

scheme of the injection process is shown in figure 2.8. 

 

 

Figure 2.8. Pulverized coal injection [96] 

The potential use of biomass waste and its derivatives, especially solids, as injectants 

has been studied by several authors [18,36,97–102]. Charcoal fines injection has been 

practiced in small blast furnaces in Brazil with average injection rates of about 80 

kg/tHM [103]. Among the biomass implementation techniques in blast furnace, 

charcoal powder tuyere injection is the one that presents the greatest CO2 mitigation 

potential (as has been previously shown in table 2.3). According to Mathieson et al. 

[18] a full replacement of 150-200 kg/tHM pulverized coal (75% carbon content) by 

charcoal would reduce CO2 net emissions in 0.41-0.55 t/tHM, in other words, between 

19-25% of CO2 emissions; some authors like Feliciano-Bruzual [98] proposed even a 

greater reduction (about 34%).  

 

One proposed quality criteria for optimal injection charcoals is a volatile matter 

content between 10-20 wt.% and very low ash content (<5 wt.%) with low alkalis [18]. 

Charcoal injected in the blast furnace decreases blast and slag volume [104], top gas 

volume, heat losses and enhances hot metal quality (e.g. low sulfur content) and 

productivity [101,102]. 
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In addition to charcoal, pyrolysis gases can also be appropriate injectants due to their 

high content in hydrogen, methane and CO [21,25]. Coke oven gas and blast furnace 

top gas have been successfully used as injectants after some CO2 removal and cleaning 

operations [79,105,106]. Other hot reducing gases obtained from gasification of poor 

coals and renewable sources have also been used as injectants [107], and their 

composition is quite similar to pyrolysis gas, therefore positive results can be expected 

of this biomass derived gas.  

 

The cost of the production of charcoal is still an economic constrain for its 

implementation in the BF ironmaking process, however, some researchers state that 

pyrolysis charcoal production costs (under certain circumstances) are already 

competitive enough with conventional coke and can approach that of pulverized coal 

injection (PCI) [108,109]. In order to reduce price even further responsible use of 

pyrolysis by-products should be encouraged. Using pyrolysis gases as injectants in 

addition to charcoal could be a good incentive to integrate pyrolysis reactors in the 

blast furnace ironmaking process.  

 

At the Department of Ferrous Metallurgy (IEHK) of RWTH Aachen University the 

injection of several materials has been successfully investigated by the Metallurgy of 

Iron and Steel research group under the leadership of Prof. Dieter Senk and Dr. 

Alexander Babich [47,101,103]. Some of the investigation carried out in this thesis, 

specifically the injection of charcoal, has been performed with this research group. 

2.3.1.2. Coal/charcoal blends for cokemaking 

The raw material used in the cokemaking process usually consists of a blend of 

different properties coals whose characteristics and price fit the best with the technical 

and economic needs of the blast furnace industry. The partial substitution of these 

coals by additives such as biomass is an option that has been studied as a way to 

reduce the need for this fossil fuel and consequently CO2 emissions [18,48,79,110]. A 

priori, the addition of carbonized biomass to the coking coal blend to produce biocoke 
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(i.e. coke produced with the addition of biomass or biomass derived products) seems a 

viable option. The chemical composition of the charcoal is similar and even better than 

that of coal since the values of sulfur and phosphorus in its ash [111], which are 

undesired alloying elements in the BF, are lower and the fixed carbon content is similar 

or greater (depending on the coal) [112,113]. The reactivity of the charcoal is very high 

due to its high surface area and its porosity [47]. High reactivity values favor the 

transformation of the carbon into CO, and therefore a greater conversion of the metal 

oxides to pure metal, which improves the performance of the process. As important 

for the process as the reduction of the ore is the combustion of coke, which provides 

the heat source of the reactor, and as it has been mentioned before the conversion 

rate of the charcoal is rather high [101]. 

 

However, one essential parameter of coke when working in blast furnaces is its 

mechanical resistance at high temperatures, a property related to its function as a 

permeable support of the burden. The particle size of coke determines the void spaces 

between particles through which gases generated in the lower zone of the furnace can 

flow upwards and the smelted metal and slag drops downwards, allowing the 

gasification and reduction reactions respectively to occur. Coke particle size can suffer 

shrinkage in the interior of the blast furnace due to loss of mechanical strength 

produced by chemical and abrasion phenomena, impoverishing process performance 

because of the loss of permeability of the coke bed by occlusion. In fact, one of the 

most weakening agents of coke resistance is its reactivity. Menendez et al. [114] 

confirmed that there is an inversely proportional relationship between the coke 

resistance and its reactivity, which shows that, especially in the case of blast furnaces, 

it is not appropriate to operate with high reactivity coke. In addition, the development 

of metallurgical techniques such as tuyere injection lessens the importance of the 

reductive and fuel functions of coke [115,116]. 

 

Not every coal is suitable for cokemaking, only coking coals can be transformed into 

coke, and these are commonly bituminous coals. During pyrolysis, when heated 

between 350 and 500 °C, coking coals suffer a plastic softening and smelting transitory 

state that permits aromatic condensation, intermolecular reactions and molecular 
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rearrangement to take place. After 450 °C and until 1000-1100 °C the coal, now called 

semi-coke, starts hardening again and keeps on rearranging the aromatic structures in 

a process called graphitization that finally ends as coke [116]. The problem with 

charcoal is that it is not a coking coal and depending on how it interacts with the 

forming coke it will influence the coke overall characteristics. Charcoal is an inert 

material during the semi-coke phase, it remains solid, which causes the coking process 

to be less effective and normally leads to a poorer quality of the biocokes. Some 

factors reduce these negative effects, for example higher density, higher carbonization 

degree and bigger charcoal particle size have shown to be beneficial to the blending 

process [110]. Some authors [117–119] have experimented with coal replacement 

between 2-10 wt.% in cokemaking stating that no important degradation of final 

coke´s mechanical strength happened, achieving 1-5 wt.% CO2 net emission reduction. 

New discoveries such as using dense and demineralized charcoal [117,118] and coking 

enhancers are seen as a way to further optimize this technique. 

 

At the Instituto Nacional del Carbón (INCAR) located in Oviedo (Asturias – Spain), 

which belongs to the Consejo Superior de Investigaciones Científicas (CSIC), the 

carbonization of several mixtures of commercial coals blended with different organic 

materials have been successfully investigated by the research group under the 

leadership of Dr. Maria del Carmen Barriocanal [113,115,120]. Some of the 

investigation carried out in this thesis, specifically the production of biocoke with high 

temperature charcoal, has been performed with this research group. The novelty of 

the work relies on the use of very high temperature slow pyrolysis charcoal as part of 

the biocoke blend. 

2.3.2. Use of charcoal in other metallurgical processes (zinc recovery by 

Waelz process) 

Many other metallurgy processes besides ironmaking use fossil fuels as the main 

energy source to transform mineral ores into pure metals. These processes are 

commonly called pyrometallurgy. Some of these processes are similar to blast furnace 

ironmaking, e.g. metal lead production from lead ore, zinc metal production by 
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volatilization and solidification of pure zinc from zinc ore or copper recycling from 

copper scratch. Therefore, they can implement the same environmental measures as 

the ones previously mentioned for ironmaking.  

 

There are other pyrometallurgical industries that use technologies different to BF 

where charcoal and pyrolysis gases may partially or completely substitute fossil fuels, 

for instance recycling of zinc from steel dust through the Waelz process.  In the Basque 

Country Befesa Zinc Aser S.A., located in Erandio (Biscay), is the only company in Spain 

that offers an integral collection and treatment service for recovering zinc from steel 

dust. Befesa Zinc Aser S.A. treats 160,000 tons per year of steel dust coming from 

Spain and other countries such as France, Italy and United States of America. The 

standard composition of steel dust usually contains 22-28 wt.% Zn in addition to iron, 

CaO, SiO2, and minor oxides and metals. 

 

The Waelz furnace [121] consists of a rotary kiln where the steel dust, either pelletized 

or non-pelletized, is treated by adding coke as a reducing agent and lime to achieve 

high pH values. At temperatures between 1100 °C and 1300 °C, zinc ferrite 

decomposes and zinc oxide, iron oxide and other different oxides are reduced. The 

resulting zinc is evaporated and flushed through the top of the furnace along with 

carbon monoxide. In this zone, the oxidizing conditions lead to the formation of fine 

particles of zinc oxide and carbon dioxide. The so-called Waelz oxide is collected in a 

gas filter system. Charcoal can be a good reducing agent since the mechanical strength 

of coke necessary in BF is not required in rotary kilns due to the gas permeability 

enabled by the continuous movement to which the material is subjected in its interior.  
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3. EXPERIMENTAL PROCEDURE 

3.1. Biomass Samples 

3.1.1. Origin of the biomass samples 

Two different woody biomass have been used for this thesis: maritime pine (Pinus 

pinaster) wood chips and insignis pine (Pinus radiata) wood chips both coming from 

forest thinning carried out in Biscay (43°19’ N, 2°52’ W and 43°06’ N, 2°45’ W 

respectively), a province located in the north of Spain. Both samples were provided by 

the Biotermiak S.L. Company in accordance to a collaboration agreement with the 

University of the Basque Country. These two species were selected due to their 

abundance in the territory of Biscay and, in consequence, because they are the most 

consumed by Biotermiak S.L. to produce and supply wood chip fuel for thermal 

domestic heating.  

 

 

Figure 3.1. Harvested pine trunks air-drying 

Harvested pine trunks were stacked outside Biotermiak main facilities for air-drying for 

a period of 10 months (figure 3.1.). Once air-dried, the trunks were loaded to a 

chopper (figure 3.2.) first to strip their bark and then splintered to produce chips of the 

appropriate size for domestic heating boilers. The different chip size fractions, 

including the rejected fractions, were pilled (figure 3.3.).  
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Figure 3.2. Pine trunks being loaded to the chopper 
 

 

Figure 3.3. Different size fractions of pine wood piles 

The biomass waste used in the experiments consisted in the rejected fraction of the 

smallest size not suitable for boilers (<6 cm). In order to collect homogenous and 

representative samples for the experiments, a pile of the rejected biomass was 

successively split into quarters (figures 3.4. and 3.5.). The collected samples were 

stored in barrels of 20 L.  
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Figure 3.4. Mixing the sample before quartering 
 

 

Figure 3.5. Sampling the biomass by the quartering method  

Once in the laboratory, the content of each barrel was spread out separately on a 

clean surface and dried under room conditions for two days until equilibrium moisture 

was reached (figure 3.6.). Finally the biomass was sieved (figure 3.7.) in order to obtain 

a sample of homogenous size particles (between 0.5-2 mm) for the pyrolysis 

experiments; such size range represented more than 60 wt.% of the dried biomass in 

the case of Pinus pinaster and  more than 50 wt.% in the case of Pinus radiata.  
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Figure 3.6. Biomass sample drying 
 

 

Figure 3.7 .Biomass sample sieving 

3.1.2. Characterization of the biomass samples 

Two types of lignocellulosic biomass samples were used in the pyrolysis experiments: 

Pinus pinaster and Pinus radiata. The proximate analysis (as received basis) and 

elemental analysis (dry and ash free basis), as well as the higher heating value (HHV, as 

received basis) and constituents composition (dry basis) of the two biomass samples 

studied in this thesis were performed following the procedures explained in Section 

3.4.1. The results are presented in table 3.1. The elemental analysis includes C, H, N, S 

and "others" calculated by difference (which correspond mainly to oxygen).  
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Table 3.1. Chemical analysis of the pine samples used for the experiments   

  Pinus Pinaster Pinus Radiata 

Proximate analysis (wt.% ar c) 

Moisture 10.8 10.6 

Volatile Matter 64.4 70.7 

Inorganics 1.2 0.6 

Fixed carbon 
a
 23.6 18.1 

HHV (MJ kg
-1

) 15.7 16.4 

Elemental analysis (wt.% daf 
d
) 

C 57.7 47.6 

H 7.2 7.6 

N 0.3 0.2 

S 0.0 0.0 

Others 
a,b

 34.8 44.6 

H/C ratio 1.5 1.9 

Constituents analysis (wt.% daf 
d
) 

Extractives 7.0 13.5 

Cellulose 27.2 34.7 

Hemicellulose 16.8 13.5 

Lignin 49.0 38.3 
a
 by difference 

c 
ar: as received basis 

b
 mainly oxygen 

d
 daf: dry ash free basis 

Table 3.1 shows that, although both samples present similar compositions, there are 

small differences that may affect their behavior under pyrolysis conditions. It can be 

seen that the moisture content of the Pinus pinaster and the Pinus radiata samples are 

rather similar (10.8 & 10.6 wt.% respectively), while there are some differences in the 

ash content, which is quite low (1.2 & 0.6 wt.% respectively), and in the volatile 

matter, which is very high (64.4 & 70.7 wt.% respectively). Therefore, the pinaster 

sample presents more fixed carbon and inorganic content and less volatile matter, and 

this may have an influence on the pyrolysis yields obtained. The higher heating value 

(HHV) of both samples is similar and relatively low, as is usual in fresh biomass due to 

its high oxygen and moisture content. 

 

Concerning the elemental analysis, both pine samples consist mainly of carbon (57.7 

wt.% daf Pinus pinaster & 47.6 wt.% daf Pinus radiata) and “others” (34.8 wt.% daf & 

44.6 wt.% daf respectively), which is mainly the oxygen that forms part of the chemical 

structure of the biomass (cellulose and lignin). The hydrogen content is low (7.2 & 7.6 
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wt.% daf respectively) and the nitrogen content is almost negligible (0.3 & 0.1 wt.% 

daf). It has to be mentioned that sulfur analyses were also carried out, but the 

contents were under the detection limits of the analytical equipment. 

 

Concerning the constituents analysis, table 3.1 shows that the main constituents of 

woody biomass are cellulose, which is composed mainly of glucanes, hemicellulose, 

which consists mainly of xylanes and arabinanes, lignin and the extractives (primary 

metabolites such as sugar, fats, amino acids and carboxylic acids) and more complex 

secondary metabolites [122]. The constituent composition presented in table 3.1 is 

quite similar to that reported by other authors for pine wood [4,54]. There are some 

differences between both samples, the lignin content of the pinaster sample is higher 

than that of the Pinus radiata sample (49.0 vs.. 38.3 wt.% daf respectively) while both 

cellulose and extractives are higher in the Pinus radiata sample (27.2 &7.0 vs.. 34.7 & 

13.5 wt.% daf respectively). These results are consistent with the elemental analysis 

since lignin molecules have a lower H/C ratio than cellulose and hemicellulose; lignin is 

also the major contributor to charcoal (solid) yield under medium-high temperature 

pyrolysis, therefore it is also coherent that the pinaster sample presents higher fixed 

carbon content and less volatiles than the radiata sample.   

3.2. Catalysts 

Three nickel based commercial catalysts on a calcium/aluminate support (CaO/Al2O3) 

with different Ni contents have been used in this thesis for the catalytic treatment of 

the pyrolysis products, both condensable (bio-oils) and non-condensable (gases), 

leaving the pyrolysis reactor. Two of the catalysts were provided in oxidized form (NiO 

16 wt.%, NiO 18 wt.% contents) while the third one was pre-reduced and so Ni was in 

elemental form (Ni 44 wt.% content). After the activation (see section 3.2.2) the 

oxidized catalysts lose their oxygen and the NiO 16 wt.% catalyst turns into a Ni 17 

wt.% catalyst while the NiO 18 wt.% catalyst turns into a Ni 19 wt.%. As a consequence 

from now on the catalysts will be termed 17Ni, 19Ni and 44Ni, though, as it just has 

been stated, these names refer to their activated form (except for the 44Ni, which is 

pre-reduced). These catalysts were selected because they are usually utilized in 
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industry for steam reforming of natural gas, other light hydrocarbons and hydrogen 

rich streams [123]. In addition, previous studies on pyrolysis of biomass performed by 

the research team in which this thesis has been carried out have shown the 

effectiveness of Ni in the reduction of tars and the increase of hydrogen gas yield in 

the secondary treatment of pyrolysis vapors [77].  

 

Besides the Ni containing calcium aluminate supported catalyst, an activated charcoal 

(PANREAC n°1 QP 211238) was used as catalyst since its composition is similar to that 

of the produced pyrolysis charcoal, which could be also activated. 

3.2.1. Characterization of the catalysts used 

The textural characterization and metal content of all the fresh catalysts are presented 

in table 3.2.  

Table 3.2. Surface area, porosity and metal content of the catalysts used for the experiments 

 

BET a    
(m2 g-1) 

Total 
pore vol. 
(cm3 g-1) 

Average 
pore diam. 

(Å) 

 
Composition (wt.%) 

 
Ni NiO K2O SiO2 SO3 Cr2O3 Support 

19Ni 11.5 0.0602 206.7 
 

- 18 1.8 0.1 0.1 - CaO/Al2O3 

17Ni 29.0 0.1312 179.3 
 

- 16 - 0.1 0.1 - CaO/Al2O3 

44Ni 99.3 0.4040 162.8 
 

44 - - 4.7 - 1.7 CaO/Al2O3 
a
 BET: Brunauer, Emmett and Teller surface area 

It can be observed that the pre-reduced 44Ni catalyst has by far the highest BET 

surface area (99.3 m2 g-1), followed by the 17Ni catalyst (29.0 m2 g-1), while the 19Ni 

catalyst has a significantly lower surface area (11.5 m2 g-1). Concerning pore volume, 

the three catalysts show a tendency consistent with that observed in the BET values 

(lower pore volume as lower is the BET area), whilst the opposite tendency is observed 

regarding average pore diameter (lower pore diameter as higher is the BET area). The 

19Ni catalyst presented low pore volume with big size pores, while the 44Ni had higher 

quantity of pores and of smaller size (at average). Concerning the composition, the 

19Ni catalyst presents a low amount of potassium oxide (1.8 wt.% K2O) and both 19Ni 

and 17Ni present very low quantities of SiO2 and SO3, whereas 44Ni has a much more 

significant amount of SiO2 (4.7 wt.%) and a low amount of Cr2O3 (1.7 wt.%). All three 

catalysts are supported over alumina modified with calcium oxide. 
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As a general rule, the greater the surface area the greater the dispersion of the Ni 

particles and, hence, the higher the catalyst activity might be expected. However, since 

large molecules are normally generated from pyrolysis primary reactions, the blockage 

of small pores may take place, having a negative effect in the activity. Therefore, the 

suitability of the catalysts for upgrading pyrolysis vapors has to be determined 

experimentally.  

 

Despite of presenting different average pore diameter, the differences between the 

catalysts used in this work do not seem big enough to be considered a very influential 

parameter. On the other hand, considering that the surface area of the 17Ni catalyst is 

almost three times the area of the 19Ni catalyst, a conclusion that can be reached is 

the lower dispersion of the metal particles on the surface of the 19Ni catalyst, which 

will arguably affect the performance of the catalyst. The 44Ni catalyst presents a much 

higher nickel metal particles load, nevertheless its very high surface area ensures a 

higher particle dispersion over the surface of the support. 

 

In order to analyze the reduction properties of the catalysts, temperature programmed 

reduction (TPR) measurements were carried out. The obtained profiles of 17Ni, 19Ni 

and the 44Ni (in an alternative non pre-reduced state with a 50 wt.% NiO content, but 

for the sake of simplicity called 44Ni*) are shown in figure 3.8.  

 

The peak at 360-370 °C corresponds to bulk nickel while the peak at 500 °C 

corresponds to the weak bond interaction nickel. According to Zhang et al. [124] up to 

around 30 wt.% nickel addition the metal particles take up the closest position to the 

support establishing strong interactions, while over 30 wt.% Ni the particles 

accumulate on the surface without forming strong bonds. That is the reason why the 

44Ni* catalyst shows such a high peak at 500 °C whereas in the case of 19Ni and 17Ni 

that peak is very small. 
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Figure 3.8. TPR profiles of the 17Ni, 19Ni and the non reduced 44Ni (44Ni*) catalysts 

Due to their similar composition (table 3.2), 17Ni and 19Ni present reduction peaks at 

the same temperatures. When comparing them, lower intensity reduction peaks can 

be observed in the 17Ni catalyst, especially in the three mayor peaks at 360-370 °C, 

500 °C and 620-630 °C. Reduction peaks at higher temperatures usually indicate a 

stronger interaction between the metal particles and the support [125]. The fact that 

the peaks in the 17Ni catalyst are smaller than those of 19Ni means that both catalysts 

have nickel metal particles interacting with strong bonds and weak bonds with the 

support, mainly the first type according to the intensity of the peak, but the amount of 

particles in the 17Ni catalyst is lower due to its composition.  

 

In all three cases, it can be seen that the reduction process is fully completed at 800 °C, 

which cannot be said for lower temperatures such as 700 °C. That is the reason why 

the temperature for the 17Ni and 19Ni catalysts activation process in the tubular 

reactor was established at 800 °C. 

  

17Ni 

19Ni 

44Ni* 
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3.2.2. Placement of the catalyst in the vapors treatment reactor  

When catalyst is used, it is placed in the second reactor (figure 3.9) that is located after 

the pyrolysis reactor, and used in vapor phase contact, interacting only with the 

pyrolysis gases and vapors.  

 
The catalysts were used grounded to a particle size 

between 0.425 and 0.5mm. Commercial catalyst pellets 

were crushed with an ATLAS 15T Manual Hydraulic Press 

and a mortar. The catalytic reactor was filled as shown 

in figure 3.9: first a 1 mm mesh size wire net supporting 

some glass wool, then a 10 mm column of silicon 

carbide, third 2.5 g of the catalyst mixed with 3.2 g of 

silicon carbide (this latter to avoid potential heat sinks) 

and finally 5 mm of again silicon carbide were added to 

prevent the sweep of the catalyst by the vapor current.  

In the case of the activated charcoal the arrangement 

was rather similar, first a 1 mm mesh size wire net 

supporting some glass wool and then a column of 4.2 g 

of charcoal were added. 

 

As it is usual in many industrial processes, metal-containing catalysts must be activated 

before the test. The activation process consists in a chemical reduction of the metal 

oxides added to the catalyst supports, in order to reduce them to metallic state, which 

is the catalytic active state. For this purpose, the catalyst in the tubular reactor is 

heated with a heating rate of 10 °C/min up to 800 °C and then kept at this temperature 

for at least an hour, before it is used. This temperature was selected based on the 

temperature programmed reduction (TPR) test of the catalysts. For the activation 

process a gas stream composed of 5 vol.% H2 and 95 vol.% argon is passed through the 

reactor from top to bottom.  

Figure 3.9 .Placement of 
the catalyst in the reactor 

Wire net & wool 

Silicon  
carbide 

Silicon  
carbide 

Silicon carbide 
& catalyst 
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3.3. Pyrolysis Experiments 

3.3.1. Description of the pyrolysis plant and experiment 

The pyrolysis experiments were carried using a laboratory scale continuous pyrolysis 

plant resembling a potential industrial plant that was designed specifically for this 

study. This plant consists of two reactors connected in series: a first screw reactor 

where pyrolysis takes place and a second tubular reactor where the vapors are 

treated, optimized and upgraded. A schematic drawing of the experimental unit with 

its main components is shown in figure 3.10a and an actual picture in figure 3.10b.  

 

 

Figure 3.10. Pyrolysis installation: a) schematic drawing & b) actual picture 

a) 

b) 
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Firstly, 500 g of biomass are placed into a 3 dm3 SS316 steel feeding hopper, the 

hopper is closed and the whole plant is purged with inert gas (N2) in order to avoid 

oxidizing reactions during the process. The experiments start when the heating 

elements are switched on and the screw starts feeding biomass to the reactor. The 

pyrolysis reactor used for the experiments is an externally heated screw reactor (auger 

reactor), made of steel where both temperatures (T1, T2, T3 & T4) and rotation speed of 

the screws (S1 & S2) can be set individually. The external and internal diameter of the 

reactor are 38 and 32 mm respectively, it is 1350 mm long, although only 1000 mm are 

located inside the pyrolysis reactor. Two different and consecutive screws are installed 

in order to control the biomass flow. The first screw, also called feeding screw, pushes 

the sample from the feeding hopper into a 2 dm3 expansion chamber and, through the 

input of power (S1) applied by the engine to which the screw is connected, controls the 

sample feeding rate (see biomass flow calibration in section 3.3.2.1). The sample 

feeding rate was fixed around 1.5 g min-1 in all the performed experiments. The second 

screw, also called pyrolysis screw, pushes the sample from the expansion chamber 

through the reactor and, by means of the input power (S2) applied by the engine to 

which the screw is connected, controls the residence time inside the pyrolysis reactor 

(see residence time calibration in section 3.3.2.2). The engines present the following 

characteristics: 220 V three phase, 0.9 kW and 1400 rpm, and the reducers ratio is 

100:1 for the feeding engine and 100:6.22 for the pyrolysis engine. The purpose of the 

expansion chamber is to connect both screws and guarantee enough and homogenous 

feed to the reactor whichever the screw velocity of the latter is. Both the chamber and 

the entrance to the reactor are refrigerated with a running water cooling jacket to 

avert the transmission of the reactor´s heat to the feeding hopper, avoiding stickiness 

of the biomass that may cause blockage of the feeding screw.  

 

The external electrical heating of the pyrolysis reactor is split into four individual 

heating zones where the temperature is adjusted separately, which guarantees the 

possibility of programming a continuous increase in temperature over the whole 

length of the reactor or else different temperature steps. The oven consists of eight 

Kanthal fibers with the following characteristics: 450 W and 57.5 V, each heating zone 
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has two fibers. The temperatures of the individual heating zones are controlled by 

seven thermocouples evenly distributed along the length of the reactor.  

 

When the biomass reaches the end of the screw reactor, the solid (charcoal) formed is 

collected in a closed externally heated SS316 steel hopper while the pyrolysis vapors 

are driven to the SS316 steel tubular vertical reactor, where they are just thermal or 

thermo-catalytically treated (T5) in order to diminish liquid yields and enhance the 

amount and quality of gases. The external and internal diameters of the reactor are 

14.5 and 9 mm respectively. The oven is composed of refractory material and two 

WATLOW fibers whose characteristics are: 550 W and 230 VAC. The produced vapors 

are then separated into bio-oils and pyrolysis gases in a condensation system that 

consists of two metal vessels containing a glass fiber thimble. One vessel was cooled 

down to 1 °C by a 1:1 water/ethylene glycol flow pumped by a LAUDA ecoline 

staredition RE 304 cooling thermostat (controlled by a Control Head E300), and the 

other one cooled by running water.  

 

The pyrolysis vapors flow through the thimbles where the heavy organic liquids (tars) 

are trapped. The non-trapped gases then pass through a dual column filled with 

activated charcoal (PANREAC n°1 QP 211238) and silica gel to clean and dry the gas 

flow from any remaining water or organic compounds. Later the gases are further 

cleaned as follows: first an empty bubbler where the remaining condensates are 

collected (mainly water and some light organic alcohols), then through a second 

bubbler full of isopropyl alcohol followed by two mechanic particles filters (100 & 5 µm 

respectively) so no particles reach the flowmeter. Finally, the gas flow is measured by a 

RITTER Drum type TG3 flowmeter and is analyzed by an online gas chromatograph.  

 

At the beginning of the experiment gas flow and pressure increase gradually until 

steady state is reached and both parameters remain constant. Once steady state is 

reached the operation conditions are maintained for a previously stipulated time, after 

which the first screw is switched off so no more sample is fed to the system, but the 

experiment continues until the gas flow ceases, which implies that the pyrolysis 

process has ended.  
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The vapors flow is controlled by a system of valves that drives them to one of either 

condensing systems. The pyrolysis vapors are thermo-catalytically treated only 

throughout the steady state period. During the initial and final transitory periods, 

vapors are driven directly to the condensing system cooled by running water (as shown 

in picture 3.10). 

 

When the whole facility is at room temperature, the charcoal and the bio-oils are 

collected and weighed; representative samples of each fraction are taken in order to 

be analyzed. The corresponding pyrolysis solid and liquid yields are calculated as 

weight percentage with respect to weight of the initial biomass sample (fed biomass). 

The pyrolysis gas yields showed in this thesis are calculated by difference, although, in 

parallel, they have also been calculated by integrating the gas flow obtained with the 

flowmeter and multiplying it by the density of the continuously analyzed gas to get the 

total gas mass produced. In all cases, the overall mass balance closure (solid + liquid + 

gas) was higher than 85%. All the yield values presented in this study are the mean 

value of at least two experiments carried out with the same operating conditions. The 

experiments must not differ more than three percent points in the pyrolysis yields to 

consider them valid. 

3.3.2. Calibration of the auger screws 

3.3.2.1. Biomass flow calibration 

The biomass flow calibration was performed following the next procedure: first 500 g 

of biomass were introduced in the feeding hopper, then the end of the feeding tube 

(within which the feeding screw is located) was separated from the expansion 

chamber, which precedes the pyrolysis reactor; a weighing scale is placed under the 

end of this tube so that the biomass falls in a tared glass located on the balance, finally 

the feeding screw was connected at different S1 (in % power) and the amount of 

biomass collected in the tared glass was weighed every five minutes for 1 hour for 

every S1. The difference of mass between every five minutes determines the biomass 
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flow during that period. In order to determine the biomass flow corresponding to each 

S1 the mean value of all the biomass flows at such power was calculated. Once all the 

calculations were made, the mean biomass flows versus the feeding engine powers 

were plotted. 

 

Due to mechanical problems, the engine that propelled the feeding screw had to be 

changed at the end of the Pinus pinaster experiment setup and a new more powerful 

engine was acquired, therefore in figure 3.11. two calibrations are showed: the 

calibration for the first engine (used for the Pinus pinaster experiment setup; labeled 

"A") and the calibration for the new engine (used for the rest of the experiments; 

labeled "B"). It must be bear in mind that, in any case, the calibration was checked at 

least once a year. 

 

 

Figure 3.11. Biomass flow calibration of the feeding screw; (a) initial engine for Pinus pinaster, 
(b) second engine for Pinus radiata 

Since the biomass flow selected for all the pyrolysis experiments performed in this 

thesis was 1.5 g min-1 (as stated in section 3.3.1), the S1 values selected for the 

experiments were S1=65% for the initial engine and S1=40% for the second engine. 
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3.3.2.2. Residence time calibration 

In order to perform this calibration, it was necessary first to specify the biomass flow 

with which the experiments were going to be performed, and hence, the S1 to be 

selected in the feeding screw. Additionally, it was necessary to determine the 

residence time of the biomass in the feeding screw at each S1 by measuring the time it 

takes for the first gram to get out the feeding tube.  

 

The residence time calibration was performed following the next procedure: first 500 g 

of biomass were introduced in the sample hopper, then the charcoal hopper placed at 

the end of the pyrolysis screw was opened and a weighing scale placed under it so that 

the biomass (not the charcoal because it is not necessary to heat the system for this 

calibration) fell in a tared glass located on the scale, finally the feeding screw was 

switched on at the S1 selected for each experiment, the pyrolysis screw was connected 

at different S2 (in % power) and the time elapsed since the screws were activated until 

one gram of biomass has been weighed was measured. The residence time was 

calculated by subtracting the time needed by the front of biomass to go through the 

feeding tube from the total time measured for each S2 of the pyrolysis screw. The time 

obtained had to be multiplied by 0.76, which corresponds to the length relationship 

between the pyrolysis tube (within which the pyrolysis screw is located) and the 

pyrolysis oven. Once all the calculations were made, the residence times versus the 

pyrolysis engine powers were plotted. 

 

Figure 3.12 shows the calibration of the residence time of the biomass inside the 

pyrolysis oven. It must be mentioned that the calibration were checked at least once a 

year. 
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Figure 3.12. Residence time calibration of the pyrolysis screw 

Through the experiments performed in this thesis two different residence times were 

used: 32 minutes and 64 minutes, which correspond with S2=60% and S2=30% 

respectively. 

3.4. Characterization and Analytical Techniques 

The biomass samples, as well as all the products obtained in the pyrolysis experiments 

(solids, gases and liquids), the catalysts and commercial reducing agents were 

thoroughly characterized. 

3.4.1. Characterization of the Biomass Samples 

Both biomass samples as prepared for the experiments (equilibrium moisture and 0.5-

2 mm particle size) were characterized using the following techniques. 

3.4.1.1. Elemental Analysis (C, H, N & S) 

Elemental analysis of the biomass samples were carried out including carbon (C), 

hydrogen (H), nitrogen (N) and sulfur (S). The percentages of C, H and N were 

determined with a LECO TruSpec CHN analyzer, which complies with the ASTM D5373 

standard for ultimate analysis of fuels. The analysis consists in the complete and 

instantaneous oxidation of the sample by combustion with pure oxygen at 950 °C. The 

main products formed are CO2, H2O and NOx, which are swept away via a carrier gas 

(oxygen for CO2 and H2O, and helium for the NOx) and selectively separated in specific 
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columns. CO2 and H2O are measured by specific infrared detectors that use pure 

oxygen as reference value. NOx are reduced to elemental nitrogen, which is measured 

by a thermal conductivity detector that uses helium as reference value. In a normal 

analysis, 0.08 g of sample is placed in a tin cup that is then placed in the sampler, 

which introduces it directly into the combustion furnace. 

 

For sulfur measurement, a LECO TruSpec S analyzer was used; this analyzer complies 

with the ASTM D1552 and D4239 standards for ultimate analysis of fuels. In this case, 

the samples are placed in ceramic crucibles and burned in pure oxygen at 1350 °C; the 

sulfur content is determined by measuring the amount of SO2 in an infrared detector. 

The quantity of sample used is 0.1 g.  

3.4.1.2. Proximate analysis 

Proximate analysis includes the determination of moisture, volatile matter, ash and 

fixed carbon, and was carried out with a LECO TGA-500 thermobalance. This analysis 

follows ASTM D3173-87, ASTM D3175-89 and ASTM D3174-97 standards respectively. 

The sample is placed in a crucible that rests on a balance inside the furnace, where 

different atmospheres can be used. The weight loss of the material as a function of 

temperature and atmosphere (inert or reactive) is continuously measured. Moisture, 

volatile matter and ash are sequentially and automatically determined as a function of 

weight loss in the conditions indicated in table 3.3 while the fixed carbon content is 

determined by difference to 100. For this analysis, around 1 g of sample was used for 

each run. 

Table 3.3. Method for the determination of moisture, volatile matter and ash 

ASTM Standard Property T (°C) Time (min) Atmosphere 

D3173-87 Moisture 106 Until constant weight N2 

D3175-89 Volatile matter 950 7 N2 

D3174-97 Ash 750 Until constant weight O2 

3.4.1.3. Higher Heating Value (HHV) 

The HHV of the biomass samples was determined using a LECO AC-500 automatic 

calorimeter, which combusts the samples in a calorimetric bomb complying with the 
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ASTM D3286 standard. This technique is based on the combustion of the sample with 

pure oxygen in a high-pressure container (calorimetric bomb) situated inside a water 

bath. The heat released from the combustion is measured as the change in 

temperature of the water that surrounds the bomb, which is proportional to the 

heating value. The samples are placed in the bomb inside a crucible, where the ash will 

remain after combustion. The sample size for these tests was 0.5 g. 

3.4.1.4. Determination of the Extractives, Cellulose, Hemicellulose and Lignin 

contents 

The determination of extractives, cellulose, hemicellulose and lignin content in the 

biomass samples was carried out by the Centro de Energías Renovables (CENER) 

located in Pamplona (Navarre – Spain), which is specialized in applied research and 

development and promotion of renewable energy technology. With the aim of 

properly understanding the experimental results, the main principles of this 

determination are described below. 

 

The determination of extractives material of biomass (non-chemical bound 

components of biomass) was carried out following the NREL/TP-510-42619 standard. A 

two-step extraction process is used to remove water soluble and ethanol soluble 

material. Water soluble materials may include inorganic material, non-structural 

sugars, and nitrogenous material, among others. Inorganic material in the water 

soluble material may come from both the biomass and any soluble material that is 

associated with the biomass, such as soil or fertilizer. Ethanol soluble material includes 

chlorophyll, waxes, and other minor components. 

 

The determination of cellulose, hemicellulose and lignin content was carried out 

following the NREL/TP-510-42618 standard. 

 

Cellulose, hemicellulose and lignin make up the major portion of biomass samples. 

These constituents must be measured as part of a comprehensive biomass analysis. 

Cellulose and hemicellulose can be structural or non-structural carbohydrates. The 
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structural ones are bound in the matrix of the biomass, while non-structural ones can 

be removed using extraction or washing steps. 

 

The procedure used is only suitable for samples from which extractives have already 

been removed. This procedure uses a two-step acid hydrolysis to fractionate the 

biomass into forms that are more easily quantified. The lignin is fractionated into acid 

insoluble material and acid soluble material. The acid insoluble material may also 

include ash and protein. The acid soluble lignin is measured by UV-Vis spectroscopy. 

During the mentioned two-step hydrolysis, the polymeric carbohydrates (cellulose and 

hemicellulose) are hydrolyzed into the monomeric forms, which are soluble in the 

hydrolysis liquid. They are then measured by HPLC. 

3.4.2. Characterization of the Pyrolysis Solids (Charcoals) 

After each run, the pyrolysis solids were collected and characterized according to the 

following techniques and methods. 

3.4.2.1. Elemental Analysis (C, H, N) 

The elemental analysis of the pyrolysis solids was carried out using the equipment and 

methods described in section 3.4.1.1 for the biomass. The amount of sample used for 

the CHN analysis was 0.08 g. As it was mentioned in section 3.1.2, the contents of S 

obtained for the original samples were under the detection limits of the analytical 

equipment used in this thesis (S < 0.01 wt.%). Consequently, the analysis of S has not 

been performed for any charcoal sample produced in the pyrolysis experiments. 

3.4.2.2. Thermogravimetric Analysis (TGA) 

The proximate analysis of the pyrolysis solids was conducted using the LECO TGA-500 

thermobalance and the methodology described in Section 3.4.1.2 for the biomass 

samples.  
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3.4.2.3. Characterization of ash 

The inorganic matter composition of each sample was analyzed by X-ray fluorescence 

(XRF) in a SRS 3000 Bruker spectrometer in accordance with the ASTM D4326-04 

standard procedure. The 19 elements determined were: Si, Al, Fe, Mn, Ca, Mg, Na, K, 

P, Ti, S, Zn, Sr, Pb, Cr, Ni, Zr, Cu and Re.  

3.4.2.4. Higher Heating Value (HHV) 

The higher heating value (HHV) of the pyrolysis solids was determined using a LECO 

AC-500 automatic calorimeter and procedure described in section 3.4.1.3.  

3.4.2.5. Reactivity to CO2 at 900 °C 

The reactivity to CO2 at 900 °C of the obtained charcoals was inspired in the ASTM D 

5341-99 standard and determined using a METTLER TOLEDO TGA/SDTA85e 

thermobalance. This parameter predicts how a metallurgical reducer would behave in 

CO2 atmosphere and how much carbon would turn into CO following the Boudouard 

reaction (C (s) + CO2 (g)  2CO (g)). A 10 mg sample is placed in a crucible that rests on 

a balance inside a furnace and is heated up to 900 °C in an inert atmosphere of N2; the 

gas is then switched to CO2 for five minutes and finally the sample is cooled down in N2 

gas again. The reactivity is calculated dividing the weight loss by the initial biomass 

weight (in wt.%). 

3.4.2.6. Textural Characterization 

The textural characterization of the pyrolysis solid samples was carried out in the 

Instituto Nacional del Carbón (INCAR) located in Oviedo (Asturias – Spain), which 

belongs to the Consejo Superior de Investigaciones Científicas (CSIC). Two types of 

determinations were performed: density measurements and CO2 adsorption. 

 

The real density (ρHe) of the charcoals was measured by means of helium pycnometry 

in a Micromeritics Accupyc 1330 Pycnometer using helium 99.9995 % quality as 
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analysis gas. The system consists of two chambers, the sample chamber and the 

reverse chamber, filled with helium at a controlled temperature of 35 °C. The sample 

chamber was previously calibrated with two steel balls. Once calibrated, a weighed 

amount of charcoal was introduced. To eliminate the possible contamination by 

condensable vapors it was swept with pressurized helium several times. Then a known 

amount of He was introduced in the reserve chamber, and then expanded to the 

sample chamber until the pressures were balanced. Since the initial and equilibrium 

pressure and the volume of the reserve chamber were known, the volume occupied by 

the sample can be calculated.  

 

The apparent density (ρAp) of the charcoal samples was determined using mercury at 

0.1 MPa on a Micromeritics Autopore IV 9500 mercury porosimeter. From the true and 

apparent densities, the open porosity was calculated by means of the following 

equation: 

 

                                                                                     Eq. 3.1 

 

The total pore volume (VT) was obtained with the following equation: 

 

Eq. 3.2

   

The pore size distribution was calculated by applying increasing pressure to the sample 

from 0.1 to 227 MPa. This resulted in pore sizes in the range of 5.5 µm to 12 nm as 

determined by the Washburn equation: 

 

                                                                                                         Eq. 3.3 

 

Pore size was classified into three categories: macropores (50 nm >dp> 12 µm), 

mesopores (5.5 nm >dp> 50 nm) and micropores (dp< 5.5 nm). 

 

CO2 adsorption was performed at 0 °C in a Quantachrome Nova 4200e apparatus. The 

degasification and CO2 adsorption conditions are presented in table 3.4. 
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Table 3.4. Conditions of degasification and CO2 adsorption 

Samples degasification time and temperature: 200 °C / 24 h 

Analysis temperature: 0 °C 

P0: 24142 mmHg 

Pressure tolerance: 0.1 

Equilibrium time during adsorption: 300 s 

Time-out during adsorption: 2400 s 

CO2 adsorption is a widely used method to analyze materials with narrow micropores, 

as is the case of carbonized materials. The particularity of CO2 is that the analysis is 

done at 0 °C, a much higher temperature than in the case of N2, therefore, it has a 

higher kinetic energy, which does not present problems in narrow pore size 

distributions and balance is quickly reached. The Dubinin-Radushkevich (DR) equation 

was then applied to the CO2 adsorption isotherms in order to obtain the volume of 

micropores (W0) and the characteristic adsorption energy (E0). Following the 

procedure of Stoeckli the E0 was related to the average width of the micropores (L) 

(eq. 3.4.), while the surface area of the micropores (Smi) (eq. 3.5.) was related to the 

volume W0 by means of the following empirical equations: 

                                                                                                                          

                                                                           Eq. 3.4                                                                                                            

            

                                                            Eq. 3.5

    

Adsorption in the micropores takes place by a filling mechanism and not by multilayer 

adsorption. This implies that the area obtained by the DR method is not the surface 

area of the sample, as in the case of the area obtained by the BET equation. The DR 

area corresponds to the area that the adsorbed molecules in the micropores would 

cover (the micropores volume calculated by DR is transformed to number of gas 

molecules and is multiplied by the area occupied by a molecule of CO2).  

3.4.2.7. Light optical microscopy (LOM) & scanning electron microscopy (SEM) 

Light optical microscopy (LOM) and scanning electron microscopy (SEM) of the 

charcoal samples were carried out in the Steel Department (IEHK) of the RWTH Aachen 

University located in Aachen (North Rhein Westphalia – Germany). Light microscopy 
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samples were prepared by mixing 4 g of charcoal sample with an epoxy resin and 

polishing the analysis surface with a SAPHIR 330 polisher; pictures were taken using a 

Leica DM2500 M camera and the porosity analysis was performed with the AnalySIS 

5.0 Professional software. Scanning electron microscopy pictures were taken by using 

a Cambridge Stereoscan 90. 

3.4.2.8. Particle size distribution 

The particle size distribution analysis was carried out sieving 100g of sample with a 

stack of sieves with the following mesh sizes:  5 mm, 4 mm, 3 mm, 2 mm, 1.8 mm, 1.4 

mm, 1 mm, 0.71 mm, 0.63 mm, 0.5 mm, 0.355 mm, 0.3 mm, 0.125 mm, 0.09 mm. 

3.4.3. Characterization of the Pyrolysis Gases 

The characterization of pyrolysis gases consisted on the determination of their 

composition and higher heating value (HHV). The composition was determined by 

means of chromatography, while the HHV was calculated based on the composition 

and on the calorific value of the individual components.  

3.4.3.1. Chromatography (GC) 

Chromatography of the pyrolysis gases was carried out with an AGILENT 490 Micro GC 

online gas chromatograph equipped with two independent 10 m column modules: 

MS5A (Molsieve) and PoraPLOT U (PPU). A sample of the pyrolysis gas is injected in the 

chromatograph every five minutes during the pyrolysis experiment and divided 

between the two modules. The compounds analyzed were H2, CO, CH4, CO2, C2H4 and 

C2H6; the first three were detected by the MS5A and the other three by the PPU. 

Compounds heavier than ethane (such as propane or propylene) were never detected 

therefore they will not appear in the results. The gases were analyzed with Ar as 

carrier gas. In table 3.5 the modules used and the conditions maintained in the analysis 

of the pyrolysis gases are detailed. 
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Table 3.5. Operation conditions of the AGILENT 490 Micro GC 
Module 1 Module 2 Common 

Inyector temp: 80 °C Inyector temp: 80 °C Sampling time: 20 s 

Backflush time: 11 s Backflush time: 30 s Sampling line temp: 110 °C 

Column temp: 100 °C Column temp: 60 °C     

Column initial P: 69 KPa Column initial P: 48 Kpa     

As the column in the MS5A module can be damaged by large molecules such as the 

ones detected by the PPU, a parameter called Backflush time has to be determined. 

The backflush system consists of a pre-column and an analytical column; the two 

columns are coupled at a pressure point, which makes it possible to invert the carrier 

gas flow direction through the pre-column at a preset time, called the backflush time. 

The sample is injected onto the pre-column where a pre-separation takes place, when 

all compounds to be quantified are transferred to the analytical column, the backflush 

valve switches (at the backflush time). On the pre-column, the flow inverts and all 

compounds left on the pre-column now backflush to the vent. On the analytical 

column the separation continues because there the flow is not inverted. 

 

To quantify the gas components, first the GC detectors signals have to be calibrated 

with a standard sample of known composition that was prepared by Air Liquide 

Company with the percentages indicated in table 3.6. The calibration consists on 

dividing vol.% value of each of the element in the standard sample by the mean value 

of the signal obtained for that element in three consecutive analysis. The real vol.% of 

the obtained pyrolysis gas was calculated by multiplying the aforementioned 

calibration division value of each element by the detector value obtained in the 

analysis. Since the gas chromatograph analyzed the composition of the gases 

continuously, the results presented in this thesis consist of the mean values obtained 

during the experiment. 
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Table 3.6. Concentrations of the standard sample 

Component Concentration (vol.%) 

H2 44 

N2 2 

CO 25 

CH4 10 

CO2 15 

C2H4 2 

C2H6 2 

3.4.3.2. Calculation of Higher Heating Value (HHV) 

The higher heating value (HHV) of pyrolysis gases is a theoretical calculation based on 

the composition determined by chromatography and the higher heating values of the 

individual gas components at 20 °C and 1 bar (standard laboratory conditions). The 

individual heats of combustion used for this calculation are listed on table 3.7. 

Table 3.7. HHV of the individual components  
of the pyrolysis gas [126] 

Component HHV (MJ Nm -3) 

Hydrogen   11.69 

Carbon monoxide   11.58 

Methane   36.44 

Ethane   63.84 

Ethylene   57.74 

3.4.4. Characterization of the Pyrolysis Liquids 

The pyrolysis liquids were extracted from the glass fiber thimbles with a solvent using a 

Soxhlet apparatus. The resulting solution was analyzed by GC/MS (gas 

chromatography/mass spectroscopy).  

3.4.4.1. Liquid extraction 

The glass fiber thimbles soaked with the trapped pyrolysis liquids were chopped into 

pieces and inserted in a 250 mL Soxhlet extractor. The liquids were extracted with 

analysis quality (99.9% purity) tetrahydrofuran (THF, supplied by Panreac) for four 

hours. Samples of the resulting solution were stored into glass vials for their GC/MS 

analysis. It is necessary to clarify that, although thimbles retain most of the liquid 
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compounds on them, it has been observed that sometimes some water can pass 

through the thimble. 

3.4.4.2. Chromatography (GC/MS)  

The composition of the extracted pyrolysis liquids was determined using a gas 

chromatograph coupled to a mass detector (GC/MS), AGILENT 6890 and AGILENT 5973 

respectively. The preparation of the samples has been explained in section 3.4.4.1. The 

selected solvent (THF) guaranties the complete dissolution of the sample and at the 

same time hinders the detection of almost no products during the period of time when 

the detector has to be intentionally disconnected because the solvent is eluted. THF, 

besides being a good solvent of biomass derived products, is a relatively small 

molecule that, with the method used is quickly eluted and therefore practically does 

not disturb the chromatographic analysis. 

 

The GC/MS method used must enable to quantify both water and organics since the 

pyrolysis liquids contain organic products together with water. The conditions of the 

chromatograph are presented in table 3.8, and the conditions of the analysis method 

are presented in table 3.9. It must be born in mind that the results of these analysis are 

shown in % area and are not calibrated to a wt.% or vol.%, therefore they are 

illustrative data of the variation tendencies of the liquid composition. 

Table 3.8. Conditions utilized in the GC-MS analysis 

Column: Agilent 123-3262 

Carrier gas: He 

Carrier gas flow per column: 2.3 mL min-1 

Injector temperature: 250 °C 

Injection volume: 0.5 µL (split 20:1) 

Detector temperature (Source/Quad): 230 °C / 150 °C 

Acquisition Mode: Scan 

 

  



Chapter 3 

 

88 
 

Table 3.9. Conditions of the analysis method of GC/MS 

Initial temperature/time: 40 °C / 5 min 

Oven program: 8 °C min-1 to 150 °C and maintained 5 min 

8 °C min-1 to 240 °C and maintained 10 min 

Final temperature/time: 240 °C / 10 min 

Run time: 45 min 

Scan parameters  

Start time/Low mass - High mass: 0 min / 10 - 120 a.m.u 

10 min / 50 - 350 a.m.u. 

3.4.5. Characterization of the Catalysts 

The Brunauer-Emmett-Teller (BET) surface area, total pore volume and average pore 

diameter of the catalysts were determined by N2 adsorption/desorption using an 

Autosorb-1C (Quantachrome) automatic instrument. Prior to the analysis, the samples 

were degassed for 12 h at 150 °C. The specific surface area was calculated using the 

Brunauer-Emmett-Teller (BET) method. Total pore volume and average pore diameter 

were estimated using the Barrett-Joyner-Halenda (BJH) method (desorption data). 

 

Temperature-programmed reduction (TPR) was also performed. With TPR the 

reducible species formed during the calcination step of the catalysts, and the reduction 

temperature are determined. The measurements were carried out using an Autosorb 

1C-TCD (Quantachrome) automatic apparatus, equipped with a thermal conductivity 

detector. A continuous flow of 5 vol.% H2/Ar (40 mL min-1) was passed over 500 mg of 

calcined catalyst powder. The temperature was increased from room temperature to 

1000 °C at a rate of 10 °C min-1. The sample was previously outgassed at 300 °C during 

30 minutes. 

3.4.6. Characterization of the Commercial Reducing Agents 

Three commercial reducers, metallurgical coke, petroleum coke and anthracite, were 

characterized following the same procedure used for pyrolysis solids for elemental 

analysis, proximate analysis, higher heating value (HHV) and reactivity to CO2 (sections 

3.4.2.1, 3.4.2.2, 3.4.2.4 & 3.4.2.5 respectively). These commercial reducers were 
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provided by Befesa Zinc Aser S.A. Company (located in Erandio, Spain). The results of 

these analyses are shown in section 4.2.1. 

3.5. Production and characterization of cokes prepared 

with a commercial coal blend and pyrolysis 

charcoals  

Mixtures of a commercial coal blend and the pyrolysis charcoals obtained were 

prepared and carbonized in the Instituto Nacional del Carbón (INCAR) located in 

Oviedo (Spain), which belongs to the Consejo Superior de Investigaciones Científicas 

(CSIC). The proportion of charcoal in the mixtures was varied between 0.3 - 5 wt.%. 

The produced biocokes were characterized also in the Instituto Nacional del Carbón. 

 

The commercial coal blend used had the characteristics shown in table 3.10. The 

charcoal used for the mixture was obtained from one of the pyrolysis experiments 

performed in this thesis and selected attending to its characteristics. The charcoal 

selected is specified in Section 4.2.2. 

Table 3.10. Chemical analysis of the commercial coal blend used for the carbonization tests 

  
Proximate analysis                                   

(wt.% dry basis)  
Elemental analysis                    

(wt.% dry ash free basis) 

Commercial 
coal blend 

Volatile Matter Inorganics Fixed carbon
a
 

 
C H N S Others

a,b
 

23.2 9.3 67.6 
 

89.7 4.9 1.2 0.7 3.5 
a
 by difference        

b
 mainly oxygen 

3.5.1. Carbonization process 

To produce the biocokes (cokes carbonized along with biomass derived products), 

carbonization tests were carried out in a semi-pilot movable wall oven of 

approximately 17 kg capacity. The dimensions of the oven are 250 mm L × 165 mm W 

× 790 mm H. The schematic drawing of the semi-pilot movable wall oven is shown in 

figure 3.13. One of the walls of the oven is mounted on a pair of rails so it can be 

moved to open the oven. A load cell is mounted on the movable wall to measure the 

force and pressure exerted on the wall during carbonization. The temperature at the 

center of the coal charge was monitored by a thermocouple connected to a computer. 
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A programmable controller was used to control the oven temperature.  The samples 

were top charged by the hole beneath the chimney once the oven reached 1100 °C. 

The temperature of the wall was kept constant throughout the test. The duration of 

the coking was approximately 4 h, which corresponds to the time needed for the 

center of the coal to reach 950 °C plus 15 minutes of soaking time. The mixtures of 

industrial coal blend and charcoal were carbonized with a dry bulk density of 782 ± 5 

kg/m3 and the moisture of the charge was fixed at 4.5-5 wt.%. 

 

Figure 3.13. Movable wall oven 

Once the carbonization was over, the load cell was dismounted, the two walls 

separated and the biocoke discharged from the oven. The produced biocoke was then 

refrigerated quenched with water and left at room temperature for a whole day.  

3.5.2. Characterization of the produced coke 

The characterization of the produced biocokes consisted on a first cold mechanical 

strength test in a rotary drum. From the resulting biocoke, those particles with a size 

>15 mm were then dried, sieved to a particle size between 19 and 22.4 mm and the 

coke reactivity index and coke strength after reaction tests were consequently 

performed. Gieseler plastometer tests were carried out with non carbonized mixtures 

of charcoal and the commercial coal blend.  
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The cold mechanical strength of the biocokes produced was determined by the JIS test 

(JIS K2151 standard procedure). The tests were performed introducing a sample of 10 

kg of cold biocoke in a 1.5 m long and 1.5 m diameter rotary drum (figure 3.14.) that 

rotates at 15 rpm for ten minutes. After the test the biocoke was sieved and both 

DI150/15 and DI150/5 indexes were calculated from the amount of coke with a 

particle size >15 mm and 15 mm > x > 5 mm respectively.  

 

 

Figure 3.14. Rotary drum used for the cold mechanical strength measurement 

3.5.2.1. Gieseler plastometer test  

The Gieseler plastometer test was applied to mixtures of pyrolysis solid samples and a 

commercial coal blend. With this technique, the variation of the coal blend fluidity due 

to the addition of the pyrolysis charcoal was determined. To perform this test, a R.B. 

Automazione PL 2000 Gieseler plastometer complying with the ASTM D-2639-74 

standard was used. A 5 g sample was first ground to a particle size smaller than 0.425 

mm and then heated at 3 °C/min from 340 °C to 550 °C, while a constant torque was 

applied to the stirrer inside the crucible containing the sample. The spin rate of the 

stirrer was measured continuously until it stopped. The parameters that define the 

plastic behavior of a certain material derived from this test were: (i) softening 

temperature (Ts), when the stirrer reaches a certain speed (1 dial divisions per minute 

(ddpm)); (ii) the temperature of maximum fluidity (Tf), when the stirrer reaches 

maximum velocity; (iii) resolidification temperature (Tr), when the stirrer stops (0 

ddpm); (iv) plastic range, (ΔT=Tr -Ts), which is defined as the difference between the 
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resolidification and softening temperatures; and (v) maximum fluidity (Fmax) expressed 

as dial divisions per minute (ddpm). 

3.5.2.2. Coke Reactivity Index (CRI) 

Coke reactivity index (CRI) was determined by means of the NSC (Nipon Steel 

Corporation) test (ASTM D5341 standard procedure). The sample consisted of 200 g of 

coke with particle size between 19 and 22.4 mm that had been previously dried at 200 

°C for 2.5 hours. The sample is placed into a metal crucible (as shown in figure 3.15) 

and flushed with a 5 L/min flow of N2 for 10 min, after which the crucible is introduced 

in the oven and kept at 1100 °C for two hours while flushed with a 5 L/min flow of CO2. 

Once the reaction is over, the crucible is extracted from the oven and cooled down in 

N2 atmosphere. 

 

Figure 3.15. Coke Reactivity Index measuring oven and crucible system 

The CRI is based on the Boudouard reaction (C (s) + CO2 (g)  2CO (g)) and represents 

the loss of weight of the sample due to the reaction with CO2, and it is expressed as a 

percent of the initial sample mass. Good quality metallurgical coke must fulfill a CRI ≤ 

30. 
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3.5.2.3. Coke Strength after Reaction (CSR) 

Coke mechanical strength after reaction (CSR) was determined by means of the NSC 

(Nipon Steel Corporation) test (ASTM D5341 standard procedure). The CSR represents 

the percentage of partially reacted coke (from CRI) that remains on a 9.5 mm sieve 

after 600 revolutions in a standardized drum. The rotary drum internal length and 

diameter are 700 mm and 130 mm respectively, and it is attached to an electric engine 

that moves it at 20 rpm. Good quality metallurgical coke must fulfill a CSR ≥ 60. 

3.6. Charcoal injection in a batch rig reactor 

experiments  

Injection conversion tests of the pyrolysis charcoal obtained were carried out in a 

batch rig reactor in the Steel Department (IEHK) of the RWTH Aachen University 

located in Aachen (Northrhein Westfalia – Germany). The Laboratory injection rig 

simulates the injection process of fine particles in a blast furnace (BF) raceway. Figure 

3.16 shows the different areas of the reactor: zone 1 simulates the hot blast before 

injection (1100 °C), zone 2 simulates the injection lance, in zone 3 the injection process 

takes place, while zone 4 simulates the oxidation zone of the raceway before the 

Boudouard reaction starts. The rig is positioned upright to prevent the particles from 

staying in the preheating or induction furnaces and to avoid the agglomeration of the 

molten particles inside the tube. 

 

The experiment starts when the particle filter is placed after the reactor (F) and the 

charcoal or coal sample is put into the sampler (E). Different amounts of charcoal were 

injected while the oxygen inlet remains constant, so that different oxygen/carbon 

ratios are tested. The injected charcoal sample amounts were increased in 25 mg steps 

from 50 to 275 mg (50, 75, 100, 125 …275 mg), which is equivalent to an injection rate 

in a blast furnace from about 55 to 450 kg/t hot metal. The reactor (I) is first 

pressurized with 1.8 bar of O2 and the sampler with 4 bar of N2. As soon as the 

nitrogen valve is open (M1), the sample is blown by a shock wave into the preheated 

O2 at 1100 °C, which simulates the hot air or oxygen stream (known as blast), it is 
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mixed with it and passes through a high temperature zone of 1700 °C, which simulates 

the raceway. While passing the reaction zone, the sample turns into gases and a 

residue, which consists of unconverted carbonaceous material and ash. The residence 

time for the sample particles is 20-30 ms.  

 

Figure 3.16. Laboratory batch injection rig at IEHK 

 

The remaining particles are trapped in the filter (F) and cooled down by a secondary N2 

flow to prevent further conversion. The resulting gas is analyzed with a GC online 

determining the contents of CO, CO2, CH4, H2, and O2. With the concentrations of these 

components, the sample weight, chemical composition and experimental conditions, 

the conversion degree (η) can be calculated with the following equation: 

                                                                 Eq. 3.6  

Where CO2, CO and CH4 are the content of the corresponding gases in the offgas 

(vol.%) and φCO2 is the theoretical maximum amount of CO2 production. The results are 

transferred to diagrams, which show the conversion degree vs. the O/C atomic ratio 

(oxygen in gas atmosphere versus carbon in the sample). 
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In addition to the charcoals tested in the batch rig reactor, an industrial pulverized coal 

was also tested for comparison sake. The pulverized coal used was analyzed following 

the techniques described in sections 3.4.2.1 & 3.4.2.2 and had the characteristics 

shown in table 3.11. 

Table 3.11. Chemical analysis of the pulverized coal injected in the batch rig reactor 

  
Proximate analysis                                   

(wt.% dry basis)  
Elemental analysis                    

(wt.% dry ash free basis) 

Pulverized 
coal 

Volatile Matter Inorganics Fixed carbon
a
 

 
C H N S Others

a,b
 

20.8 5.4 73.8 
 

92.5 4.8 1.2 0.7 0.8 
a
 by difference        

b
 mainly oxygen 
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4. RESULTS AND DISCUSSION 

In this chapter all the results obtained in this thesis are presented. It has been divided 

in two major sections. The first section is devoted to the pyrolysis experiments 

including the pyrolysis yields as well as the characterization of the pyrolysis solid, liquid 

and gaseous products. The second major section is devoted to study the suitability of 

pyrolysis solids as fuel and reducing agents for the metallurgical processes. 

4.1. Influence of process conditions on pyrolysis 

products 

In this section, the results obtained in all the pyrolysis experiments are presented. It 

has been divided in four subsections. The first subsection is a preliminary study of the 

influence of different temperature profiles, heating rates and residence times on the 

pyrolysis process. For this study Pinus pinaster has been used. In the second subsection 

a detailed study of the influence of peak temperature and temperature profile on 

pyrolysis products is presented. This study has been carried with Pinus radiata, since 

the Pinus pinaster was all used up and the providers (Biotermiak company) had run out 

of it. In the third subsection the differences in the results obtained with Pinus pinaster 

and the Pinus radiata are discussed. The last one is devoted, on the one hand, to the 

study of the effects of different catalysts in the vapors treatment step and, on the 

other hand, to the study of the influence of pyrolysis temperature on vapors upgrading 

when the best of the studied catalyst is used. 
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4.1.1. Preliminary study of the influence of peak temperature, reactor 

temperature profile and residence time in the pyrolysis products (Pinus 

pinaster) 

This section is devoted to study the influence of the heating rate, peak temperature 

and solid residence time in the pyrolysis yields and in the composition of the solid, 

liquid and gaseous products. As has been mentioned, this study was carried out with 

Pinus pinaster. 

 

The following notation is used to specify the parameters of the pyrolysis experiments 

carried out: PP is the sample acronym (for Pinus pinaster), T1-T2-T3-T4 corresponds to 

the temperatures in °C of the four heating zones of the pyrolysis reactor, T5 is the 

temperature in °C of the vapors treatment step, tR is the residence time of the biomass 

inside the pyrolysis reactor (32 or 64 min) and finally the catalyst used is detailed 

(although no catalyst was used in this section). The parameters that define the six 

experiments carried out in this study are presented in table 4.1. 

Table 4.1. Operation parameters of the experiments in section 0. 

Biomass T1 T2 T3 T4 T5 tR (min) Catalyst 
 

Experiment name 

Pinus pinaster 300 450 600 750 900 32 - 
 

PP750-32 

Pinus pinaster 300 500 700 900 900 32 - 
 

PP900-32 

Pinus pinaster 900 900 900 900 900 32 - 
 

PP900iso-32 

Pinus pinaster 300 4500 600 750 900 64 - 
 

PP750-64 

Pinus pinaster 300 500 700 900 900 64 - 
 

PP900-64 

Pinus pinaster 900 900 900 900 900 64 - 
 

PP900iso-64 

Three different temperature profiles have been studied: 300-450-600-750 °C, 300-500-

700-900 °C and 900-900-900-900 °C. The temperature of vapors treatment (T5) was 

900 °C in all the experiments and two different residence times inside the pyrolysis 

reactor were used: 32 minutes and 64 minutes. For the sake of simplicity, a shortened 

name that defines enough the experiments will be used in the discussion of the results. 

Such name, which is included in table 4.1 is composed of the acronym of the biomass 

followed by the peak pyrolysis temperature, a superscript “iso” in the case of 

isothermal temperature profiles and the residence time after a hyphen. For example, 

the PP 300450600750 900 32 experiment will be referred as PP750-32 and the PP 

900900900900 900 64 experiment will be referred as PP900iso-64.  



Chapter 4 

 

101 
 

4.1.1.1. Pyrolysis yields 

The pyrolysis solid and liquid yields obtained were determined by comparing the initial 

raw sample weight with the weights of the charcoal produced and of the bio-oils 

trapped in the tared thimbles in every experiment. The pyrolysis gas yield was 

calculated by difference to one hundred. The solid, liquid and gas yields obtained in 

this first set of experiments are presented in table 4.2. Each yield presented in the 

table is the mean value of at least two equivalent experiments that did not differ more 

than 4 points. 

Table 4.2. Pyrolysis yields (wt.%) obtained in pyrolysis of Pinus pinaster with different peak 
temperature, temperature profile and residence time 

 

 
PP750-32 PP900-32 PP900iso-32 PP750-64 PP900-64 PP900iso-64 

SOLID 30.7 28.8 21.0 29.0 25.3 19.3 

LIQUID 22.2 20.4 9.7 22.4 17.0 5.8 

GAS* 47.1 50.8 69.3 48.6 57.7 74.9 

*by difference       

As it can be observed in table 4.2, charcoal yields are in the range of  19-31 wt.%, liquid 

yields vary between 6-22 wt.% and gas yields are always very high (47-75 wt.%). For 

both residence times the increase of temperature implies a decrease of the solid and 

liquid yields, and consequently an increase of the gas yields. Similar results were 

obtained in a semibatch reactor with olive tree cuttings by the research team within 

which this thesis has been carried out [13], as well as by other authors in a semibatch 

reactor with Cynara Cardunculus L. crops [127] and in a screw reactor of up to 10 kg h-1 

with fruit tree cuttings [33]. The influence of temperature in the pyrolysis yields is 

significantly greater from the PP900 to the PP900iso than from the PP750 to the PP900 

experiment, there is a bigger drop of the solid yield and especially of the yield of 

liquids in the higher temperature range in both the 32 min and 64 min residence time 

operations.  

 

Concerning the residence time, as a general rule, its increase enhances gas yields and 

reduces solid and liquid yields, although the variation of solid yield is less pronounced 

than that of liquid yields, except at the lower temperature (PP750-32 and PP750-64) at 

which liquid yields do not change. Puy et al. [52] obtained a similar influence of 
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residence time in the pyrolysis yields of forestry waste (pine wood chips). On the 

contrary Encinar et al. [127] reported a decrease of liquid yield but an increase of solid 

yield with the increase of residence time in the pyrolysis of Cynara Cardunculus L. 

crops. Fassinou et al. [54] reported that at temperatures as high as 750 °C hot charcoal 

adsorbs vapors thus enhancing solid yield. An explanation to the difference between 

these results and those of the thesis may be that none of these authors worked at 

temperatures higher than 750 °C, and the effect of residence time is dependent on 

final temperature and heating rate, statement that has been corroborated by other 

authors [28]. 

 

The decrease of solid and liquid yields and the increase in gases with residence time is 

also contrary to what was obtained in a semibatch reactor by the research team of the 

author of this thesis in previous studies [14]. The reasons for this difference are on the 

one hand that in such studies, as in the cases of Encinar [127] and Fassinou [54], 

temperature was just 750 °C while in this work temperatures as high as 900 °C have 

been used, and on the other hand, that very different pyrolysis reactors have been 

used. In the previous study a non-stirred batch reactor was used, while in this thesis 

the reactor used has been a continuous screw reactor in which the effects of the 

following parameters overlap: heating rate, total residence time and time exposed to 

the highest temperature (900 °C). For instance, in the two experiments with an 

isothermal temperature profile (PP900iso-32 & PP900iso-64), the effect of time exposed at 

900 °C prevails over the other two, since such time is different in the two experiments 

(32 minutes in PP900iso-32 and 64 minutes in PP900iso-64 respectively). Similarly, solid 

yield is much higher in the PP900-64 experiment than in the PP900iso-64 experiment 

since in the former biomass is exposed to 900 °C just for 16 min (one quarter of the 64 

min of residence time). The parameter that better reflects the extent of the reaction is 

the gas yield, which is the final product of cracking reactions and secondary reactions 

amongst the first biomass derived products; the increase of gas yield is achieved at the 

expense of both solids and liquids. The decrease of charcoal yield with the increase of 

temperature and residence time can be attributed to two main reasons: a further and 

more extensive carbonization process takes place, and more secondary reactions 

between the solid and the vapor phase are produced [128] (these reactions will be 
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further explained in section 4.1.1.4.). The thermal cracking reactions within the vapor 

phase, which are catalyzed by the charcoal itself, reduce the molecular weight of the 

organic compounds that once condensed will give rise to bio-oils, turning them into 

gases. Therefore, the longer the exposition at peak temperature the higher the gas 

yield and the lower the liquid and solid yields. Accordingly, the principal operation 

parameter driving high temperature slow pyrolysis in the auger reactor used in this 

thesis is the time exposed to peak temperature (900 °C). 

4.1.1.2. Pyrolysis solids 

Table 4.3 shows the proximate and elemental analyses, the reactivity to CO2 and the 

HHV of the charcoal obtained in this series of pyrolysis experiments. Regarding the 

proximate analysis, it can be seen that the charcoals obtained have in all the cases very 

high fixed carbon content (>83 wt.%) and very low volatile matter content (6-10 wt.%). 

The moisture decreases with temperature, especially between PP750 and PP900 for 

both residence times, while the ash (inorganics), which are inert materials, increase 

with temperature as a consequence of the release of volatiles from the charcoal.   

Table 4.3. Proximate and elemental analysis, reactivity and HHV of the solids obtained in 
pyrolysis of Pinus pinaster with different peak temperature, temperature profile and residence 

time 
 

 
PP750-32 PP900-32 PP900

iso
-32 PP750-64 PP900-64 PP900

iso
-64 

Proximate analysis (wt.% ap)         

Moisture 4.6 2.2 1.6 4.2 1.5 1.3 

Volatile Matter 10.1 8.6 5.9 8.1 6.6 6.4 

Inorganics 1.9 2.1 2.6 2.0 2.1 2.9 

Fixed carbon
a
 83.4 87.1 89.9 85.7 89.8 89.4 

HHV (MJ kg
-1

) 29.9 30.9 32.3 29.4 28.3 31.3 

Elemental analysis (wt.% daf)         

C 96.8 97.3 99.1 98.1 98.9 99.1 

H 1.4 1.1 0.8 1.0 0.7 0.4 

N 0.0 0.0 0.0 0.0 0.0 0.4 

S 0.0 0.0 0.0 0.0 0.0 0.0 

Others
a,b

 1.8 1.6 0.1 0.9 0.4 0.1 

H/C ratio 0.2 0.1 0.1 0.1 0.1 0.0 

Reactivity to 
CO2 (%) 

26.0 24.1 15.3 19.8 16.7 11.9 
a
 by difference 

   
ap: as produced basis 

b
 mainly oxygen 

   
daf: dry ash free basis 
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As a general rule, increasing the final temperature as well as the time exposed at the 

peak temperature enhances the fixed carbon content and reduces the content of 

volatile matter. The same effects (fixed carbon increase and volatile matter decrease) 

are observed when the total residence time is increased from 32 to 64 minutes, except 

for the 900iso °C experiments in which there is no effect of residence time. With 

respect to the elemental composition, the solids consist mainly of carbon, with very 

low contents of hydrogen, oxygen and almost no nitrogen. It can be observed that the 

increase of either time exposed to the final temperature or the total residence time 

causes higher carbon contents and lower hydrogen and “others” content. Regardless, 

the influence of the operation parameters in the elemental composition of the 

charcoal is not very much pronounced. 

 

Similar results have been reported by Agirre et al. [33]. At high temperatures (900 °C) 

the carbonization process is almost complete, in fact, if the data obtained in the 

experiments PP900iso-32, PP900-64 and PP900iso-64 are considered, it can be seen that 

the solid compositions are very similar. These data confirms the aforementioned 

statement that the prevailing effect in the pyrolysis reaction is the time exposed to the 

peak temperature. In these three experiments the biomass was exposed to the highest 

temperature (900 °C)  for a time long enough to achieve complete carbonization: 32 

min in PP900iso-32, 16 min in PP900-64 (a quarter of 64 min) and 64 min in PP900iso-64. 

On the contrary in the experiments PP900-32 (8 min at 900 °C) and PP750-64 (no time 

at 900 °C) the time exposed to high temperature is lower and therefore there is still 

room for further reaction. In addition, the fact that the composition of PP900iso-32, 

PP900-64 and PP900iso-64 charcoals (table 4.3) do not vary significantly from one 

another validates the explanation that secondary reactions between gases and solids 

are the main reason why charcoal yield decreases at the highest temperature but its 

composition does not change since no more carbonization is taking place. 

 

Regarding the CO2 reactivity, it can be seen that it decreases along with the 

carbonization degree and the loss of volatiles and this occurs as longer are the time 

exposed to the peak temperature and the total residence time. This is probably due to 

graphitization phenomena and to the disappearance of the surface functional groups 
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that could act as active sites for CO2 reception. These conclusions are similar to those 

obtained by Agirre et al. [33]. Hence, it can be concluded that the carbonization degree 

plays a big role in reactivity. Despite the reduction of reactivity at the highest 

temperatures, these charcoals have still higher reactivity than that of the common 

metallurgical reducers provided by Befesa Zinc Aser S.A., whose reactivity values 

(determined following the same method described in section 3.4.2.5) are around 6% 

and 2% respectively. 

 

The higher heating value of the charcoals increases with temperature and heating rate 

(except in the comparison between PP750-64 and PP900-64) but these variations are 

not very big and the HHV of all the sample are between 28 and 32 MJ kg-1. The 

potential uses of the charcoals will be outlined in section 4.1.3, and a further 

discussion of its potential suitability for the metallurgical industry will be presented in 

section 4.2. 

4.1.1.3. Pyrolysis liquids 

The pyrolysis liquids obtained in the experiments were a clear yellowish liquid that 

were collected from the retention thimbles of the condensing system by Soxhlet 

extraction with THF. The results obtained in the GC/MS analysis of the pyrolysis bio-oils 

are summarized in table 4.4. Only those compounds with a percentage quantified area 

greater than 3% have been included in table 4.4, those that did not fit this parameter 

are quantified as minor compounds. Under the name “Non identified” the compounds 

with a match quality provided by the MS search engine lower than 85% have been 

included all together.  
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Table 4.4. Composition of pyrolysis liquids (% area) obtained in pyrolysis of Pinus pinaster with 
different peak temperature, temperature profile and residence time 

 

  

PP750-
32 

PP900-
32 

PP900
iso

-
32 

PP750-
64 

PP900-
64 

PP900
iso

-
64 

WATER   17.4 12.1 22.1 19.3 15.7 45.3 

Phenol (C6H6O) 6.7 n.d. n.d. 8.7 3.5 n.d. 
Butylated 
Hydroxytoluene 

(C15H24O) 9.7 13.6 19.2 6.6 6.3 42.5 

TOTAL 1-RING PRODUCTS 16.4 13.6 19.2 15.3 9.8 42.5 

Naphtalene (C10H8) 18.4 37.3 23.2 19.4 23.8 n.d. 

Naphthalene methyl (C11H10) 7.6 3.2 n.d. 10.3 5.4 n.d. 

Biphenylene (C12H8) 8.2 7.3 6.1 8.9 11.3 n.d. 

TOTAL 2-RING PRODUCTS 34.2 47.8 29.3 38.6 40.5 n.d. 

Fluorene (C13H10) 4.9 3.6 n.d. 4.3 6.5 n.d. 

Anthracene (C14H10) 16.9 19.2 22.1 12.1 22.7 6.8 

TOTAL 3-RING PRODUCTS 21.8 22.8 22.1 16.4 29.2 6.8 

Minor compounds* 
 

9.0 3.1 7.3 10.1 3.4 3.9 

Non identified   1.2 0.6 0.0 0.3 1.4 1.5 

n.d.: not detected 

     
* <3% area 

The organic products of table 4.4 have been classified depending on the amount of 

aromatic rings they contain: phenolic compounds and butylated hydroxytoluene are 

possess just one ring; indene, naphtalenic compounds and biphenylene possess two 

rings; and fluorene and anthracene three rings. According to Aigner et al. [129], two 

and three ring aromatics are considered light PAH (polycyclic aromatic hydrocarbons) 

compounds while larger than three ring compounds are called heavy PAH compounds.  

 

Before discussing the effect of the operation conditions on pyrolysis liquids 

composition, it is important to mention that the results concerning composition must 

not be considered as conclusive for the following reasons: 

- The composition is presented in % area, therefore it is not as quantitative as a 

wt.% but helps to elucidate tendencies. 

- Water and water soluble compounds may not be totally retained in the thimbles 

of the condensation section of the pyrolysis plant. 

- The existence of non identified and minor compounds. 

 

It can be observed that the bio-oils are composed by a significant amount of water (12-

45% area) and several major aromatic compounds that are present in all the cases, 

along with a low proportion of minor compounds 3-10% area. Regarding the content of 
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water, it is reduced from PP750 to PP900, on the contrary, in the PP900iso experiments 

a clear increase of the water content with residence time is observed, especially 

between PP900-64 and PP900iso-64. In fact, in the isothermal experiments the absolute 

yield of water (considering the share of water and the pyrolysis liquid yield) is similar 

since there is a significant reduction of the overall liquid yield from 900 °C to 900iso °C. 

This happened because of the transformation of organic products into lighter products 

(gases) due to primary cracking and secondary reactions with the volatilized organic 

molecules (steam reforming: CnHm + n H2O ⇌ n CO + (m + n/2) H2) and the charcoal 

surface (water gas reaction: C + H2O ⇌ CO + H2). The increase of residence time from 

32 to 64 minutes also increases the water content for every temperature profile for 

the same reason. 

 

Concerning the organic products, in the PP750 and PP900 experiments (for both 32 

and 64 min) the variation of the composition is rather arbitrary but it can be stated 

that between PP750 and PP900 the content of monoaromatic compounds decrease 

and the content of two and three-ringed polyaromatic compounds increase for both 

32 and 64 minutes. On the contrary, between PP900 and PP900iso the content of 

monoaromatic compounds increase, especially between PP900-64 and PP900iso-64, 

and the content of two and three-ringed polyaromatic compounds decrease for both 

32 and 64 minutes. It is also worth mentioning that the number of different organic 

compounds in the bio-oils decreases at the higher temperature, and the remaining 

compounds are the heaviest. Similar conclusions concerning composition were 

reported by Aigner et al. [129].  

4.1.1.4. Pyrolysis gases 

Table 4.5 shows the composition and HHV of the pyrolysis gases obtained in this set of 

experiments. It can be seen that H2 and CO are the main components in all cases, but 

there is also methane, CO2 and very low quantities of ethylene and ethane.  
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Table 4.5. Composition (vol.%) and HHV of pyrolysis gases obtained in pyrolysis of Pinus 
pinaster with different peak temperature, temperature profile and residence time 

 

 
PP750-32 PP900-32 PP900

iso
-32 PP750-64 PP900-64 PP900

iso
-64 

HHV (MJ Nm
-3

) 14.9 12.8 12.9 14.7 13.5 12.2 

HHV (MJ kg
-1

) 18.8 17.0 19.7 17.7 19.3 19.3 

Compound vol.% vol.% vol.% vol.% vol.% vol.% 

H2 37.2 43.2 47.5 34.9 47.0 50.5 

CO 23.8 27.1 35.1 21.9 24.7 34.7 

CO2 19.1 17.9 8.6 22.5 15.7 8.6 

Methane 17.1 10.2 8.5 17.4 10.9 6.2 

Ethane 0.5 0.1 0.1 0.5 0.0 0.0 

Ethylene 2.3 1.5 0.2 2.8 1.7 0.0 

Concerning the influence of temperature on gas composition, hydrogen and CO are 

favored by the increase of the peak temperature, as well as by the increase on heating 

rate, with both residence times, while CO2, methane, ethane and ethylene contents 

decrease. As a general rule, the effect of temperature in the share of CO and CO2 is 

more pronounced from PP900 to PP900iso experiments than from PP750 to PP900 

experiments, especially in the case of CO, which increases up to ten points from 

PP900-64 to PP900iso-64. In the case of hydrogen and methane the contrary occurs, the 

effect of temperature in their content is more pronounced from PP750 to PP900 

experiments than from PP900 to PP900iso experiments.  

 

Similar compositions of pyrolysis gases obtained at high temperatures can be found in 

the literature [52,54], however, in the case of Puy et al. [52] CO2 concentration did not 

change much with temperature which may be attributed to the very short residence 

time used (no more than 5 min). The compositional changes seen in the present work 

are mainly caused by chemical reactions among the products in the vapor phase and 

both the solid phase and the steam within the vapor phase. The reaction of both CO2 

and water in the vapor phase with the carbon atoms from the surface of charcoal to 

produce CO and hydrogen is greater at higher temperature, since two endothermic 

reactions, which are favored by temperature, take place: the Boudouard reaction (C + 

CO2 ⇌ 2 CO) and the water-gas reaction (C + H2O ⇌ CO2 + H2). These reactions, at the 

same time justify the reduction of the solid yields with temperature (as it has been 

seen in section 4.1.1.1). There seems to be a direct relationship between the increase 
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of CO and the decrease of CO2, which is justified by the stoichiometrical relationship in 

the Boudouard reaction. The methane content decreases with temperature mainly due 

to dry reforming (CnHm + n CO2 ⇌ 2n CO + 0.5m H2) and steam reforming reactions 

with H2O (CH4 + H2O ⇌ CO + 3 H2). These reactions are endothermic and therefore are 

promoted by the higher temperatures according to the equilibrium laws formulated by 

Le Chatelier. It can also be observed that in the 900 °C experiments, either isothermal 

or non-isothermal, the hydrogen content of the gases is higher than in the 750 °C 

experiments.  

 

Concerning the effect of residence time, there is not a unique tendency; the effect 

depends on both the peak temperature and temperature profile. At 750 °C the 

increase of residence time decreases hydrogen and CO content and increases CO2 and 

methane. At 900 °C the increase of residence time increases hydrogen and methane 

content and reduces CO and CO2 content, while at 900iso °C the increase of residence 

time increases hydrogen content, decreases CO and methane, and CO2 does not vary. 

 

The HHV of the gases do not follow clear tendencies neither with temperature nor 

with the residence time, although it can be seen that at 900 °C the HHV per unit of 

volume is lower than at 750 °C and the HHV per unit of mass is higher than at 750 °C 

(except for shorter exposition time at 900 °C as is PP900-32). Either way,  the HH are 

similar in all the experiments (12-15 MJ Nm3 and 17-20 MJ kg-1) and rather low 

compared to natural gas (aprox. 37 MJ Nm-3), and somewhat lower than town gas 

(aprox. 18 MJ Nm-3) [130]. 

 

Anyhow, the variation of gas composition with residence time is quite moderate. This 

fact, along with the also moderate effect of time in liquids that has been observed in 

the previous sections, enable to conclude that once reached a sufficiently high 

carbonization degree at the higher temperatures, it is not worth enlarging the 

residence time since no further enhancement of the quality of pyrolysis products is 

achieved. For this reason, the subsequent sets of experiments were carried out with a 

residence time of 32 minutes. 
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4.1.2. Detailed study of the influence of peak temperature and reactor 

temperature profile on pyrolysis products (Pinus radiata) 

This section is devoted to analyze the influence of the peak temperature and 

temperature profile of the screw reactor in the pyrolysis yields and products 

composition. Ten different temperature profiles have been tested in order to study the 

influence of the heating rate and peak temperature in a wider range than that 

presented in section 0. In this section the temperature is varied from 300 °C to 900 °C 

every 100 °C while in the previous study just 2 temperatures (750 and 900 °C) were 

tested. As has been mentioned before, this study was carried out with Pinus radiata 

(PR). The change from Pinus pinaster to Pinus radiata was not due to any academic 

reason but to a logistic reason since the company that supplied the biomass ran out of 

the former biomass. In addition, as stated in section 2.1.2.2, Pinus radiata is the most 

common tree species in the Basque Country territory. The experimental conditions 

used and the naming criteria (equivalent to that used in the previous section) for these 

set of experiments are shown in table 4.6. 

Table 4.6. Operation parameters of the experiments in section 0 

Biomass T1 T2 T3 T4 T5 tR (min) Catalyst 
 

Experiment name 

Pinus radiata 300 300 300 300 800 32 - 
 

          PR300 

Pinus radiata 300 400 400 400 800 32 - 
 

           PR400 

Pinus radiata 300 500 500 500 800 32 - 
 

           PR500 

Pinus radiata 300 500 600 600 800 32 - 
 

           PR600 

Pinus radiata 300 500 700 700 800 32 - 
 

           PR700 

Pinus radiata 300 500 700 800 800 32 - 
 

           PR800 

Pinus radiata 300 500 700 900 800 32 - 
 

           PR900 

Pinus radiata 500 500 500 500 800 32 - 
 

           PR500iso 

Pinus radiata 700 700 700 700 800 32 - 
 

           PR700iso 

Pinus radiata 900 900 900 900 800 32 - 
 

           PR900iso 

This set of experiments differ only in the temperature profile in which the pyrolysis 

was carried out, the temperature of the vapors treatment (800 °C) and the residence 

time (32 min) are the same in all these experiments, and again no catalyst is used in 

this study. Since the residence time is the same for all the experiments, this data is not 

included in the shortened experiment name.   
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It must be pointed out that the vapors treatment temperature is lower than that used 

in the previous set of experiments (900 °C in section 0 vs. 800 °C in this section). The 

reason for this change was that a subsequent study of the effect of catalysts in 

pyrolysis vapors upgrading was going to be carried out and the support of the catalysts 

to be used is degraded at temperatures higher than 800 °C. 

 

It can be seen in table 4.6 that six of the experiments were carried with a gradual 

heating rate (non-isothermal temperature profile inside the reactor) while the other 

four experiments were conducted with an isothermal temperature profile. Therefore, 

the results will be discussed under the subheading non-isothermal and isothermal 

runs. However, for the sake of testing the influence of low pyrolysis temperature, the 

PR300 experiment will be used for comparison sake both for isothermal and non-

isothermal runs. 

4.1.2.1. Pyrolysis yields 

Non-isothermal runs 

The solid, liquid and gas yields obtained in the non-isothermal pyrolysis experiments 

are presented in table 4.7. Each yield presented in the table is the mean value of at 

least two equivalent experiments that did not differ more than 4 points. 

Table 4.7. Pyrolysis yields (wt.%; non-isothermal profiles) obtained in pyrolysis of Pinus radiata 
with different peak temperature 

 

  PR300 PR400 PR500 PR600 PR700 PR800 PR900 

SOLID 53.8 42.0 32.8 30.3 26.2 26.7 22.5 

LIQUID 36.6 38.6 40.8 34.1 30.5 22.8 20.9 

GAS* 9.6 19.4 26.4 35.6 43.3 50.5 56.6 
*by difference        

It can be seen in table 4.7 that the increase in the peak temperature has a great 

influence on the pyrolysis yields. The solid yield decreases with the increase of 

temperature from 53.8 wt.% at 300 °C to 22.5 wt.% at 900 °C. There is a strong 

decrease in solid yield up to 500 °C and then a much gradual decrease over this 

temperature. The gas fraction is also strongly influenced by the peak temperature, it 

increases from 9.7 wt.% to 56.6 wt.% at 900 °C. Pyrolysis liquids, unlike chars and gas, 
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increase with temperature (300 to 500 °C) and then decrease, varying from 36.6 wt.% 

at 300 °C to a maximum at 500 °C (40.8 wt.%) and then the minimum at 900 °C (20.9 

wt.%).  

 

The initial increase at the lower temperature (300 to 500 °C) of the liquid yields is 

attributed to a greater decomposition of the biomass while the subsequent decrease 

of liquids is attributed to the cracking of these liquids into gases. Therefore gas yields 

increase both because liquids and solids are cracked and because of secondary 

reactions between the solid and the vapors and amongst the vapors themselves. In the 

higher temperature range (600 to 900 °C) the liquids reactions contribute more than 

the solid degradation to the production of gases.  

 

These results are in agreement with several publications [26,131,132], as the peak 

temperature increases, the yield of the solid fraction is reduced due to more severe 

thermal cracking reactions that break the large complex organic molecules of the 

biomass into smaller molecules, which emanate as vapors. According to Pereira et al. 

[133], up to 300 °C the moisture is volatilized and most of the hemicellulose and a 

minor part of cellulose and lignin are degraded. Increasing the temperature to 500 °C 

causes further degradation of lignin and cellulose, and, consequently, liquid production 

reaches its maximum while non condensable vapors (gas) yield continues increasing 

over 500 °C. Aysu et al. [26] asserted that the reason why pyrolysis liquids are 

converted into gaseous products at higher pyrolysis temperatures is the production of 

secondary cracking reactions of the organic molecules that compose the pyrolysis 

vapors. In a former work of the research team that hosts the author of this thesis [25], 

it was concluded that at 900 °C other secondary reactions, such as Boudouard (C + CO2 

⇌ 2 CO) and water-gas reactions (H2O + C ⇌ H2 + CO), occur in the pores and on the 

surface of the solid between the charcoal and the vapor phase. This causes the 

degradation of the carbonaceous solid and therefore reduces the overall charcoal yield 

in favor of the gas yield.  
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Isothermal runs 

Table 4.8 shows the products yields obtained in the isothermal profile pyrolysis 

experiments. The conclusions that can be reached are similar to those obtained for the 

non-isothermal experiments presented in table 4.7. The peak temperature plays a very 

influential role; the higher the temperature the lower the solid yield and the higher the 

gas yield, while the liquid yield presents a slight maximum at 500 °C (36.8 wt.%) and 

then is reduced to 10.7 wt.% at 900 °C. 

Table 4.8. Pyrolysis yields (wt.%; isothermal profiles) obtained in pyrolysis of Pinus radiata with 
different peak temperature 

 

  PR300iso PR500iso PR700iso PR900iso 

SOLID 53.8 31.4 24.3 19.3 

LIQUID 36.6 36.8 24.9 10.7 

GAS* 9.6 31.8 50.8 70.0 
*by difference     

A comparison of the isothermal and non-isothermal experiments is presented in figure 

4.1, where the pyrolysis yields of the non-isothermal experiments are represented in 

the form of broken lines and the results of the isothermal experiments are represented 

in single dots on their corresponding temperature. Solid yields are quite similar with 

both temperature profiles, but in all cases the solid yields values are lower in the 

isothermal experiments and the differences somewhat increase with temperature (3.8 

points difference in the wt.% at 900 °C). The differences between liquid yields are 

more pronounced than that of solids, yielding the isothermal tests lower proportion of 

liquid. The differences grow constantly with temperature (4.0, 5.6 and 10.2 wt.% at 

500, 700 and 900 °C respectively). Therefore, since solids and liquids yields are lower 

for the isothermal experiments, gas yields are always much higher in the isothermal 

experiments than in their non-isothermal counterparts, reaching 70.0 wt.% gas yield at 

900 °C, which means a difference of 13.4 points in the wt.%. The reduction of liquid 

yields is beneficial since bio-oils consist on a mixture of an aqueous phase and a tarry 

organic substance that can cause logistic problems such as corrosion problems and 

obstructions that originate overpressures, hence demanding regular maintenance 

routines. In addition, the bio-oils are not directly useful products as fuel or chemical 

source (they require costly upgrading operations) while gases can be more directly 
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used after just a proper separation or purification operation. Since the bio-oils yields 

are reduced when isothermal temperature profiles of up to 900 °C are utilized, it can 

be concluded that, considering only pyrolysis yields, operation at high temperature 

and with an isothermal temperature profile is more convenient on the operational 

point of view.  

 

Figure 4.1. Comparison between isothermal and non-isothermal pyrolysis experiments (broken 
lines: non-isothermal runs, single dots: isothermal runs) 

The results in figure 4.1 have shown that the temperature profile, which determines 

the heating rate of the biomass, is a very important parameter that influences the 

amount and characteristics of pyrolysis products. As it has been seen in this work in 

the isothermal experiments, which implies a higher heating rate, less solid and liquid 

and more gases are obtained than in the non-isothermal runs, which involves a 

progressive heating. On the contrary, there are studies in the literature that obtain a 

different tendency. Duman et al. [134] and Adrados et al. [14] pyrolyzed different 

biomasses in a discontinuous batch reactor using different heating rates, and both of 

them obtained more char and gases and less liquids when the heating rate was 

lowered. It has been reported by Angin [135] that the higher char yield obtained when 

decreasing the heating rate is attributed to the fact that the emerging products have 

more time to react and carbonize. However, this does not apply to a continuous 

reactor. As it has been explained in section 0, when a continuous auger reactor is used, 

the effects of many different parameters overlap, so it is difficult to isolate and study 

0.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

80.0 

300 400 500 600 700 800 900 

Y
ie

ld
 (

w
t.

%
) 

Temperature (°C) 

SOLID (wt.%) LIQUID (wt.%) GAS (wt.%) 



Chapter 4 

 

115 
 

the influence of the heating rate itself. It has been proven in section 0 that the 

prevailing parameter in a continuous screw reactor is the time of exposure of the solid 

to the peak temperature because a longer exposition at high temperatures further 

degrades the solid and in the isothermal experiments the sample is exposed more time 

to the peak temperature than in the gradual heating experiments. Eventually the 

global residence time is the same in the isothermal and non-isothermal runs because 

of the continue nature of the applied regime, but, as stated before, the exposure time 

to peak temperature is greater in the isothermal experiments, and therefore the 

secondary endothermic reactions (Boudouard and water gas reactions) take place to a 

greater extent. 

4.1.2.2. Pyrolysis solids 

Non-isothermal runs 

Table 4.9 shows the proximate and elemental analysis, the reactivity to CO2 and the 

HHV of the charcoal obtained in the pyrolysis experiments with non-isothermal 

temperature profiles. Concerning the proximate analysis, the obtained charcoals 

present different fixed carbon contents ranging from 45.9 wt.% at 300 °C to 83.6 wt.% 

at 700 °C and 90.6 wt.% at 900 °C. The content of volatile matter is rather high at the 

lowest temperature (300 °C), amounting to almost half of the solid (47 wt.%). 

Nonetheless at higher temperatures this value decreases significantly, being the 

decrease much more pronounced between 300 and 600 °C (33.3 points difference in 

the wt.%) than from 600 °C to 900 °C (9.9 points difference in the wt.%). At 900 °C the 

volatile matter is lower than 6 wt.%. Concerning the ash content, it increases with 

temperature although it is rather low for all the charcoals (<4 wt.%), as was to be 

expected according to the low ash content of the original sample. The inorganic matter 

(ash) present in the original sample is an inert material not affected by the pyrolysis 

process, therefore its content in the charcoal simply increases because the total solid 

yield decreases The moisture content is also rather low in all cases and decreases with 

temperature from 5-6 wt.% to 1 wt.%.  
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Table 4.9. Proximate and elemental analysis, reactivity to CO2 and HHV of the solids obtained 
(non-isothermal profiles) obtained in pyrolysis of Pinus radiata with different peak temperature 

 

  PR300 PR400 PR500 PR600 PR700 PR800 PR900 

Proximate analysis (wt.% as produced basis) 

Moisture 4.8 6.0 4.2 2.6 2.6 3.0 1.0 

Volatile Matter 47.6 35.3 24.8 14.3 10.5 9.2 5.4 

Inorganics 1.8 2.1 3.0 3.9 3.3 3.4 3.0 

Fixed carbon
a
 45.8 56.6 68.0 79.2 83.6 84.4 90.6 

HHV (MJ kg
-1

) 27.4 28.8 31.2 32.6 32.1 32.5 32.3 

Elemental analysis (wt.% dry ash free basis) 

C 76.0 83.1 90.3 96.3 98.9 99.2 99.1 

H 10.1 3.3 1.8 1.9 0.1 0.2 0.2 

N 0.2 0.1 0.2 0.3 0.1 0.1 0.1 

S 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Others
a,b

 13.7 13.5 7.7 1.5 0.9 0.5 0.6 

H/C ratio 1.6 0.5 0.2 0.2 0.0 0.1 0.0 

Reactivity to CO2 
(%) 

66.9 47.3 36.6 30.4 27.0 23.0 23.3 
a
 by difference  b

 mainly oxygen 

Regarding the elemental composition of the solid, the increase of temperature 

increases the elemental carbon content from 76 wt.% at 300 °C to 99 wt.% over 700 °C, 

and decreases the hydrogen content from 10 wt.% at 300 °C to 0.1-0.2 wt.% over 700 

°C. The oxygen content (major component of "others") of the charcoals also decreases 

from 13.6 wt.% at 300 °C to 0.5-0.6 wt.% at 800 and 900 °C. Concerning nitrogen, its 

content is very low in all cases (0.1-0.3 wt.%).  

 

Comparing the original biomass (Pinus radiata) with the 300 °C pyrolysis solid, it can be 

seen that a great increase in carbon content (29 wt.%) and a great decrease in oxygen 

(>30 wt.%) has been produced. This phenomenon is explained because of the drying 

process that removes the intrinsic moisture from the fresh biomass and the major 

degradation of hemicellulose, and of cellulose and lignin to some extent. Rising the 

temperature over 500 °C further increases carbon and reduces oxygen contents due to 

the complete degradation of the remaining constituents of the biomass, which causes 

hydrogen and oxygen to be removed from the solid in the form of vapors. At very high 

temperatures (700 to 900 °C) it can be considered that the reaction is almost complete 

since the elemental composition of the charcoal remains practically unaltered and is 

99 wt.% carbon.   
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Regarding the charcoal reactivity to CO2, it clearly decreases with temperature (from 

66.9% at 300 °C to 23.3% at 900 °C) matching the increase of its fixed carbon content 

and the decrease of volatiles, similarly to the conclusions obtained by Agirre et al. [33]. 

This is due to the progressive carbonization phenomenon of the solid and the 

reduction of the surface functional groups that could act as active sites and trigger the 

reaction with CO2. It has to be mentioned that, even at the highest pyrolysis 

temperatures, the charcoals reactivity is still higher than those obtained with common 

metallurgical reducers as anthracite and metallurgical coke, whose reactivity values 

are detailed in section 4.1.1.2.  

 

Concerning the higher heating value (HHV) of the charcoals, it increases with 

temperature from 27.4 MJ kg-1 at 300 °C to 32.3 MJ kg-1 at 900 °C, which is caused by 

the reduction of oxygen and moisture content of the charcoal.  

 

Isothermal runs 

The results of the proximate and elemental analysis, as well as the higher heating value 

and reactivity to CO2 at 900 °C of the charcoals produced in the isothermal 

experiments are shown in table 4.10. 

Table 4.10. Proximate and elemental analysis, reactivity to CO2 and HHV of the solids 
(isothermal profiles) obtained in pyrolysis of Pinus radiata with different peak temperature 

  PR300iso PR500iso PR700iso PR900iso 

Proximate analysis (wt.% as produced basis)       

Moisture 4.8 4.8 2.1 1.3 

Volatile Matter 47.6 20.3 10.6 7.3 

Inorganics 1.8 3.3 4.2 5.1 

Fixed carbon
a
 45.8 71.6 83.1 86.3 

HHV (MJ kg
-1

 as produced basis) 27.4 31.5 32.8 32.0 

Elemental analysis (wt.% dry ash free basis)       

C 76.0 94.5 99.0 99.4 

H 10.1 2.3 0.4 0.1 

N 0.2 0.0 0.1 0.0 

S 0.0 0.0 0.0 0.0 

Others
a,b

 13.7 3.2 0.5 0.5 

H/C ratio 1.6 0.3 0.1 0.1 

Reactivity to CO2 (%) 66.9 36.0 27.8 16.2 
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a
 by difference     

b 
mainly oxygen

 

The trends observed in table 4.10 (isothermal runs) are similar to those observed in 

table 4.9 (non-isothermal runs). As the peak temperature is raised, the extent of the 

carbonization of the pyrolysis solid is intensified; this is evidenced by the increase in 

carbon content (both fixed carbon and elemental carbon) and the decrease of the 

volatile matter and all the other chemical elements (H, O, N). The inorganics also 

increase because of its inert nature and the decrease in solid yield. The higher heating 

value (HHV) and reactivity to CO2 also increase with temperature. The changes in 

composition are greater between 300 and 500 °C than over 500 °C. Increasing the 

temperature from 700 °C to 900 °C causes almost no impact in the solid composition; 

as in the non-isothermal experiments, it can be considered that almost maximum 

carbonization of the solid has been achieved.  

 

Compared to its non-isothermal counterparts, no big differences can be found except 

at 500 °C, where it can be observed that the volatile matter in the non-isothermal 

experiment is higher than in the isothermal run (24.8 vs. 20.3 wt.%) and the fixed 

carbon is somewhat lower (68.1 vs. 71.7 wt.%). At temperatures equal or over 700 °C 

there are almost no differences between the non-isothermal and the isothermal runs 

since the conditions in both types of experiments are severe enough to produce total 

carbonization of the solid. 

4.1.2.3. Pyrolysis liquids 

Non-isothermal runs 

The GC/MS analysis of the bio-oils obtained in the non-isothermal experiments are 

presented in table 4.11. For a better analysis of the results, the compounds in the 

composition of the liquids in table 4.11 have been grouped and quantified depending 

on their number of rings, just as explained in section 4.1.1.3, although in these 

experiments a four ringed molecule (pyrene) appears. 
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Table 4.11. Composition of pyrolysis liquids (% area; non-isothermal profiles) obtained in 
pyrolysis of Pinus radiata with different peak temperature 

    PR300 PR400 PR500 PR600 PR700 PR800 PR900 

WATER   52.5 24.4 19.4 20.5 19.2 18.5 17.4 

Phenol (C6H6O) 6.8 8.8 8.2 12.5 10.6 8.5 n.d. 

Phenol methyl (C7H8O) 6.7 17.6 10.0 27.8 19.5 5.9 n.d. 

Phenol ethyl (C8H11O) n.d. n.d. 4.8 3.0 n.d. n.d. n.d. 

Butylated Hydroxytoluene (C15H24O) 8.7 5.5 6.3 n.d. 3.8 n.d. 8.9 

TOTAL 1-RING PRODUCTS  22.2 31.9 29.3 43.3 33.9 14.4 8.9 

Indene (C9H8) 3.0 6.0 n.d. n.d. 5.6 7.1 n.d. 

Naphtalene (C10H8) 4.8 8.6 14.1 8.1 10.0 18.5 30.2 

Naphthalene methyl (C11H10) n.d. 5.5 9.9 7.4 11.5 9.4 n.d. 

Biphenylene (C12H8) n.d. n.d. 5.8 3.0 5.1 7.9 10.3 

TOTAL 2-RINGS PRODUCTS  7.8 20.1 29.8 15.5 26.6 42.9 40.5 

Fluorene (C13H10) n.d. n.d. 3.0 n.d. n.d. 3.0 5.6 

Anthracene (C14H10) n.d. n.d. n.d. 4.4 8.1 7.0 13.6 

TOTAL 3-RINGS PRODUCTS  n.d. n.d. 3.0 4.4 8.1 10.0 19.2 
TOTAL 4-RINGS PRODUCTS 
(Pyrene) 

(C16H10) n.d. n.d. n.d. n.d. n.d. n.d. 4.0 

Minor compounds* 
 

8.7 18.9 12.8 11.4 6.6 14.2 5.6 

Non identified   8.8 4.7 5.7 1.9 n.d. 0.0 4.4 
n.d.: not detected       * <3% area 

The same as in the previous set of experiments carried out with Pinus pinaster, the bio-

oils are composed of water (17-52% area) and aromatic compounds (27-72% area) 

along with a low proportion of minor and non identified compounds. Concerning the 

effect of temperature on the liquid composition, some clear tendencies can be 

established. Water content is very high at 300 °C (52 % area), decreases significantly 

with temperature until 500 °C, over which there is only a slight decrease (20 to 17 

%area). These results are similar to those obtained with the Pinus pinaster (section 

4.1.1.3), though the decrease from 700 to 900 °C is now much less pronounced, which 

may be attributed to the fact that, as stated in section 3.4.4.1, the water sometimes is 

not completely retained in the thimbles. 

 

Concerning the organic products, at 300 °C the composition of the liquids consists 

mainly of single ring oxygenated aromatic compounds and some naphthalene and 

indene. At 400 °C 1-ring and 2-rings aromatics are the predominant products. Pyrolysis 

liquids from 500 °C to 700 °C experiments present rather similar compositions 

consisting in single ring and dual ring aromatics along with anthracene (except for 
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PR500). Finally, at 800 and especially 900 °C results show a great share of naphthalene 

(28 & 30% area), some light PAH compounds and 4% area of heavy PAH pyrene at the 

higher temperature. Attending to the tendencies by groups, monocyclic aromatics 

show a rising tendency until 600 °C, at higher temperatures this tendency is reverted. 

The two-ring compounds increase progressively with temperature from 7.8 % area at 

300 °C to 42.9 % area at 800 °C. The three-ring compounds are not detected until 500 

°C and they increase with temperature, especially from 700 °C on. The four-ring 

compounds are only detected at 900 °C. The decrease in monocyclic aromatics and the 

increase of 2 and 3 ring products from 700 to 900 °C was also observed in section 

4.1.1.3 with Pinus pinaster. 

 

Therefore, the conclusion is that the higher the pyrolysis temperature the heavier 

(more aromatic rings) the organic compounds in the bio-oils. Similar conclusions can 

be found in the literature in experiments performed also in auger reactors. For 

example, Puy et al. [52] reported that temperature is the most important operational 

parameter in regard to bio-oils yield and composition, and that increasing the 

temperature results in a higher amount of polycyclic compounds. High temperatures 

promote the formation of more stable polycyclic molecules. This may be attributed to 

cracking reactions of the liquid products, which give rise to recombination of the 

unstable radical compounds yielding aromatics of more rings [41,136]. Additionally 

dehydrogenation/aromatization reactions can eventually lead to larger and more 

stable polycyclic aromatic hydrocarbons [54]. 

 

Isothermal runs 

Table 4.12 shows the results of the analysis of the bio-oils produced in the isothermal 

experiments. Similarly to the trends observed in table 4.11 for non-isothermal 

experiments, two, three and four-ring polyaromatics contents increase with 

temperature, while the monocyclic aromatic compounds first increase until 500 °C 

(26.1 % area) and then decrease to (23.8 % area at 700 °C and were not detected at 

900 °C). Compared to the non-isothermal experiments, monocyclic aromatics content 

is lower in the isothermal experiments. This is most probably caused by the longer 
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exposition to peak temperature, which causes further cracking of the products into 

lighter gaseous molecules and the condensation of monocyclic aromatics to heavier 

polyaromatic compounds. Water content also presents a similar trend in the 

isothermal and the non-isothermal runs it decreases with temperature, being the 

decrease more pronounced  from 300 to 500 °C than over 500 °C. 

Table 4.12. Composition of pyrolysis liquids (% area; isothermal profiles) obtained in pyrolysis of 
Pinus radiata with different peak temperature 

    PR300iso PR500iso PR700iso PR900iso 

WATER   52.5 27.2 17.0 11.2 

Phenol (C6H6O) 6.8 10.5 10.5 n.d. 

Phenol methyl (C7H8O) 6.7 25.6 13.3 n.d. 

Phenol ethyl (C8H11O) n.d. n.d. n.d. n.d. 

Butylated Hydroxytoluene (C15H24O) 8.7 n.d. n.d. n.d. 

TOTAL 1-RING PRODUCTS  22.2 26.1 23.8 n.d. 

Indene (C9H8) 3.0 3.0 6.1 n.d. 

Naphtalene (C10H8) 4.8 10.8 15.4 28.4 

Naphthalene methyl (C11H10) n.d. n.d. 9.9 n.d. 

Biphenylene (C12H8) n.d. n.d. 7.1 11.1 

TOTAL 2-RINGS PRODUCTS  7.8 13.8 38.5 39.5 

Fluorene (C13H10) n.d. n.d. n.d. n.d. 

Anthracene (C14H10) n.d. n.d. 7.6 16.1 

TOTAL 3-RINGS PRODUCTS  n.d. n.d. 7.6 16.1 
TOTAL 4-RINGS PRODUCTS 
(Pyrene) 

(C16H10) n.d. n.d. n.d. 10.9 

Minor compounds* 
 

8.7 21.4 13.1 19.4 

Non identified   8.8 1.4 n.d. 2.8 
n.d.: not detected 

   

* <3% area 

In conclusion, there is some influence of the heating rate (isothermal runs vs. non-

isothermal runs), which is associated with the time exposed to the peak temperature, 

on bio-oils composition. However, the main factor that governs the liquid composition 

is the process peak temperature. 

4.1.2.4. Pyrolysis gases 

Non-isothermal runs 

Table 4.13 shows the composition and HHV of the pyrolysis gases obtained in this set 

of experiments. The same as in the previous set of experiments carried out with Pinus 
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pinaster, the main components of the gas are in all cases H2, CO and CO2, but there is 

also methane and low quantities of ethylene and ethane.  

Table 4.13. Composition (vol.%) and HHV of pyrolysis gases (non-isothermal profiles) obtained 
in pyrolysis of Pinus radiata with different peak temperature 

  PR300 PR400 PR500 PR600 PR700 PR800 PR900 

HHV (MJ Nm
-3

) 14.3 9.6 11.1 12.0 15.8 13.3 13.3 

HHV (MJ kg
-1

) 11.9 7.4 9.4 10.9 17.7 14.9 16.2 

Compound vol.% vol.% vol.% vol.% vol.% vol.% vol.% 

H2 8.0 10.6 20.1 20.4 29.8 37.4 40.0 

CO 47.0 29.2 14.0 24.2 25.2 25.6 26.4 

CO2 28.1 47.6 48.5 37.5 22.3 21.4 19.9 

Methane 9.1 11.0 13.8 16.8 18.0 14.3 11.1 

Ethane 0.8 0.3 0.8 0.4 1.4 0.3 0.3 

Ethylene 7.1 1.3 2.8 0.7 3.3 1.0 2.4 

Table 4.13 shows that the hydrogen content is considerably favored by increasing the 

temperature. CO content shows a minimum at 500 °C and then stabilizes at around 25 

vol.%. CO2 content, on the contrary, shows a maximum peak at 500 °C and then 

decreases. Methane reaches its maximum content in PR700 (18.0 vol.%) and then 

decreases again at higher temperature. The greatest variation in composition at high 

temperature can be observed from 600 °C to 700 °C, in the case of hydrogen it is 

increased from 20.4 vol.% to 29.8 vol.%, while in the case of CO it increases from 24.2 

vol.% to 25.2 vol.%, and in the case of ethylene it increases from 0.8 vol.% to 3.3 vol.%. 

Concerning CO2 content, its content is almost doubled from PR300 to PR400, being at 

500 °C where this molecule presents its maximum; at higher temperatures the content 

of CO2 decreases, especially from 600 °C to 700 °C. In all cases, from 800 °C to 900 °C 

the gas composition does not undergo significant challenges. Concerning HHV, it can 

be seen that it is, in all cases, in the range 10-16 MJ Nm-3 and 7-18 MJ kg-1, although no 

clear tendencies with temperatures can be seen and depend on the composition of 

gases. 

 

Pyrolysis gases are produced because of the thermal degradation (decarboxylation, 

depolymerization and thermal cracking reactions) of both the biomass constituents 

and of the condensable gases known as bio-oils. Therefore, the most noticeable 

variation with temperature is expected in the temperatures range in which the 
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biomass is subjected to stronger degradation, i.e. from 300 °C to 700 °C. Yang et al. 

[137] reported that hemicellulose pyrolysis presents higher CO2 yield, cellulose 

generates higher CO yield, and lignin gives rise to higher H2 and CH4 yields. This 

statement is in agreement with the results obtained in this thesis: CO2 yield is 

maximum at 400 °C; according to Quan et al. [17] hemicellulose main degradation step 

is from 300 to 400 °C. CO yield remains high until 400 °C, when all cellulose has 

reacted, and then its content is reduced at higher temperatures. On the contrary, 

methane and hydrogen yields are lower at 300 °C and only increase when the lignin 

degradation and the cracking of the volatiles take place (i.e. 400-700 °C) [54]. Similar 

gas compositions can be found in the literature [52,54] in the experiments at the 

higher temperature. Between 700 and 900 °C, reactions such as Boudouard (CO2 + C (s) 

⇌ 2CO), steam reforming (CH4 + H2O ⇌ CO + 3 H2) and dry reforming reactions (CnHm + 

n CO2 ⇌ 2n CO + 0.5m H2) reduce the CO2 and CH4 content in the gases and promote 

the production of CO and H2. A more detailed explanation of the secondary reactions 

occurring at high temperature (700-900 °C) can be found in section 4.1.1.4. 

 

Isothermal runs 

The composition of the pyrolysis gases produced in the isothermal experiments is 

presented in table 4.14. When compared to their non-isothermal counterparts, the 

same trends can be observed. Hydrogen significantly increases with temperature (from 

8 vol.% at 300 °C to 42.7 vol.% at 900 °C). The difference with the non-isothermal runs 

are that H2 is slightly higher at 900 °C (42.7 vol.% vs. 40.0 vol.%). Concerning the CO, its 

content in PR500iso and PR900iso is higher than in their non-isothermal counterparts 

(22.2 vol.% vs. 14.0 vol.% at 500 °C and 32.6 vol.% vs. 26.4 vol.% at 900 °C) and follows 

similar trends to non-isothermals experiments. The CO2 shows a peak at 500 °C, 

although the maximum CO2 content is lower than in the non-isothermal experiment 

(43.4 vol.% in PR500iso vs. 48.5 vol.% in PR500). The same occurs at 900 °C (14.2 vol.% 

in PR900iso vs. 19.9 vol.% in PR900), and in 700 °C (16.3 vol.% vs. 22.3 vol.%). The trend 

in the case of methane is again similar to that observed in the non-isothermal 

experiments, it first increases and then decreases from 700 °C on. The maximum 

methane percentages are somewhat greater in the non-isothermal experiments (13.8 
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vol.% at 500 °C and 18.0 vol.% at 700 °C) than in the isothermal ones (10.9 vol.% at 500 

°C and 14.5 vol.% at 700 °C). Anyway, these differences are not very remarkable. 

Concerning the ethane contents, they are rather low (0.1-0.8 vol.%) in all cases, similar 

to those of the non-isothermal experiments, and with respect to the ethylene content, 

it is significant at 300 °C (7.1 vol.%) and rather low at the other temperatures (0.5-1.1 

vol.%), similar to the results in the non-isothermal runs.  

Table 4.14. Composition (vol.%) and HHV of pyrolysis gases (isothermal profiles) obtained in 
pyrolysis of Pinus radiata with different peak temperature 

  PR300iso PR500iso PR700iso PR900iso 

HHV (MJ Nm
-3

) 14.3 10.0 13.8 12.7 

HHV (MJ kg
-1

) 11.9 8.7 18.0 17.3 

Compound vol.% vol.% vol.% vol.% 

H2 8.0 21.9 39.0 42.7 

CO 47.0 22.2 29.2 32.6 

CO2 28.1 43.4 16.3 14.2 

Methane 9.1 10.9 14.5 9.9 

Ethane 0.8 0.5 0.3 0.1 

Ethylene 7.1 1.1 0.7 0.5 

Concerning HHV, it can be seen that, as in the case of non-isothermal tests, no clear 

tendencies with temperatures are shown and are in the range 10-14 MJ Nm-3 and 9-18 

MJ kg-1. 

 

It can be concluded that the use of isothermal temperature profiles has some effect on 

pyrolysis gas composition, although the effect is not significant at 900 °C. In general 

terms, it enhances CO and hydrogen content at 700 and 900 °C, both valuable gases, 

due to the longer exposition to peak temperature in isothermal tests. Therefore, 

considering the quality criteria of gases, isothermal operations would be more 

convenient to achieve a higher quality gas, although the additional use of energy that 

isothermal operation requires, compared to non-isothermal operation, must be 

considered in order to evaluate if it is worth using isothermal conditions. 
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4.1.3. Comparison of the results of Pinus pinaster & Pinus radiata and 

potential applications of the pyrolysis products 

This section is devoted to compare the results obtained in equivalent experiments with 

Pinus pinaster and Pinus radiata (results extracted from sections 0 and 0). Those 

experiments were named PP900-32, PP900iso-32, PR900 and PR900iso. PP and PR stands 

for Pinus pinaster and Pinus radiata respectively, 900 and 900iso for 300-500-700-900 

°C and 900-900-900-900 °C temperature profiles respectively and the number 32 is the 

residence time in minutes, which, although not specified in the name of the PR 

experiments, was the residence time in all the experiments presented in this section.  

 

Pyrolysis yields 

Regarding the pyrolysis yields, figure 4.2 shows the results obtained with both 

biomass, Pinus pinaster and Pinus radiata.  

 

 Figure 4.2. Comparison of the pyrolysis yields of Pinus pinaster and Pinus radiata 

As it can be observed, in non-isothermal conditions , which implies lower heating rates, 

the Pinus radiata produces a higher amount of gas than the Pinus pinaster (50.9 vs. 

56.6 wt.%) at the expense of a lower solid yield (28.8 vs. 22.5 wt.%), while the liquid 

yields are similar. This difference can be attributed to the composition of the initial 

biomasses. The fixed carbon and elemental carbon content of the Pinus pinaster is 

higher than that of the Pinus radiata, which is consistent with its higher lignin content. 

Amongst the biomass constituents, lignin is the one richest in carbon and has the most 

0.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

80.0 

PP900-32 PR900 PP900iso-32 PR900iso 

Y
ie

ld
 (

w
t.

%
) 

SOLID 

LIQUID 

GAS 



Results and discussion 

 

126 
 

complex structure, consisting of a three-dimensional network of aromatic rings, which 

varies depending on the biomass source. Lignin is the constituent that best resists 

thermal degradation due to its higher stability, to the point that lignin molecules 

degradation may not occur until temperatures as high as 600 °C are not reached. Due 

to its nature, lignin is also the constituent that most contributes to solid yield 

[21,34,138], while holocellulose contributes more to vapors. Therefore, the lower 

lignin content and higher volatile matter content of Pinus radiata justifies its higher gas 

yield and lower solid yield due to the secondary reactions among the solid and the 

vapors that take place in the range of 700-900 °C.  

 

In the case of the isothermal experiments the differences between both pine pyrolysis 

yields present the same trend but to such a lower extent, 21.0 vs. 19.3 wt.% in solid 

yield and 69.4 vs. 70.0 wt.% in gas yield, that may be overlooked and considered within 

the experimental error. The reason why now there are almost no differences is the 

longer time the biomasses are exposed at high pyrolysis temperature. Both biomasses 

were directly heated to 900 °C and maintained at this temperature for about half an 

hour. Consequently, the carbonization process was more intense (near completeness) 

than in the other cases in which the time exposed to 900 °C was much shorter. In those 

cases (non-isothermal experiments), there was still time needed for further 

carbonization and consequently Pinus radiata, which is less prone to carbonize, 

produces lower charcoal yield.  

 

Pyrolysis solids  

Figure 4.3 shows the proximate analysis and HHV of the solids obtained with the Pinus 

pinaster and the Pinus radiata. The solids are mainly composed of fixed carbon (86-90 

wt.%) with low amounts of volatile matter (5-8 wt.%) and very low proportion of solid 

ash (2-5 wt.%) and moisture (1-2 wt.%). If the charcoals of both biomasses are 

compared, it can be seen that in the non-isothermal experiments (PP900-32 and 

PR900) the Pinus pinaster presents a somewhat higher volatile matter content (8.6 vs. 

5.4 wt.%) and somewhat lower fixed carbon content (87.1 vs. 90.6 wt.%) than the 

Pinus radiata. The higher fixed carbon content can be attributed to the higher lignin 
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content of the Pinus pinaster. As has been mentioned before lignin has a greater 

tendency to form charcoal, but such charcoal is less charred and can still give off 

volatiles. On the other hand, in the isothermal experiments (PP900iso-32 and PR900iso) 

just the contrary occurs, Pinus pinaster has more fixed carbon content than Pinus 

radiata (89.8 wt.% for PP900iso-32 and  86.4 wt.% for PR900iso). This may be attributed 

to the longer exposition to the peak temperature (900 °C), which enables Pinus 

pinaster charcoal to eliminate the remaining volatiles.  

 

The elemental analysis of the charcoals of both biomasses was presented in sections 

4.1.1.2 and 4.1.2.2. All the charcoals consisted almost completely of elemental carbon 

(>97 wt.%) with less than 2 wt.% hydrogen, therefore there is no point in comparing 

them. 

 

Figure 4.3. Comparison of the proximate analysis of the Pinus pinaster and Pinus radiata 
charcoals 

Griessacher et al. [46] reported that charcoals suitable as metallurgical reducers should 

present fixed carbon contents greater than 80-85 wt.% and Agirre et al. [33] reported 

that volatile matter must be lower than 10 wt.%. The results presented in this section 

indicate that the charcoals of both biomasses, which were obtained with a peak 

temperature of 900 °C, fulfill the mentioned requirements and therefore are suitable 

as metallurgical reducer. Concerning the charcoals obtained with other peak 

temperatures, the results in tables 4.2, 4.7 and 4.8 show that most of the charcoal 
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samples obtained at high temperatures (700-900 °C) can be considered appropriate as 

metallurgical reducers, but not those charcoals obtained at lower temperatures. The 

advantage of charcoals, compared to commercial metallurgical reducers, is that they 

do not contain sulfur or any other pollutants. Similar conclusions concerning the 

suitability of wood derived charcoal for metallurgical use were also obtained by the 

host researcher group of the author of this thesis with other lignocellulosic biomass 

waste (olive and eucalyptus wood) [15,77]. 

 

Regarding the HHV, the charcoals obtained in this thesis can be considered good solid 

fuels. They present HHV comparable to those of typical charcoals (around 29 MJ kg-1) 

and higher than coals (15-27 MJ kg-1) [130], with the advantage compared to solid 

fossil fuels that they present low ash content and do not contain polluting elements 

such as sulfur. 

 

Pyrolysis liquids 

Table 4.15 shows the composition of the liquids obtained with the Pinus pinaster and 

the Pinus radiata. It can be seen that they have: a significant amount of water, a low 

proportion of monocyclic aromatic compounds, a high proportion of two ringed 

aromatic compounds, which consist in all cases in naphthalene and biphenylene, a 

significant proportion of three ringed aromatic compounds, which are present to a 

higher extent in the Pinus pinaster liquids, and a low proportion of four ringed 

aromatic compounds, which only appear in the Pinus radiata liquids. Despite these 

small differences, results are very similar for both biomasses; therefore, no conclusions 

can be drawn from this comparison. 
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Table 4.15. Comparison of the pyrolysis liquid composition (% area) of Pinus pinaster and Pinus 
radiata 

   PP900-32 PR900 PP900iso-32 PR900iso 

WATER  12.1 17.4 22.1 11.2 

Phenol (C6H6O) 1.5 n.d. n.d. n.d. 

Butylated Hydroxytoluene (C15H24O) 13.6 8.9 19.2 n.d. 

TOTAL 1-RING PRODUCTS  15.1 8.9 19.2 n.d. 

Naphthalene (C10H8) 37.3 30.2 23.2 28.4 

Naphthalene methyl (C11H10) 2.2 n.d. n.d. n.d. 

Biphenylene (C12H8) 7.3 10.3 6.1 11.1 

TOTAL 2-RINGS PRODUCTS  46.8 40.5 29.3 39.5 

Fluorene (C13H10) 3.6 5.6 n.d. n.d. 

Anthracene (C14H10) 19.2 13.6 22.1 16.1 

TOTAL 3-RINGS PRODUCTS  22.8 19.2 22.1 16.1 
TOTAL 4-RINGS PRODUCTS   
(Pyrene) 

(C16H10) n.d. 4.0 n.d. 10.9 

Minor compounds*  2.6 5.6 7.3 19.4 

Non identified  0.6 4.4 n.d. 2.8 
n.d.: not detected  

   
* <3% area 

As has been seen in sections 4.1.1.3 and 4.1.2.3, the liquids obtained with other 

operation conditions in general terms had a similar composition, with more water and 

more mono-aromatic compounds the lower the peak temperature is. 

 

Concerning liquids, the conclusion is that they can be considered useless by-products, 

since they are mainly composed of water with a complex mixture of aromatic organic 

compounds. The bio-oils are neither worthy as secondary chemicals source nor as fuel, 

and therefore it is very convenient to minimize them by thermal and/or by catalytic 

treatment. 

 

Pyrolysis gases 

The composition of the gas obtained with both Pinus pinaster and Pinus radiata are 

shown in figure 4.4. As a general rule, it can be seen that the main component of the 

gases is H2 (40-47 vol.%) followed by CO (26-35 vol.%), lower proportion of CO2 (8-20 

vol.%) and CH4 (8-11 vol.%) and a little amount of ethane and ethylene. If the 

composition of gases are compared, it can be seen that PP900-32 & PR900, the same 

as PP900iso-32 & PR900iso, are quite similar. It can be seen that H2, CO, CH4, and 

ethylene are somewhat more abundant in Pinus pinaster than in Pinus radiata. The 
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differences are greater in the isothermal experiments than in the non-isothermal 

experiments, in the former case CO2 is 14.2 vol.% for Pinus radiata vs. 8.6 vol.% for 

Pinus pinaster, hydrogen is 42.7 vol.% for PR vs. 47.5 vol.% for PP and CO is 32.6 vol.% 

PR vs. 35.1 vol.% for PP. The increase of hydrogen content in the isothermal tests is 

due to the lower solid yield obtained in these tests compared to the non-isothermal 

tests, further carbonization of charcoal is usually corresponded with an increase in the 

generation of hydrogen. In addition, the long exposure to 900 °C promote reactions 

such as Boudouard (CO2 + C (s) ⇌ 2CO), steam reforming (CH4 + H2O ⇌ CO + 3 H2) and 

dry reforming reactions (CnHm + n CO2 ⇌ 2n CO + 0.5m H2) reduce the CO2 and CH4 

content in the gases and promote the production of CO and H2. 

 

Figure 4.4. Comparison of the gas composition of Pinus pinaster and Pinus radiata 

Concerning the composition of the gases obtained at other temperatures (see sections 

4.1.1.4 and 4.1.2.4), it can be observed that the hydrogen content decreases the lower 

the temperature is, while the content of CO, CO2 and methane is higher at 

temperatures in the range of 600-800 °C than at 900 °C. The content of ethane and 

ethylene are low regardless the temperature, except for the ethylene obtained at 300 

°C which is somewhat high if compared with the rest of the peak temperatures. 

 

The high proportion of hydrogen content (33-50 vol.%) of the high temperature (700-

900 °C) pyrolysis gases turn them into a valuable product since hydrogen is a high 

added value gas in industry as well as a clean fuel which has been claimed to be the 
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energy vector of the future. Besides, pyrolysis gas could perform well as producer gas, 

useful both as fuel and for chemical production by Fischer-Tropsch process [139,140], 

or as metallurgical reducer gas [72] due to the high proportion of H2 + CO, ranging 

from 55 to 85 vol.%. Concerning HHV, it can be seen in table 4.13 and table 4.14 that it 

is, in all cases, in the range 12-15 MJ Nm-3. It is rather low compared to natural gas 

(≈37 MJ Nm-3), and somewhat lower than town gas (≈18 MJ Nm-3) [130]. The main 

reason of this low heating value is the presence of inert CO2 that does not contribute 

to heating value, but on the contrary, it absorbs energy to be heated. Therefore it 

would be convenient to eliminate CO2 from the gas stream which can be done either 

by membranes [141] or by absorption processes [142]. Anyway, part of the gas can be 

used to satisfy the energy requirements of the pyrolysis process and make it more 

economically profitable. 
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4.1.4. Study of different catalysts for pyrolysis vapors upgrading 

This section is devoted to analyze the influence of commercial Ni-containing catalysts 

and activated charcoal in the thermo-catalytic treatment of the vapors. The biomass 

used for this study was Pinus radiata. The pyrolysis peak temperature used in this set 

of experiments was 700 °C. The reason why such temperature was selected was 

because the 700 °C charcoal quality is good enough (according to the quality criteria 

established in section 4.1.3), there is still margin to improve the pyrolysis vapors and 

the energy requirements of the process are lower that at higher temperature.  

 

Three nickel containing catalysts, whose characteristics have been presented in section 

3.2, were tested along with an activated charcoal (C. Act.). The catalysts will be 

referred as 17Ni, 19Ni & 44Ni attending to their Ni metal content in their activated (i.e. 

reduced) form. The activated charcoal will be termed just C. Act. The catalyst were 

placed in the second reactor located after the pyrolysis reactor and were used in vapor 

phase contact. Therefore, they interacted only with the pyrolysis gases and vapors and 

did not participate in the pyrolysis process itself. The temperature used in the catalytic 

treatment was 800 °C in all the experiments since the catalyst support does not stand 

higher temperatures. The pyrolysis operation parameters, which were the same in all 

the tests, as well as the shortened name of the experiments (just the name of the 

catalyst), are shown in table 4.16. 

Table 4.16. Operation parameters of the experiments in section 4.1.4 

Biomass T1 T2 T3 T4 T5 tR (min) Catalyst   Experiment name 

Pinus radiata 300 500 700 700 800 32 
Blank 

experiment 

 

No Cat 

Pinus radiata 300 500 700 700 800 32 
Activated 
charcoal  

C. Act. 

Pinus radiata 300 500 700 700 800 32 17 wt.% Ni 
 

17Ni 

Pinus radiata 300 500 700 700 800 32 19 wt.% Ni 
 

19Ni 

Pinus radiata 300 500 700 700 800 32 44 wt.% Ni 
 

44Ni 
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4.1.4.1. Pyrolysis yields 

Table 4.17 shows the effect of each catalyst on the yields of liquids and gases. As it can 

be seen, the solid yield is not affected by the type of catalyst since the catalysts are 

placed in the secondary reactor, and hence they do not interact with the solid at all. 

On the contrary, both liquid and gas yields are very much influenced by the catalyst 

used. 

Table 4.17. Pyrolysis yields (wt.%) obtained in pyrolysis of Pinus radiata with different catalyst 

  No cat C. Act. 17Ni 19Ni 44Ni 

SOLID 26.2 27.9 28.1 27.2 27.9 

LIQUID 30.5 19.6 19.1 22.2 14.2 

GAS* 43.4 52.5 52.8 50.5 57.9 
*by difference 

     
Considering that the objective of this study is the reduction of the liquid yield share in 

favor of gases, all the catalyst present positive effects. Compared to the non-catalytic 

experiment, 19Ni reduced the liquid yield from 30.5 wt% to 22.2 wt.% (which means a 

27% reduction), 17Ni reduced them to 19.1 wt.% (37% reduction) and 44Ni achieved a 

reduction down to 14.2 wt.% (53% reduction), while the activated charcoal also 

reduced the liquid yield to 19.6 wt.% (36% reduction). Other authors have also 

reported the effectiveness of carbonaceous products for reducing tars through 

cracking [143]. Logically, in all cases, the gas yield increases just as much as the liquid 

yield decreases.  

 

The use of nickel containing catalysts with bio-oils reforming purposes has been 

extensively described in the literature (e.g. [13,72,144]), hence the promotion of gas 

yield over liquid yield is an expected consequence of the addition of such catalyst. It 

has also been proved that pyrolysis charcoal, biochar or, as it is the current case, 

activated charcoal are effective catalysts in tar model compound (such as toluene) 

removal from a vapor stream in the form of lighter molecules [73,145–147].  

 

It may have been expected somewhat better results with 19Ni than with 17Ni, since 

the latter has a somewhat lower nickel content, however just the contrary is observed. 

This may be a consequence of their textural properties, 17Ni catalyst surface area is 
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almost three times larger than the latter and the total pore volume is twice as big 

(table 3.2 section 3.2.1). As it has been stated, the greater the surface area the higher 

the catalyst activity might be expected because a higher surface promotes the kinetic 

of the transfer of molecules from the gas phase to the catalyst surface. A larger surface 

may also positively affect the dispersion of the active centers in the catalyst, which 

eases the interaction between the reactants and the catalyst. The effect of the nickel 

content is far more remarkable when these two catalysts are compared with the 44Ni 

catalyst.  

 

Therefore, it can be concluded that regarding product yields, all the catalysts present 

positive results, 17Ni and activated charcoal present similar effects, 19Ni is the least 

effective one and 44Ni is the most active one. 

4.1.4.2. Pyrolysis liquids 

The GC/MS composition of the pyrolysis liquids obtained with the thermo-catalytic 

treatment of the vapors is shown in table 4.18.  

Table 4.18. Composition of pyrolysis liquids (% area) obtained in pyrolysis of Pinus radiata with 
different catalyst 

    No cat C. Act. 17Ni 19Ni 44Ni 

WATER   19.2 9.9 9.6 7.3 14.6 

Phenol (C6H6O) 10.6 11.5 10.8 11.4 10.1 

Phenol methyl (C7H8O) 19.5 24.9 22.9 24.1 19.5 

Butylated Hydroxytoluene (C14H10) 3.8 n.d. n.d. 3.9 7.7 

TOTAL 1-RINGS PRODUCTS 

 

33.9 36.4 33.7 39.4 37.3 

Indene (C8H11O) 5.6 4.5 3.8 3.0 n.d. 

Naphthalene (C9H8) 10.0 11.3 10.1 11.2 10.8 

Naphthalene methyl (C10H8) 11.5 12.4 10.4 12.6 8.8 

Biphenylene (C11H10) 5.1 5.6 4.8 6.4 5.3 

TOTAL 2-RINGS PRODUCTS 

 

32.2 33.8 29.1 33.2 24.9 

Fluorene (C12H8) 3.0 3.0 n.d. n.d. 3.0 

Anthracene (C13H10) 4.4 5.3 4.4 5.8 10.2 

TOTAL 3-RINGS PRODUCTS 

 

7.4 8.3 4.4 5.8 13.2 
TOTAL 4-RINGS PRODUCTS 
(Pyrene) (C15H24O) n.d. n.d. n.d. n.d. 3.0 

Minor compounds* 
 

7.4 9.2 18.0 11.4 7.0 

Non identified   n.d. 2.6 5.3 3.0 n.d. 
n.d.: not detected 

    

* <3% area 
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As it can be observed, the liquids are composed by water (7-19% area) and several 

aromatic compounds (67-78% area) along with a little proportion of minor compounds 

and non identified compounds. The organic products that can be seen in table 4.18 are 

the remnant compounds that have not been cracked to gases in neither of both 

reactors.  

 

The effect produced in the composition of liquids by the addition of catalyst is not very 

important for all catalysts except for the 44Ni. In general, the use of catalyst reduces 

the share of water in the mixture; in the case of 44Ni that reduction goes from 19.2% 

area to 14.6% area while the other catalysts reduce the water content below 10% area. 

Water is an important reactant in reforming reactions, hence the consumption of 

water is expected in the process. It is important to clarify that, considering the goals of 

this research, a low water content in the liquids is not necessarily a good result since 

that means that the organic matter remains in liquid state instead of contributing to 

generate gases; the higher the water content, the fewer carbon in the liquids and 

therefore the more carbon in gases. As a matter of fact the absolute amount of water 

(considering % area and liquid yield) with all the catalyst is quite similar (1.5-2% with 

respect to initial biomass), but since the total liquid yield is lower with 44Ni catalyst, 

the proportion of water with this catalyst is higher. In conclusion with respect to 

liquids, at first sight, 19Ni is the less effective catalyst and 44Ni is the one that gives 

the best results.  

 

Regarding the organic aromatic molecules, activated charcoal performs similar liquids 

to the no catalyst experiment, achieving a few more monocyclic aromatic compounds. 

Similar behavior can be attributed to 17Ni, although in this case two and three ringed 

compounds are reduced in favor of a bigger variety of minor compounds. 19Ni, on the 

other hand, presents the lowest water content (7.3% area) and the highest monocyclic 

aromatic content (39.4% area). Finally, 44Ni test produced a high amount of single 

ringed aromatics (37.3% area), especially the heavy butylated hydroxytoluene (7.7% 

area), and three ringed molecules (13.2% area) at the same time. It is also the only 

catalyst that yielded a four ringed compound (3.0% area). The production of hydrogen 

enhances the value of pyrolysis gases. As will be seen in the following section the gases 
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obtained with 44Ni present the highest amount of hydrogen. The removal of hydrogen 

(dehydrogenation) from the organic molecules of the vapors generally causes the 

aromatization of the hydrocarbons and the condensation of aromatic molecules into 

complex polyaromatic compounds that are very stable. This may explain why with 44Ni 

the proportion of 3 and 4 ring products is greater than with the other catalysts. In 

order to crack and degrade these molecules more severe reaction conditions would be 

needed. With respect to the product yields and the composition of the liquids, it can 

be said that the 44Ni catalyst presents the highest activity among the studied catalysts.  

4.1.4.3. Pyrolysis gases 

Table 4.19 shows the composition and HHV of the pyrolysis gases obtained in this set 

of catalytic experiments. The same as in the previous set of experiments, hydrogen, CO 

and CO2 are the main components of the gases, but there is also methane and very low 

quantities of ethylene and ethane.  

Table 4.19. Composition (vol.%) and HHV of pyrolysis gases obtained in pyrolysis of Pinus 
radiata with different catalyst 

 

No cat C. Act. 17Ni 19Ni 44Ni 

HHV (MJ Nm-3) 15.8 14.0 15.1 13.2 11.2 

HHV (MJ kg-1) 17.7 15.3 17.4 14.2 16.5 

Compound vol.% vol.% vol.% vol.% vol.% 

H2 29.8 31.6 33.0 32.2 50.6 

CO 25.2 21.8 24.0 19.9 29.8 

CO2 22.3 27.5 22.6 30.3 14.6 

Methane 18.0 15.6 16.1 14.6 4.9 

Ethane 1.4 1.4 1.3 1.2 0.0 

Ethylene 3.3 2.1 3.0 1.9 0.1 

It can be seen in table 4.19 that the gas composition varies to a greater or lesser extent 

depending on the catalyst. The 19Ni catalyst and the activated charcoal present rather 

similar results; compared to the no catalyst test they both significantly increase CO2 

and reduce CO, methane and ethylene. The 17Ni catalyst shows the same trend, but 

the effect is less pronounced. With respect to hydrogen, it slightly increases in 

activated charcoal, 17Ni and 19Ni experiments. Concerning the 44Ni catalyst, their 

effect is different and much more pronounced than that of the other catalysts. The 

44Ni catalyst reduces methane to a great extent (from 18.0 to 4.9 vol.%) and 
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practically reduces ethane and ethylene to zero. It also reduces CO2 (from 22.3 to 14.6 

vol.%), increases CO (from 25.2 to 29.8 vol.%) and, what is most promising, it increases 

the hydrogen content 20 points in the vol.%, yielding more than 50 vol.% hydrogen. 

This increase in H2 content may be attributed to reforming reactions (CnHm + n H2O ⇌ 

n CO + (m + n/2) H2) and dry reforming reactions (CnHm + n CO2 ⇌ 2n CO + 0.5m H2) 

which justifies also the decrease of CH4, C2H4 and C2H6. 

 

As it has been previously mentioned, hydrogen is a high added value gas in industry as 

well as a clean fuel that has been claimed to be the energy vector of the future, hence, 

in that regard, the 44Ni catalyst is a very successful one. On the contrary, the effect of 

the rest of the catalyst is not worthwhile as far as the composition of gases is 

concerned, however it must be born in mind that they do reduce liquid yields, which is 

a convenient effect.  

 

A possible reason why the reforming effect is negligible with the 17Ni and 19Ni 

catalysts could be a quick deactivation of the metal particles. Both catalysts have a 

very low BET surface and pore volume compared to 44Ni (see table 3.2). The 

deactivation can be caused by the deposition of coke over the metal catalyst or 

blockage of the entrance to the pores either by coke or by heavy liquid products (tars). 

The 17Ni and 19Ni catalysts are more appropriate for treating light hydrocarbon 

mixtures and not the heavy tarry organic vapors that are produced in biomass 

pyrolysis. Therefore, it is demonstrated that for heavy tarry vapors a great load of 

nickel in the catalyst is required, which is in agreement with other authors [144].  

 

Regarding the calorific value of the gases, in all cases, the addition of catalyst reduces 

the HHV. In terms of energy per unit volume, the 44Ni gas has the lowest HHV (11.22 

MJ Nm-3) followed by 19Ni and activated charcoal (13.2 and 14.0 MJ Nm-3 

respectively). However, in terms of energy per unit of mass the order changes, the 

19Ni gas has the lowest HHV followed by activated charcoal and 44Ni (14.2, 15.3 and 

16.5 MJ kg-1 respectively). These variations in HHV can be explained by two main 

reasons, first because hydrogen has very low density and its heating value per mol or 

volume is lower than that of methane and other hydrocarbons. The second reason is 
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the CO2 content, since this molecule does not contribute to the HHV but instead 

absorbs energy when heated. This explains why C. Act., 19Ni and 17Ni gases have 

lower HHV than the non-catalytic gas since the latter has lower CO2 content than the 

formers.  

 

To summarize, it can be stated that 44Ni is the catalyst that produces the most positive 

effects. Not only it is the one that most enhances the pyrolysis gas yield to the 

detriment of the liquids but, it is also the one that most hydrogen achieves (50.6 

vol.%). Such high content of hydrogen (> 50 vol.%) is also very interesting since enables 

the possibility of an economical separation of this compound through the pressure 

swing adsorption (PSA) technology [148], obtaining a gas stream of pure H2.  
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4.1.5. Influence of pyrolysis temperature on vapors upgrading with 44Ni 

catalyst 

This section is devoted to analyze the influence of the pyrolysis reaction temperature 

on the gas and liquid yield and on their composition when the 44Ni catalyst is used in 

the vapors treatment reactor. This catalyst was selected for this series of experiments 

because it had been proven the best performing catalyst in the comparative study of 

different catalysts (section 4.1.4). Three pyrolysis peak temperature (500, 700 and 900 

°C) were tested. The naming criteria for this set of experiments is equivalent to that of 

previous sections: initials of the biomass (PR from Pinus radiata) and peak 

temperature, now followed by No Cat. or 44Ni, depending if the experiment is a 

thermal test or a thermo-catalytic test. The conditions and names used in this set of 

experiments are shown in table 4.20. 

Table 4.20. Operation parameters of the experiments in section 4.1.5 

Biomass T1 T2 T3 T4 T5 tR (min) Catalyst   Experiment name 

Pinus radiata 300 500 500 500 800 32 - 
 

PR500 No Cat 

Pinus radiata 300 500 500 500 800 32 44 wt.% Ni 
 

PR500 44Ni 

Pinus radiata 300 500 700 700 800 32 - 
 

PR700 No Cat 

Pinus radiata 300 500 700 700 800 32 44 wt.% Ni 
 

PR700 44Ni 

Pinus radiata 300 500 700 900 800 32 - 
 

PR900 No Cat 

Pinus radiata 300 500 700 900 800 32 44 wt.% Ni 
 

PR900 44Ni 

Pinus radiata 300 500 700 700 500 32 44 wt.% Ni 
 

PR700 (500) 44Ni 

This catalyst was used in vapor phase contact at 800 °C (the same as in the previous 

section) in all the experiments but one, in which the thermo-catalytic treatment 

temperature was 500 °C; this experiment is named as PR700 (500) 44Ni according to 

its peculiarity. The reason why the latter experiment was performed was to test which 

was the effect of the secondary vapors treatment temperature. As explained in Section 

3.2.2, the catalyst was placed in a second reactor connected to the pyrolysis reactor, 

therefore it interacted only with the pyrolysis gases and vapors and should not 

participate in the pyrolysis process itself. 
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4.1.5.1. Pyrolysis yields 

The pyrolysis yields obtained are shown in table 4.21. The results include different 

pyrolysis temperature profiles followed by a vapor treatment that can be either just 

thermal or thermo-catalytic with the 44Ni catalyst. 

Table 4.21. Pyrolysis yields (wt.%) obtained in pyrolysis of Pinus radiata with different peak 
temperature and 44Ni catalyst 

 
PR500 

 
PR700 

 
PR900  PR700 

(500) 44Ni 
 

No Cat 44Ni 
 

No Cat 44Ni 
 

No Cat 44Ni  

SOLID 32.8 33.7   26.2 27.9   22.5 25.4  26.9 

LIQUID 40.8 42.0 
 

30.5 14.2 
 

20.9 13.4  29.0 

GAS** 26.4 24.3   43.4 57.9   56.6 61.2  44.1 
*by difference 

        

  

It can be seen that, as in the previous studies of the influence of peak temperature and 

temperature profile (sections 0 & 4.1.2), the increase of pyrolysis peak temperature 

has a great influence on the proportion of the products. The pyrolysis solid yield 

decreases as the temperature rises, both in catalytic and non-catalytic tests. It has 

been stated before that the catalyst on the secondary reactor should have no effect on 

the solid yield because it is separated from the vapors after the pyrolysis reactor; 

however there is a little but persistent increase of solid yield in the case of catalytic 

experiments, and that increase is bigger the higher the temperature. Though it could 

be nothing but an experimental deviation, the same happened in the experiments 

described in section 4.1.4 with all the catalysts. The reason for the phenomenon may 

be the higher mean pressure in the plant, which was registered by a manometer 

located before the secondary reactor, due to the greater vapors yield (i.e. liquid + gas) 

and the pressure loss caused by the catalytic bed in the secondary reactor, which also 

happened in the experiments in section 4.1.4. A higher pressure causes a closer 

interaction between the advancing solid and the molecules on the vapors, and it has 

been reported [149,150] that secondary reactions occurring or even catalyzed by the 

surface of the solid give as a result a greater amount of solid. Accordingly, the solid 

yield for the PR700 44Ni is greater than that of the PR700 (500) 44Ni and this may be 

attributed to a lower pressure when the catalytic treatment is carried out at 500 °C. 
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The peak temperature also plays an important role in the liquid and gas yields. As it 

was stated in section 4.1.2.1, in the experiments without 44Ni catalyst the higher the 

temperature the higher the gas yield in detriment of the liquid yield. Similarly, in the 

catalytic experiments, liquid yields are lower the higher the temperature is, while the 

gases show the opposite trend. From 500 °C to 700 °C there is a drastic decrease of 

liquid yield (from 42.0 to 14.2 wt.%) in favor of gases (from 24.3 to 57.9 wt.%) when 

44Ni catalyst is used. From 700 °C to 900 °C the changes are much smaller, where 

liquids decrease from 14.2 to 13.4 wt.%, and gases increase from 57.9 to 61.2 wt.%. 

Therefore, although the 44Ni catalyst has still influence on the process, its effect is less 

intensive from PR700 to PR900 than from PR500 to PR700. This is probably caused by 

the composition of the vapors themselves (at 900 °C the composition of the liquids is 

very different from that of the 700 °C liquids, as it will be seen in section 4.1.5.2). At 

high temperatures heavier and more stable molecules, which are less susceptible of 

interacting with the metals in the catalyst surface (and thus react), are preferentially 

formed. The constituents of the biomass (cellulose, hemicellulose and lignin) are 

cracked into lighter molecules that primarily form the vapors; those vapors are further 

degraded by temperature, and thus gases are produced. At high temperatures, such as 

700 and 900 °C, there is not much further primary vapors production; however, the 

existing vapors keep cracking, resulting in lighter molecules and therefore fewer liquids 

in the final products.  

 

Compared to their thermal counterparts, most of the catalytic tests show several 

changes in the product yields, with the only exception being the 500 °C experiment 

where the catalyst has no influence on the conversion of liquids into gases. At 700 °C 

there is a great decrease of the liquid yield in favor of gases, liquids are reduced by 

more than a half (from 30.5 to 14.2 wt.%) when 44Ni catalyst is used and gases 

increase from 43.4 to 57.9 wt.%. Increasing the temperature to 900 °C causes similar 

effect on liquid and gas yield, though the changes observed are not as remarkable as in 

the case of 700 °C, liquid yield decreases from 20.9 to 13.4 wt.% while gas yield 

increases from 56.6 to 61.2 wt.%.  
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In the case of PR700 (500) 44Ni the results obtained are very similar to those of the 

PR700 no cat. test, to the point in which it seems that working with the catalyst at such 

low temperatures makes it inefficient. However, it could also be stated that the use of 

the catalyst produces the same results when working at a vapors treatment 

temperature of 500 °C instead of the more energy demanding temperature of 800 °C, 

which is interesting from the operational point of view.  

 

As far as liquid and gas yields are concerned, the operation conditions of the 

experiment PR700 44Ni can be selected as the most promising ones. Although the 

results of the PR900 are somewhat better, working at lower temperatures in the 

presence of catalyst would mean significant energy saving and a more efficient overall 

process. The small enhancement in product yields achieved rising the temperature to 

900 °C may not justify the use of such high temperature. 

4.1.5.2.  Pyrolysis liquids 

The composition of the pyrolysis liquids at different pyrolysis temperature with and 

without thermo-catalytic treatment of the vapors is shown in table 4.22. Just as in all 

the previously presented studies, the liquids consist of water (11.8-33.2% area) and 

organic products (53.8-78.4% area) along with a little proportion of minor compounds 

(those that are present in the liquid mixture but in a proportion lower than 3% area) 

and non identified compounds. Although at first sight the composition of the liquids 

may seem rather arbitrary, some clear tendencies can be established. Comparing the 

different peak temperatures in the experiments without catalyst, it can be seen that 

the water content is more or less constant regardless a slight decrease from 700 °C to 

900 °C (19.4-17.4% area). It can also be concluded that the higher the pyrolysis 

temperature the heavier (more aromatic rings) the organic compounds in the bio-oils. 

  



Chapter 4 

 

143 
 

Table 4.22. Composition of pyrolysis liquids (% area) obtained in pyrolysis of Pinus radiata with 
different peak temperature and 44Ni catalyst 

  
PR500 

 
PR700 

 
PR900  PR700 

(500) 
44Ni   

No Cat 44Ni 
 

No Cat 44Ni 
 

No Cat 44Ni  

WATER   19.4 33.2   19.2 14.6   17.4 11.8  15.9 

Phenol (C6H6O) 8.2 9.4 
 

10.6 10.1 
 

n.d. n.d.  11.8 

Phenol methyl (C7H8O) 10.0 32.7 
 

19.5 19.5 
 

n.d. n.d.  24.5 

Phenol ethyl (C8H11O) 4.8 6.6 
 

n.d. n.d. 
 

n.d. n.d.  n.d. 
Butylated 
Hydroxytoluene 

(C15H24O) 6.3 5.1 
 

3.8 7.7 
 

8.9 4.3  n.d. 

TOTAL 1-RINGS PRODUCTS 29.3 53.8 
 

33.9 37.3 
 

8.9 4.3  36.3 

Indene (C9H8) n.d. n.d.   5.6 n.d.   n.d. 3.1  3.0 

Naphthalene (C10H8) 14.1 n.d.   10.0 10.8   30.2 24.0  10.7 
Naphthalene 
methyl 

(C11H10) 9.9 n.d. 
 

11.5 8.8 
 

n.d. 5.7  11.1 

Biphenylene (C12H8) 5.8 n.d.   5.1 5.3   10.3 11.6  3.9 

TOTAL 2-RINGS PRODUCTS 29.8 n.d. 
 

32.2 24.9 
 

40.5 44.4  28.7 

Fluorene (C13H10) 3.0 n.d. 
 

n.d. 3.0 
 

5.6 8.1  n.d. 

Anthracene (C14H10) n.d. n.d. 
 

4.4 10.2 
 

13.6 19.1  4.1 

TOTAL 3-RINGS PRODUCTS 3.0 n.d. 
 

4.4 13.2 
 

19.2 27.2  4.1 
TOTAL 4-RINGS 
PRODUCTS (Pyrene) 

(C16H10) n.d. n.d. 
 

n.d. 3.0 
 

4.0 n.d.  n.d. 

Minor compounds* 12.8 13.0 
 

10.3 7.0 
 

5.6 7.4  15.0 

Non identified   5.7 n.d. 
 

n.d. n.d. 
 

4.4 4.9  n.d. 
n.d.: not detected 

        

* <3% area 

In the case of the thermo-catalytic runs the temperature has an influence on the 

composition of the liquids. Water content is reduced by the increase of temperature, 

especially from 500 °C (33.2% area) to 700 °C (14.6% area) and then more slightly to 

900 °C (11.8% area). The amount of monocyclic aromatic compounds also decreases 

with temperature (from 53.8% area in PR500 44Ni to 4.3% area in PR900 44Ni) while 

the amount of two and three ring aromatic molecules increases (from none at 500 °C 

to 44.4 & 27.1% area respectively at 900 °C).  

 

Regarding the differences between the experiments without catalyst and their 44Ni 

counterparts, several differences can be found. In the case of PR500 the change of 

composition is evident since with the catalyst the 2-3 ring aromatic compounds 

disappear, while the content of monocyclic aromatics over doubles (from 22.9 to 

48.7% area). The composition of the PR700 and PR900 experiments remains somewhat 

stable, although at 700 °C less two ringed and more three ringed compounds are 
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produced (heavier liquids) while at 900 °C is the other way round, anyway these 

changes are not noteworthy. Water content increases when catalyst is introduced at 

500 °C, which may be caused by the consumption of the polycyclic aromatic organic 

compounds and deoxygenating reactions [68] on the vapors at 500 °C; the catalyst 

reduces water content in the rest of the cases (PR700 and PR900) due to the 

consumption of water in steam reforming reactions at higher temperatures. 

 

Finally, when comparing the PR700 44Ni and PR700 (500) 44Ni tests, which differ only 

in the temperature of the catalytic treatment (800 versus 500 °C respectively), it can 

be seen that the liquid compositions are very similar. The PR700 44Ni test has more 

three ring aromatic compounds while the PR700 (500) 44Ni test presents a bit more 

content in water and light aromatic hydrocarbons, it also presents more minor 

compounds, which leads to a greater molecular variety. 

4.1.5.3. Pyrolysis gases 

Table 4.23 shows the composition and HHV of the pyrolysis gases obtained in this set 

of experiments. As always H2, CO and CO2 are the main components at all the 

temperatures, but there is also methane and very low quantities of ethylene and 

ethane in the mixture. 

Table 4.23. Composition (vol.%) and HHV of pyrolysis gases obtained in pyrolysis of Pinus 
radiata with different peak temperature and 44Ni catalyst 

  PR500   PR700   PR900  PR700 
(500) 
44Ni   No Cat 44Ni   No Cat 44Ni   No Cat 44Ni  

HHV (MJ Nm-3) 11.1 11.0   15.8 11.2   13.3 13.0  20.8 

HHV (MJ kg-1) 9.4 15.0   17.7 16.5   16.7 16.6  27.0 

Compound vol.% vol.%   vol.% vol.%   vol.% vol.%  vol.% 

H2 20.1 47.2   29.8 50.6   40.0 41.4  34.6 

CO 14.0 33.8 
 

25.2 29.8 
 

26.4 25.1  24.5 

CO2 48.5 15.3   22.3 14.6   19.9 20.1  10.8 

Methane 13.8 2.7 
 

18.0 4.9 
 

11.1 11.6  17.6 

Ethane 0.8 0.5   1.4 0.0   0.3 0.2  4.3 

Ethylene 2.8 0.4   3.3 0.1   2.4 1.5  8.3 
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Concerning the effect of temperature, the trends are somewhat different in the 

experiments with and without catalyst. Hydrogen presents a maximum at PR700 44Ni 

(50.6 vol.%) and descends to 41.4 vol.% at 900 °C, while without catalyst hydrogen 

increases from 500 to 900 °C. The CO content decreases with temperature from 33.8 

vol.% at 500 °C to 25.1 vol.% at 900 °C in the catalytic experiments, while in the non 

catalytic just the contrary occurs, CO increases with temperature from 14 vol.% at 500 

°C to 26.4 vol.% at 900 °C. Methane increases with the temperature in the catalytic 

experiments from 2.7 vol.% at 500 ° to 11.6 vol.% at 900 °C, while in the non catalytic 

experiments methane has a maximum at 700 °C (18 vol.%) and then decreases at 900 

°C (11.1 vol.%). The CO2 content does not vary from PR500 44Ni to PR700 44Ni (around 

15 vol.%) but at 900 °C it increases to 20.1 vol.%. The changes in ethane and ethylene 

are not worthwhile to comment since, and the same can be said for ethylene except 

that the yields obtained are very low, especially in the catalytic runs. This is caused by 

the composition of the vapors entering the secondary reactor. At 700 °C the vapors are 

not as heavy as at 900 °C, which means they are less stable and prompt to react, 

producing as a consequence more lighter molecules. The 900 °C vapors suffer less 

cracking due to their heavier nature, therefore the difference in composition between 

44Ni and no catalyst experiment gases are very small. In the case of PR700 (500) 44Ni, 

it can be said that compared to PR700 no catalyst CO2 decreases 11.5 vol.% while 

hydrogen increases 4.8 vol.%, ethane increases 2.9 vol.% and ethylene 5.0 vol.%. 

Therefore, though small, there is a little effect either of the temperature in the second 

reactor or of the catalyst or, most probably, a combined effect of both. 

 

Concerning the influence of the catalyst, as a general rule the catalyst increases H2 and 

CO and decreases CO2, CH4, ethane and ethylene. The biggest changes are observed at 

500 °C, where the catalyst achieves an increase of the hydrogen and CO content of 

27.1 and 19.8 points in the vol.% respectively, while CO2, methane and ethylene 

decrease 33.2, 11.1 and 2.4% points in the vol.% respectively. At 700 °C the effect of 

the catalyst is less pronounced, hydrogen and CO content increases, in this case 20.8 

and 4.6 points in the vol.% respectively, while CO2 and methane decrease 7.7 and 13.1 

points in the vol.% respectively. Additionally, at 700 °C the catalyst practically 

eliminates ethane and ethylene from the gases. Concerning the PR900 experiments, it 
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can be seen that at this temperature the catalyst is not very effective since the gas 

composition almost does not vary.  

 

Regarding the effect of the catalyst in calorific value of gases, it varies depending on 

the pyrolysis temperature and depending on if the HHV is considered per unit volume 

or per unit weight. Of course, in the case of 900 °C, no changes are expected due to 

the similarities in gas composition. In terms of energy per unit volume, the catalyst 

reduces the calorific value only at 700 °C (4.6 MJ Nm-3), since at 500 and 900 °C the 

effect is negligible. However, in terms of energy per unit mass, there is an increase of 

5.6 MJ kg-1 at 500 °C while there is a decrease of 1.2 MJ kg-1 at 700 °C. The best results 

obtained correspond to the PR700 (500) 44Ni where there is a considerable increase of 

the higher heating value, both in terms of energy per unit volume and in terms of 

energy per unit mass. This can be attributed to the higher content of methane, ethane 

and ethylene, which have greater HHV than hydrogen and CO, and the lower content 

of CO2.  

 

The gas composition of the experiment PR700 44Ni is better than those obtained at 

PR900 no cat because of the higher content of hydrogen and CO, regardless the low 

methane content. The lower CO2 content is also interesting from the environmental 

and logistic point of view. The optimization of the process working at lower 

temperatures in the presence of 44Ni catalyst would mean significant energy saving 

and a more efficient overall process, as well as a much less expensive installations 

since the materials necessary to stand 900 °C are much more expensive. 
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4.2. Study of potential applications of charcoal in the 

metallurgical industry 

One of the objectives of this thesis was to produce a high-grade charcoal able to 

substitute reducing agents in the metallurgical industry. As has been previously 

mentioned in section 2.3.1 , biomass derived charcoal has no mechanical strength and 

therefore it cannot be used in blast furnaces as top charge. They can instead be used 

as reducing agents injected at the bottom of the furnaces in replacement of fossil fuel 

reducers, mixed with coking coal to produce biocoke or as part of a sintering mixture 

(see table 2.3). Another potential use of charcoals is as reducers in rotary kilns for non-

ferrous materials recycling such as Zn or Cu recycling processes (see section 2.3.2).  

 

This chapter is divided in three different subsections. The first one dedicated to 

compare the chemical properties of pyrolysis charcoal with commercial carbonaceous 

solid reducing agents. The second one dedicated to biocoke production by mixing 

charcoal with industrial coal blends. The third part devoted to the effect of the 

potential substitution of pulverized coal for particulate charcoal in the tuyere injection 

operation in blast furnace ironmaking process. 

4.2.1. Comparison of charcoal with commercial reducing agents used in 

rotary kilns 

In this section, the chemical composition of two of the charcoals obtained from Pinus 

radiata are compared to those of commercial reducing agents used in the Zn recycling 

Waelz process. The commercial reducers tested were metallurgical coke, petroleum 

coke and anthracite, which were provided by Befesa Zinc Aser S.A. located in Erandio 

(Biscay, Spain).  

 

The detailed specifications that Befesa Zinc Aser S.A. requires from their providers of 

reducing agents are presented in table 4.24. The specifications in dry basis, which are 

also included in the table, have been calculated considering that the moisture content 

were 20 wt.%, which is the maximum allowable moisture specified by Befesa; these 



Results and discussion 

 

148 
 

data in dry basis are the values that would be permitted if the sample did not contain 

moisture. 

Table 4.24. Quality requirements of the commercial reducers used by. Befesa Zinc Aser S.A. 
2013 

Material Parameter 
Befesa Zinc Aser technical 

specifications (wt.%) 
Specifications in 
dry basis (wt.%)1 

METALLURGICAL 
COKE 

Granulometry 

> 10 mm:  20 % 

< 2 mm:  40 % 
on daily sample 

 

Dry ash  20 % on monthly sample  20 % 

Moisture  20 % on daily sample  

Volatile matter  7 % on monthly sample  8.75 % 

Sulfur  3 % on monthly sample  3.75 % 

PETROLEUM   
COKE 

Granulometry 
< 2 mm: > 30 % 

> 10 mm:  20 % 
on diary sample 

 

 

Dry ash  20 % on monthly sample  20 % 

Moisture  20 % on daily sample  

Volatile matter  15 % on monthly sample  18.75 % 
Sulfur  3 % on monthly sample  3.75 % 

ANTHRACITE 

Granulometry 

< 2 mm: > 30 % 

> 10 mm:  20 % 
on diary sample 

 

Dry ash  20 % on monthly sample  20 % 

Moisture  20 % on daily sample  

Volatile matter  7 % on monthly sample  8.75 % 

Sulfur  3 % on monthly sample  3.75 % 
1Calculated assuming that the moisture content was 20 wt.% 

Table 4.25 presents the characterization of the three commercial reducing agents and 

two charcoals derived from Pinus radiata selected among all the charcoals obtained in 

this thesis. The first charcoal was selected because is the most economically produced 

charcoal (lowest peak temperature) that fulfilled fixed carbon content higher than 85 

wt.% (db), since, as has been reported in section 4.1.3, over such value charcoals are 

suitable for metallurgical applications [46]. The second charcoal was selected as the 

one that presents the best characteristics considering the quality requirements of 

Befesa (especially concerning fixed carbon content). It was obtained at the highest 

peak temperature (900 °C). The selected charcoals correspond to the experiments 

PR700 and PR900, whose characteristics have been described in section 0. For better 

analyzing the results, the Befesa specifications have been included in brackets in table 

4.24. 
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Table 4.25. Proximate and elemental analysis and higher heating values of the commercial 
reducers and two of the charcoals obtained in this thesis 

  
Metallurgical 

coke 
Petroleum 

coke 
Anthracite PR700 PR900 

Proximate analysis (wt.% as received/produced basis)  

Moisture 11.4 (<20)   6.4 (<20) 18.0 (<20) 2.6 1.0 

Volatile Matter   3.5 (<7)   9.4 (<15)   5.9 (<7) 10.5 5.4 

Inorganics 11.0 (<20)   1.8 (<20)   9.2 (<20) 3.3 3.0 

Fixed carbon
a
 74.1 82.2 66.9 83.6 90.6 

HHV (MJ kg
-1

 as produced basis) 26.0 33.6 25.5 32.1 32.3 

Proximate analysis (wt.% dry basis)  

Volatile Matter 3.9 (<8.75) 10.1 (<18.75) 7.2 (<8.75) 10.8 5.5 

Inorganics 12.5 (<20) 2.0 (<20) 11.2 (<20) 3.4 3.1 

Fixed carbon
a
 83.6 87.9 81.6 85.8 91.5 

Elemental analysis (wt.% dry basis) 

C 85.7 83.6 88.5 95.6 96.1 

H 0.5 2.8 0.6 0.1 0.2 

N 1.0 1.3 1.0 0.0 0.1 

S 0.9 (<3.75) 5.6 (<3.75) 0.6 (<3.75) 0.0 0.0 

Others
a,b

 0.9 4.9 0.1 1.0 0.6 
a
 by difference  b 

mainly oxygen  (#) Befesa specifications 

First of all, it has to be mentioned that although the commercial reducers were 

provided by Befesa Zinc Aser S.A. itself, one of them (petroleum coke) does not totally 

fulfill the quality requirements specified by Befesa since it contains more sulfur 

(5.6.wt.%) than that specified in table 4.25 (< 3.75 wt.%). Secondly, it is a significant fact 

the high moisture contents of the commercial reducers, such contents do for sure not 

correspond to the natural inherent moisture of these materials, but it must be 

accidental moisture incorporated to the sample during the transport and/or storage. 

As a matter of fact, water drops were able to be seen in the containers in which were 

provided the commercial reducers. Therefore, in order to more fairly compare the 

intrinsic properties of the commercial and the biomass derived charcoals, regardless of 

the moisture content, the proximate and elemental analyses in dry basis are also 

presented in table 4.25. 

 

Comparing the results (as received/produced basis) of the commercial reducers and of 

the charcoals, the following advantages of the charcoals can be mentioned: they have 

much lower moisture contents than any of the commercial reducers and significantly 

lower ash contents than the metallurgical coke and the anthracite. They also present 
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significantly lower sulfur contents and higher fixed and elemental carbon contents 

than any of the commercial reducers. The only somewhat critical aspect of the 

charcoals is that they have a volatiles content that does not meet the specifications of 

metallurgical coke and anthracite, although it does meet the petroleum coke 

specification. 

 

If the results on dry basis are compared, it can be seen that the fixed carbon and 

elemental carbon contents of the commercial reducers are lower than those of the 

charcoals. However, the volatiles contents of the PR700 charcoal still do not meet the 

volatile matter specifications in dry basis of the metallurgical coke and anthracite, but 

they do meet petroleum coke specifications. 

 

Therefore, it can be concluded that as far as composition is concerned, both Pinus 

radiata charcoals can replace certain commercial reducers in reduction processes in 

rotary kilns with the great advantage of having much lower ash and sulfur contents.  
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4.2.2. Production of biocoke adding charcoal to a coking coal blend 

In order to test the usefulness of the obtained charcoals as constituents of biocoke for 

metallurgical applications, charcoal and a commercial coking coal blend (CB) were 

mixed and carbonized together to produce biocokes and their quality was tested as 

explained in Section 3.5. The charcoal used for this study was the one produced from 

Pinus radiata with a 300-500-700-900 °C pyrolysis temperature profile (PR900), the 

reason why this sample was selected is because the charcoal composition is the closest 

to that of the conventional coke. The charcoal obtained at 900 °C in this work presents 

more than 90 wt.% fixed carbon, more than 99 wt.% (daf basis) elemental carbon and 

less than 6 wt.% volatiles, while the 700 °C charcoal has 84 wt.% fixed carbon and 10 

wt.% volatile matter content. The coal blend used in this section is a commercial coal 

blend used in industry for coking purposes and its composition has been described in 

table 3.10.  

4.2.2.1. Comparison between charcoal and coking coal blend 

The particle size distributions of PR900 pyrolysis charcoal and coking coal blend (CB) 

were analyzed as explained in section 3.4.2.8 and are shown in table 4.26. As it can be 

seen, 32.3 wt.% of the particles in the charcoal sample are below 0.5 mm, most of the 

particles of the sample (39.0 wt.%) are between 0.5-1 mm and 28.6 wt.% of the 

particles in the sample is between 1-2 mm. Compared to charcoal, the coal blend 

particle size distribution is wider, most of the particles are below 0.5 mm (40.4 wt.%) 

but both 0.5-1 mm and 1-2 mm fractions of the coal blend are smaller (23.3 and 15.8 

wt.% respectively) than that of charcoal, while 20.5 wt.% of the coal blend sample 

particle are over 2 mm.  
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Table 4.26. Charcoal´s particle size distribution (wt.%) 

  Charcoal Coal blend 

> 5 mm 0.0 5.0 

4-5 mm 0.0 2.1 

3-4  mm 0.0 4.9 

2-3  mm 0.1 8.5 

1-2  mm 28.6 15.8 

0.5-1 mm 39.0 23.3 

<0.5 mm 32.3 40.4 

An important factor that may affect the quality of the cokes produced with coking 

coals mixed with other carbonaceous materials (such as charcoal) is the modification 

of the coke ash composition. The alkalinity index (AI) is a parameter that depends on 

the ash composition and is useful to determine the suitability of a coke as far as ash 

composition is concerned. It is the ratio between the basic oxides and acidic oxides and 

is calculated with the following equation. 

       
                      

          
                                                                            

The compositions of the PR900 charcoal ash and the coking coal blend ash are shown 

in table 4.27. In contrast to the coal blend, biomass charcoal presents a higher amount 

of calcium, potassium, and, to some extent, magnesium and phosphorus, while the 

former contains mainly silicon and aluminum. On the one hand, both calcium and 

potassium have been proven to be detrimental to the blast furnace operation 

[151,152]. These two metals are responsible of catalyzing the Boudouard reaction; 

hence, they increase the reactivity of the charcoal to CO2. This may be of interest when 

using it as a reducing agent in certain processes such as the reduction in rotary kilns, 

but not for blast furnace cokes since it weakens the porous structure of the coke bed, 

which might cause the collapse of the coke bed (as explained in section 2.3). On the 

other hand, the CB sample contains three times the amount of ash present in the 

charcoal, which is not convenient as far as calorific value, reactor maintenance and 

slag overproduction reasons is concerned [79]. The composition of the ash in the CB is 

also more acidic, which would require the use of a greater amount of flux in the blast 

furnace operation to increase the basicity of the resulting slag. Therefore, though the 

composition of the charcoal ash is worse than that of the coking coal blend, the 
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addition of charcoal to the coking blend will give as a result the reduction of the total 

amount of ash in the biocoke, and this may compensate the worse composition of the 

charcoal ash. 

 Table 4.27. Content (wt.% dry basis), composition (wt.%) and alkalinity index (AI) of ash from 
charcoal and coking coal 

  Ash SiO2 Al2O3 CaO K2O Fe2O3 MgO P2O5 SO3 TiO2 Na2O MnO Rest AI 

Charcoal 3.0 32.6 8.4 25.5 14.2 3.9 5.1 4.4 2.3 0.4 1.2 1.1 0.9 0.9 

Coal 9.3 54.9 29.1 2.0 2.9 5.8 0.8 0.8 1.2 1.7 0.5 0.1 0.2 1.3 

4.2.2.2. Biocokes prepared with different charcoal charges 

To test the influence of the addition of charcoal to the coking coal blend four different 

mixtures of pyrolysis charcoal and coal blend were carbonized, in addition, a blank 

coke was produced through the carbonization of the CB. The prepared mixtures 

contained: 0.3 wt.%, 0.9 wt.%, 2 wt.% and 5 wt.% of charcoal plus the coking coal 

blend.  

 

Table 4.28 shows the results obtained in the Gieseler plasticity test plastometer with 

mixtures of the same composition used for the carbonization tests. The parameters 

that define the plastic behavior of a material in this test are described in section 

3.5.2.1 and are: the softening temperature (Ts), the temperature of maximum fluidity 

(Tf), the resolidification temperature (Tr), the plastic range (ΔT=Tr -Ts) and the 

maximum fluidity (Fmax) expressed as dial divisions per minute (ddpm). As it can be 

seen, the temperature of maximum fluidity (Tf) is almost independent of the amount 

of charcoal added to the mixture (i.e. ≈457 °C). However, the maximum fluidity 

reached (Fmax) clearly decreases when charcoal is added to the coal blend; the fluidity 

obtained for the raw coking coal is 463 ddpm, but when 0.9 wt.% charcoal is added to 

the mixture the fluidity is reduced to 398 ddpm, decreasing to a value of 258 ddpm for 

5 wt% charcoal addition. Other authors have also reported similar trends 

[120,153,154].  
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Table 4.28. Gieseler max. fluidity (DDPM) and temperatures (°C) of the CB with various 
amounts of charcoal 

  Fmax Ts Tf Tr Tr-Ts 

CB 463 408 459 492 84 

CB + 0.3 wt.% Charcoal 423 414 456 491 77 

CB + 0.9 wt.% Charcoal 398 414 454 490 77 

CB + 2.0 wt.% Charcoal 369 415 457 490 75 

CB + 5.0 wt.% Charcoal 258 419 457 491 72 

 

An important parameter that affects biocoke rheology is the amount of charcoal added 

to the coking coal blend, the different nature of charcoal lessens coal fluidity, which 

alters coke formation phenomena and hence its final structure. According to Flores et 

al. [154] in order to compensate the lower fluidity of biocokes higher initial fluidity coal 

blends must be used so that higher amounts of charcoal can be added. Therefore, coal 

selection plays an important role on biocoke production by charcoal addition. 

 

Regarding the biocokes, as stated in section 3.5.1, after the carbonization in the 

movable wall oven the produced biocokes were cooled down and their cold 

mechanical strength (JIS test) was determined (DI150/15 and DI150/5). Afterwards, it 

was dried and pieces with size between 19 and 22.4 mm were separated to test the 

coke reactivity index (CRI) and the coke strength after reaction (CSR). The results of the 

cold mechanical strength, CRI and CSR are displayed on table 4.29. These results have 

been presented in the 12th european conference on coal research and its applications 

conference [155]. 

Table 4.29. Biocoke cold mechanical strength (DI150/15 & DI150/5), reactivity (CRI) and 
mechanical strength after reaction (CSR) 

  DI150/15 DI150/5 CRI CSR 

CB 76.1 19.3 26 63 

CB + 0.3 wt.% Charcoal 77.8 17.3 26 61 

CB + 0.9 wt.% Charcoal 74.8 18.4 27 58 

CB + 2.0 wt.% Charcoal 66.4 22.2 28 56 

CB + 5.0 wt.% Charcoal 21.3 53.8 - - 

Contrary to what happened in the plasticity tests, adding up to 0.9 wt.% charcoal to 

the mixture does not alter much the mechanical strength of the biocoke nor its 

reactivity. The DI150/15 and D150/5 indexes are around 74-77 and 17-19 respectively, 
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the CRI stays stable in 26-27 and the CSR shows a small difference decreasing from 63 

without charcoal addition to 58 with 0.9 wt.% charcoal addition. Normally it is 

considered that a good coke should fulfill a CRI lower than 30 and a CSR higher than 

60. Since the CSR of the CB is 63 (only three points over the criteria of quality), it can 

be stated that both options (0.3 wt.% and 0.9 wt.%) produce a biocoke good enough to 

be used by the metallurgical industry.  

 

When 2 wt.% of charcoal is added to the blend the changes are more pronounced and 

the quality of the product is worsened, the DI150/15 index is reduced from 76 to 66 

and the CSR from 63 down to 56. Finally, in the case of 5 wt.% charcoal addition, there 

are no results for CSR nor for CRI because the pieces of biocoke obtained from the JIS 

cold mechanical strength test were too small as it can be seen from the high DI150/5 

value (53.8, which means a very low mechanical strength). Consequently, there were 

not enough biocoke pieces of 19 to 22.4 mm size to enable these tests according to the 

NSC (Nippon Steel Corporation) test. Regarding the reactivity index (CRI), it seems to 

be independent of the amount of charcoal in the mixture, since even with 2 wt.% of 

charcoal the value is equivalent to that of the pure CB coke (26.6). 

 

The reduction of the mechanical strength is a consequence of the nature of the 

charcoal as a non-coking coal. According to Matsumura et al. [156] when charcoal and 

coking coal are carbonized together an interface between the charcoal and the coke 

can be observed; this separation is due to the contraction of coke on cooling and 

causes defects that deteriorates its mechanical properties.  

 

In consequence, by decreasing contact area between the charcoals and cokes, either 

by densification of charcoals prior to the blending or by using bigger particle size 

charcoal, there would be less interface and the number of defects could decrease to a 

level that may have negligible effect on coke strength. Matsumura et al. proposed a 

lower limit of the particle size between 3 mm and 10 mm, which is bigger than the 

charcoal sample used in these experiments. Flores et al [154] also confirmed the 

influence of particle size in biocoke production with charcoals and according to 

Suopajarvi at al [157], even 5 – 10 wt. % of charcoal can be added depending on 
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particle size and other parameters. Nonetheless it was also concluded that big charcoal 

particle size were neither convenient in the biocoke since due to the higher reactivity 

of charcoal particles, they are the first ones gasified inside the blast furnace creating 

holes that weaken the coke structure. More experimentation on particle size would 

enable to determine the ideal charcoal particle size to produce biocokes with 

acceptable gasification and mechanical properties.  

 

In fact many references in the literature agree that biocoke reactivity increases with 

the amount of charcoal added [117,118,158], contrary to what happens in this work, in 

which the CRI seems to be independent of the proportion of charcoal, even when the 

charcoal porosity is several times greater than that of the coke (the Dubinin-

Radushkevich pore area (Sdr) obtained for the selected charcoal is 492 m2 g-1, much 

higher than that obtained for the coke produced from the coal blend, which is 61 m2 g-

1). Ueki et al. [153] reported that the lower volatile matter content of charcoal 

obtained from the pyrolysis of biomass obtained at temperatures over 500 °C 

improves biocokes mechanical strength compared to raw biomass. Finally, Babich et al. 

[159] showed that depending on the biomass pyrolysis temperature, the coke 

microstructure is changed, enabling a higher share of biomass products in the coal 

blend, at least up to 5 wt.%. Therefore, further experimentation is needed in order to 

determine the influence of parameters such as biomass pyrolysis peak temperature, 

particle size and the amount of charcoal in the mixture.  

 

On the other hand, an alternative approach to biomass use for biocoke production was 

experimented by Montiano et al. [113], who prepared briquettes of biomass and non 

coking coal using coal tars as binder, carbonized them mixed with coking coal blends 

and managed to prepare good quality biocokes adding up to 15 wt.% briquettes to the 

mixture. 
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4.2.3. Effect of the substitution of particulate charcoal for pulverized coal 

in the tuyere injection operation 

Charcoal can be used in a particulate/pulverized state to feed the blast furnace via 

tuyere injection. To test the combustion behavior of the produced charcoals in the 

raceway of the tuyere and compare it with the behavior of a conventional pulverized 

coal, conversion tests were carried out in the batch injection rig reactor described in 

section 3.6. In this section, the influence of two different parameters in the conversion 

of the particulate charcoal are presented: the particle size of the charcoal, which 

operates as injectant, and the pyrolysis peak temperature in which the charcoal was 

produced. 

4.2.3.1. Influence of the particle size 

To test the influence of the particle size of the charcoal in its conversion in the tuyere 

(also known as burnout) the solid obtained from the pyrolysis of Pinus radiata at the 

300-500-700-900 °C temperature profile (i.e. PR900) was selected for these 

experiments. The charcoal was first sieved into different size fractions (90-125 µm, 

300-355 µm and 630-710 µm) and then dried for 24 hours at 105 °C. In addition to 

these fractions, a sample of the original charcoal with a particle size distribution in the 

range 45-2000 µm was also prepared for testing.  

 

Figure 4.5 show pictures of magnified charcoal particles of the selected particle size 

fractions obtained by scanning electron microscopy (SEM). This pictures show how the 

charcoal particles keep the characteristic fibrous morphology of wood and the pores 

formed during the pyrolysis process. 
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Figure 4.5. Scanning electron microscopy (SEM) pictures of different particle size charcoal 
fractions at a 500x magnification 

Figure 4.6 and table 4.30 show the results of the light optical microscopy analysis of 

the cross-section of the particles of the different charcoal fractions. As can be seen in 

table 4.30 the porosity, understood as the sum of the pore area divided by the area of 

the whole particle section (not to be confused with the porosity described by other 

techniques that analyze three dimensional particles such as BET), increases as the 

particle size increases. Two reasons may explain this fact. The first one is the pressure 

caused by the volatile matter evolved from wood decomposition, struggling the way 

out from the interior of the particle towards the surface after their devolatilization 

[160], pushing the solid material during the process. The second reason is the cracking 

reactions, generally known as secondary pyrolysis reactions, that take place after the 

first degradation of the constituents of the biomass and cause the consumption of 

charcoal through the interaction between charcoal and the vapors. The pyrolysis 

vapors, of course, face a longer path in larger particles and therefore the pressure 

inside is higher due to the greater hindrances they face to leave the solid, 

90-125 µm 300-355 µm 

630-710 µm 
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consequently the size of the pores is, in average, bigger. However, the increase in 

porosity is much more intense from 90-125 µm particles to 300-355 µm than later on 

where it seems to stabilize.  

 

Figure 4.6. Light optical microscopy (LOM) pictures of different particle size charcoal fractions 
at a 200x magnification 

 
Table 4.30. Porosity, sectional pore area and shape of the different particles size charcoal 

fractions 

Particle size (µm) 
 

90-125 300-355 630-710 

Porosity % 54.0 74.3 75.5 

Sectional pore area µm2 84.8 311.3 542.9 

Mean diameter µm 12.67 24.88 37.27 

Form factor % 75.38 73.26 59.63 

A similar trend can be observed in the sectional pore area, the bigger the particle size 

is, the larger the pore area and, consequently, the thinner the solid particle matrix has 

to be since the porosity is greater. This is in agreement with what pictures in figure 4.6 

show. This phenomenon can be explained again by the greater pressure exerted by the 

volatile matter in the greater particles causing pores to grow during pyrolysis and also 

by the secondary pyrolysis reactions that consume charcoal enlarging the pores inside 

which the solid-vapor interaction is bigger. In fact, at such high pyrolysis reaction 

90-125 µm 300-355 µm 

630-710 µm 
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temperatures (900 °C) these reactions are responsible of the loss of a significant solid 

fraction.  

 

The form factor determined by the software measures how close the pore is to a 

perfect circle (which would be consisting in a 100% value); if the value is low it means 

that the pores will have a more oval shape rather than a circular shape. As can be seen 

in figure 4.6 and table 4.30, the pores are mostly oval with a form factor around 73-

75% for the two smaller fractions and 60% for the 630-710 μm fraction, which is hence 

less circular. As can be seen in figure 4.6, the cross-sectional appearance of the 

charcoal particles is similar in all fractions and is that of a cell structure covered by a 

carbonaceous matrix. This same type of structure can be observed in other authors 

publications [93,161]. It resembles that of the initial matter (wood), which consists in a 

strong cellular wall that covers the vegetal cellule in a semi-ordered pattern. 

 

Conversion tests 

The results obtained in the batch injection rig reactor of the conversion degree of the 

different charcoal fractions are presented in the graphics in figure 4.7. These results 

have been presented in the 4th international conference wastes in 2018 [162] and 

published in the journal Berg- und Hüttenmännische Monatshefte [163]. The 

description of the batch rig reactor and the calculation of the conversion degree are 

presented in section 3.6. There is one charcoal conversion curve in each graphic 

corresponding to each particle size. The Y axis represents the conversion degree and 

the X axis the atomic ratio between the oxygen in the blast and the injected amount of 

carbon (based on the elemental composition), therefore low O/C ratios correspond to 

high charcoal injection rates, and values below 1 are representative of injections in 

sub-stoichiometric regime. The grey area in the graphics, which covers the O/C ratio 

values between 1.8 and 2.6, correspond approximately to pulverized coal injection 

(PCI) rates of about 150-180 kg/tonne of hot metal, which are typical values in the 

industry. These curves characterize the behavior of injectants in tuyere and in the first 

part of the raceway. Considering this fact, the overall conversion rate would be higher 
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because the batch rig does not simulate the secondary reactions of unburnt particles 

outside the raceway.  

 

Figure 4.7. Conversion curves in the tuyere injection tests of the different PR900 charcoal 
fractions and the conventional coal 

In all cases the conversion degree increases with the rise of the atomic O/C ratio, 

however there are some differences between the different size charcoals. In the case 

of the smallest charcoal particles, the conversion degree at a high injection rate is 

around 24% but it rises to 72% (at O/C=5), which is the highest value obtained among 

all the fractions. Bigger particles such as 300-355 µm and 630-710 µm present a higher 

conversion degree at high injection rate (around 36-37%) but at low injection rate their 

conversions are lower than that obtained with the 90-125 µm charcoal (65 & 39% 

respectively). In the case of the injection of the original charcoal (which contains small 

and big particles going from 45 µm to 2 mm), the conversion degree stays almost 

stable around 48-51% and there is only a slight increase with O/C ratio. 

 

The slope of the conversion curves decreases with increasing particle size until it 

almost becomes parallel to the X axis. This means that the dependence of the charcoal 
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conversion regarding the oxygen content in the blast becomes smaller as the particle 

size increases to the point of being almost independent. This behavior has already 

been observed by other authors [101,103,164] and is explained by the characteristic 

porosity of the charcoal that allows the storage of oxygen in the pores, which 

facilitates its combustion.  

 

The limitations to the combustion rate of solid particles are two: the diffusion of the 

oxygen from the gas phase to the outer layer of the solid and the diffusion inward the 

interior of the particle through its pores [91]. The fact that the smaller particles, which 

present the highest surface area, are the most dependent on the oxygen content and 

end up reaching the highest values at low injection rates implies that the diffusion of 

oxygen to the surface of the particle is strongly restricting the reaction. This is further 

corroborated by the fact that the conversion degree of larger particles is barely 

dependent on the injection rate. Smaller particle sizes results in higher specific surface 

area of the particle and, in consequence, an easier diffusion of the oxygen molecules 

to the surface of the charcoal particle. The reason why the conversion of the bigger 

particle size fractions is higher at lower O/C ratios is due to the oxygen content inside 

the pores of the particle since, as it has been said, when there is oxygen inside the 

pores the diffusion of oxygen into the particle is not so important, especially if the 

pores are large enough to ease it.  

 

In the case of the combustion behavior of the original charcoal it can be seen that the 

curve is as flat as the one obtained for the 630-710 fraction but the conversion degree 

for all the O/C ratios is higher (around 50% vs. 40%). Considering that O/C ratios 

between 1.8 and 2.6 correspond approximately to pulverized coal injection (PCI) rates 

of about 150-180 kg/tonne of hot metal (which are typical values in the industry), the 

high conversion degrees obtained at low O/C ratios with the original charcoal are very 

interesting and comparable to those of 300-355 µm charcoal, which presents these 

results from O/C = 2 on; and those of 90-125 µm, which present this results around 

O/C = 2.5. The reason why these high conversion degrees are obtained cannot be 

explained just by the additive effect of the conversion of the different particle size 

fractions, since in that case at highest injection rate a conversion degree between 24 
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and 37% should be expected and a steeper curve at lower injection rates too. Hence 

there must be a synergetic effect that further increases the conversion degree of the 

charcoal at high injection rates. From the energetic and operational point of view, the 

fact that the original charcoal conversion behavior is as good as for smaller particle 

fractions at high injection rate is a promising result since. It enables the injection of 

charcoal as produced (at least when the original biomass waste particle size 

distribution is similar to that studied in this thesis) requiring less grinding and sieving 

operation, which results in time, manpower, energy and financial resources savings.  

4.2.3.2. Influence of the pyrolysis peak temperature 

In order to analyze the influence of the pyrolysis peak temperature in the charcoal 

conversion in the tuyere, four charcoal samples were tested (PR300, PR500, PR700 and 

PR900). The charcoal samples were injected in two forms, in their original sample size 

distribution (45-2000 µm) and ground down to 90-125 µm particles. Before injection 

the samples were dried for 24 hours at 105 °C. For the sake of comparison with 

standard industrial operation, a conventional pulverized injection coal with a size 

range of 90-125 µm was also tested. The proximate and elemental analysis of the 

pulverized coal is shown in table 3.11. This particle size was selected due to previous 

experience of the research group of Professor Senk and Doctor Babich (RWTH Aachen) 

and it is based in the optimal particle sizes used in the industry [79]. 

 

The textural characterization of the charcoals is presented in table 4.31. The pyrolysis 

peak temperature plays an important role on the pore volume and textural properties 

of the charcoal, however in some of these properties the effect of temperature does 

not follow an understandable trend. In general terms the increase of temperature 

enhances the specific surface area of the charcoals. The lowest surface area 

corresponds to 300 °C charcoal, which is 144 m2 g-1, and it increases up to 575 m2 g-1 

for the 700 °C charcoal, but then decreases to 491 m2 g-1 for the 900 °C charcoal. The 

increase of specific surface area of charcoals with temperature has been reported by 

many authors (e.g. [165,166]), nevertheless, in this case, the trend is slightly inverted 

at the highest temperature.   
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Table 4.31. Textural characteristics of the charcoals 

  300 500 700 900 

Surface area (m2 g-1) 144 250 575 491 

Total pore volume (cm3 g-1) 1.470 1.540 1.670 1.600 

      micropore volume (cm3 g-1) < 0.01 0.238 0.217 0.410 

      mesopore volume (cm3 g-1)  0.010 0.039 0.033 0.030 

      macropore volume (cm3 g-1)  1.460 1.263 1.420 1.160 

Apparent density (g cm-3) 0.450 0.441 0.436 0.465 

Real density (g cm-3) 1.321 1.372 1.595 1.798 

The pore volume, a property that is very much related to the surface area, is shown in 

terms of micropore volume (pores smaller than 2 nm in diameter), mesopore volume 

(pores between 2 nm and 50 nm in diameter) and macropore volume (>50 nm), the 

sum of them all being the total pore volume. The charcoal obtained at 300 °C shows 

the lowest total pore volume (1.470 cm3 g-1) and mesopore volume (0.010 cm3 g-1) and 

has virtually no micropores. In fact it practically can be considered that the whole 

sample is compound of macropores. The results at 500 °C show that the total pore and 

micropore volumes have increased (1.540 and 0.238 cm3 g-1) while the macropore 

volume has decreased (1.263 cm3 g-1) in comparison to 300 °C charcoal. At 700 °C the 

total pore volume (1.670 cm3 g-1) is greater than that of any other temperature, the 

macropore volume increases again while mesopore and micropore volumes decrease. 

From 700 to 900 °C quite the opposite occurs, the micropore volume almost doubles 

while the macropore volume is significantly reduced, although the total pore volume is 

balanced and is only slightly reduced (1.600 cm3 g-1) compared to 700 °C charcoal. 

Similar trends concerning the effect of temperature on the pores of charcoal were 

obtained by Grønli and Antal [45]. 

 

The influence of the pyrolysis peak temperature on the real density of the charcoal is 

progressive. The lowest value is obtained at 300 °C (1.321 g cm-3), while the densest 

solid is the 900 °C charcoal (1.798 g cm-3). The changes between the apparent density 

of the different solids are very small and the results can be considered invariable with 

temperature. Similar results with wood biochar were reported by Brewer et al. [167] 

and Somerville and Jahanshahi [168].  
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By comparing the specific surface area and the total pore volume, it can be concluded 

that there is a clear relation between them, the higher the total pore volume the 

higher the surface area. This is more pronounced with the micropores, due to their 

smaller size, a higher volume of micropores usually means a higher amount of them, 

and since they are narrow, they increase the surface area more than mesopores and 

macropores. The surface area is a very influential parameter on the reactivity of a solid 

material since it is where the solid can chemically interact with the medium. Therefore, 

it can be expected to have a great influence on the combustion behavior of the 

particles when injected by the tuyere. 

Conversion tests 

The conversion degree of the different temperature charcoals versus the O/C ratio are 

presented in figure 4.8, which shows the conversion curve of every charcoal both in its 

original particle size distribution and ground down to 90-125 µm. The grey area in the 

graphics, as it has been explained in the previous subsection, correspond 

approximately typical injection rate values in the industry. In addition to the charcoal 

conversion curves, figure 4.8 also shows the conventional pulverized coal conversion 

curve.  

 

Figure 4.8. Conversion curves in the tuyere injection test of the different charcoals obtained at 
different peak temperatures and the conventional pulverized coal 
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It can be observed that the conversion degree increases with the rise of the atomic 

O/C ratio regardless of the sample injected. However, there are differences depending 

on the peak temperature and particle size distributions of the charcoals. When 

comparing the combustion behavior of the original size distribution samples of the 

300, 500 and 700 °C charcoals, it is clear that their conversion curves are similar. 

Taking as reference the conversion degree corresponding to the highest injection rate 

(i.e. O/C ratio=1), and the lowest injection rate (i.e. O/C ratio=5), the curves show 

conversion degree values of 44-48% for the highest injection rate and almost the 

double (85-90%) for the lowest injection rate. The curve of 900 °C charcoal shows also 

similar conversion at stoichiometric conditions (48%), but it is almost not affected by 

the increase of the O/C ratio since at the lowest injection rate (O/C=5) the conversion 

has scarcely increased to 51%.  

 

Considering that the composition (see table 4.9) and textural properties (see table 

4.31) of the original particle size charcoal samples are significantly different, the fact 

that the curves of the first three temperatures (300, 500 and 700 °C) are that similar 

indicates that their characteristics are countering one another. As it was discussed in 

section 4.2.3.1, pore volume and specific surface area are important factors because 

they increase the oxygen/solid surface contact, which is the main limitation to particle 

combustion rate, therefore a higher pore volume accelerates the combustion reaction. 

Additionally, a high total pore volume makes it easier to transport the oxygen to the 

inner part of the charcoal particle.  

 

On the other hand, the energy required to start the ignition of the fixed carbon of the 

charcoal particle is higher than the energy required to ignite the volatile matter; since 

the combustion of the volatile matter is very exothermic. The energy produced in the 

ignition of volatiles helps reach the energy required to initiate the ignition of the fixed 

carbon in the surface of the particle. Consequently, the higher volatile matter content 

in 300 and 500 °C charcoals would help the sample initiate the ignition achieving a 

higher conversion degree than what could be expected from their lower surface area. 

The 700 °C charcoal sample presents a high surface area and pore volume, which 

compensates its low volatile matter content, thus justifying such similar conversion 
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degree to those of 300 and 500 °C charcoal. The reason why the 900 °C charcoal 

conversion are so different to the others relies on several factors. Despite the great 

surface area that it presents, most of its pore volume are micropores (<2 nm) whose 

narrowness makes it harder for the oxygen molecules on the blast to access the 

interior of the particle, leaving a significant part of that surface area ineffective. This is 

further confirmed by the negligible effect of the injection rate on the conversion 

degree, because the excess of oxygen in the medium does not accelerate the reaction 

at lower injection rates. The very low volatile matter  content of the 900 °C charcoal 

also makes it harder to initiate the combustion of the charcoal, which again is 

detrimental to the conversion, moreover considering the low residence time of the 

solid in the reaction zone (which is 20 ms, as described in section 3.6) [169]. 

 

Oxygen to carbon ratios between 1.8 and 2.6 correspond approximately to pulverized 

injection rates of about 150-180 kg/tonne of hot metal, which are conventional 

industrial injection rates (grey area in the graphics in figure 4.8). This range can give a 

good idea of the effectiveness that the injectants would have in real operation 

conditions. In the case of the unground charcoal (original particle size distribution), the 

best results are obtained with the 300 °C solid, but very close to those of 500 and 700 

°C charcoals. Since the combustion behavior of these three charcoal samples are so 

similar, the best charcoal would be dictated by the pyrolysis operation conditions 

themselves, that is, operation parameters such as the charcoal yield, temperature 

profile and energy requirements.  

 

With respect to the different ground samples, the pyrolysis temperature plays a more 

important role on the combustion behavior of the charcoal in this case. The conversion 

degree of the 300 °C charcoal for any O/C ratio is relatively low when compared to the 

rest of the charcoal samples. The curves obtained for the 500 and 700 °C charcoals 

present similar trends, being the latter the one that shows the highest conversion 

degree, however their curves are less dependent on the oxygen excess than the 300 °C 

charcoal curve, which implies a slighter increase of the burnout at low injection rates 

(higher O/C ratio). The case of the charcoal produced at the highest pyrolysis 

temperature (900 °C) is noteworthy since although in the original sample size 
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distribution the conversion curve is almost not influenced by the O/C ratio, in the 

ground charcoal the conversion curve is the one most dependant on the injection rate. 

At stochiometric conditions (O/C=1) the conversion degree of the PR900 charcoal is 

the second lowest (24%) while at O/C ratio equal to five is almost as high (72%) as that 

of the charcoal produced at 700 °C.  

 

The conversion degrees of the ground samples (except for 900 °C charcoal) are lower 

than those of the original size distribution samples. At high injection rates all the 

unground charcoal samples and the 500 and 700 °C charcoal ground charcoals have 

similar combustion behavior, however the unground samples show a bigger 

dependence of the O/C ratio (again except for 900 °C) achieving higher conversion 

degrees at lower injection rates (higher O/C). Smaller particles present higher specific 

surface areas, hence it would be logical to expect higher conversions, but there are 

some publications that have stated that smaller particles sometimes tend to group 

worsening the burnout [170]. As it has been explained in the previous section, the 

reason why high conversion degrees are obtained in the case of mixed particle size 

sample compared to their ground counterparts cannot be explained just by the 

additive effect of the conversion of the different particle size fractions. There must 

best be synergetic effects that further increase the conversion degree of charcoals at 

high injection rates. In any case, the fact that the samples with the original particle size 

distribution (i.e. unground) show a higher conversion than that of the ground charcoal 

is a promising result from the energetic and operational point of view.  

 

Regarding the coal injection tests, the conversions obtained are, in most cases, lower 

than those obtained with the charcoal of the same particle size (90-125 µm), except for 

300 °C charcoal. At higher injection rates, the conversion degree of the pulverized coal 

is 21%, hence similar to that of 900 °C charcoal and slightly higher than that of 300 °C, 

but more than half lower than that of 500 and 700 °C charcoal. At lower injection rates 

the conversion of pulverized coal increases until it reaches 65% at the lowest injection 

rate (O/C=5). At this injection rate the difference between the pulverized coal 

conversion and that of 300 °C charcoal increases (64% vs. 52% respectively), and the 

difference between pulverized coal and 500 and 700 °C charcoal is reduced (64% vs. 
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67/73% respectively). In the case of 900 °C charcoal, the difference of conversion 

between coal and charcoal is 64% vs. 72% respectively. The conversion degree of 

pulverized coal at O/C ratios of 1.8 and 2.6 were 37% and 45% respectively. These 

conversion values are higher than that of 300 °C charcoal (31% and 39%), lower than 

that of 500 and 700°C charcoal (50% and 57% for 500 °C and 56% and 62 % for 700 °C) 

and slightly lower than that of 900 °C charcoal (40% and 52%). When pulverized coal 

and the unground charcoal samples are compared, 300, 500 and 700 °C charcoals 

show conversions degrees higher than that of pulverized coal, in fact, the difference in 

conversion obtained for every O/C ratio between charcoal and coal are very stable: 25-

30% for 300 °C charcoal, 23-25% for 500 °C and 23-30% for 700 ° C. In the case of 900 

°C charcoal, the conversion degree of the coal is lower at high injection rates, it 

equalizes at 2.8-2.9 O/C ratios and end up being higher at low injection rates. 

 

Therefore, it can be stated that pinewood pyrolysis charcoal is expected to perform as 

a good injectant, even better than conventional coal depending on the pyrolysis 

temperature in which the solid has been obtained. With the exception of 900 °C 

charcoal, unground charcoal show conversion degrees greater than 60% at typical 

industrial injection rates and far superior to conventional pulverized coal injection.  

Ground charcoal also outperforms pulverized coal for any injection rate (except 300 °C 

charcoal), though the results are not as good as unground charcoal and, as it has been 

stated in Section 4.2.3.1, less grinding and sieving operation means manpower, energy 

and financial resources savings. Considering that the ash content of the charcoal is 

much lower than that of coal and that charcoal is derived from a renewable green 

source (i.e. biomass), it can be concluded that the implementation of particulate 

charcoal injection at industrial scale is would mean not only an environmental measure 

but and operational improve as well.   
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5. CONCLUSIONS 

The main conclusions that can be drawn from this PhD thesis, devoted to study the 

simultaneous production of charcoal useful for metallurgical applications and 

hydrogen rich gases by pyrolysis of lignocellulosic biomass in a continuous screw 

reactor, are the following: 

 

The slow pyrolysis process in a screw reactor converts lignocellulosic biomass in three 

different fractions: a carbonaceous solid useful as solid fuel and with a potential use in 

the metallurgical industry, a useless liquid composed of water (12-52 wt.%) and mono 

and polycyclic aromatic products (27-72 wt.%), and a gaseous fraction mainly 

composed of H2, CO, CO2 and CH4, which can be used as gas fuel, source of H2, 

synthesis gas or metallurgical reducer. The amount and composition of these fractions 

vary significantly with the operating conditions used. 

 

Conclusions concerning the influence of process conditions on pyrolysis products: 

 Temperature increases gas yields and reduces solid yields in the whole temperature 

range (300-900 °C), while liquids increase at low temperatures (300-500 °C) and 

decrease over 500 °C. The decrease of solids is much more pronounced at low 

temperatures (< 500 °C) than at high temperatures (> 500 °C). 

 Temperatures greater than 500 °C are necessary in order to achieve a well-

carbonized solid. Under 500 °C a significant proportion of biomass remains partially 

unconverted. 

 As the temperature is raised the fixed carbon and elemental carbon contents of the 

solids increase while the volatile matter, the elemental hydrogen and oxygen, and 

the CO2 reactivity decrease. The charcoals obtained at high temperatures (≥ 700 °C) 

are almost 100% carbon. 

 The increase of temperature gives rise to heavier liquids and with more polycyclic 

compounds and less monocyclic compounds. 
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 The higher the temperature the greater the CO and H2 contents and the lower the 

CO2 and CH4 contents of the pyrolysis gases. At high temperatures (> 700 °C), with 

long reaction times and/or with appropriate catalysts, gases with more than 50 

vol.% of H2 can be obtained. 

 Concerning the effect of residence time in the high temperature range (750 to 900 

°C), it is rather similar to that of temperature: solid and liquid yields decrease while 

gases increase as the residence time is raised, and fixed and elemental carbon 

contents of the solid increase while volatile matter decrease as the residence time 

increases. There are no clear tendencies in the liquids composition and only a slight 

effect in the gases composition. 

 As the heating rate is raised the solid and liquid yields decrease while the gas yield 

increases, the fixed and elemental carbon contents of the solid increase while the 

volatile matter content decreases and the H2 and CO contents of the gases increase 

while the CO2 and CH4 contents decrease. 

 The conclusions concerning the influence of the operating conditions are 

independent of the lignocellulosic biomass used in this study (Pinus radiata or Pinus 

pinaster), although, in general terms, the lower the lignin content of the biomass 

the higher the gas yield and the lower the solids and liquids yields. 

 

Conclusions concerning the use of catalysts for upgrading pyrolysis vapors: 

 Ni-containing reforming catalysts on vapor phase contact increase gas yields and 

decrease liquid yields to different extents depending on the amount of Ni. 

 The activated charcoal has a moderate but noticeable effect promoting gas yields 

and reducing liquid yields. 

 Very high Ni contents in the catalyst (in the range of 44 wt.%) are necessary for an 

effective upgrading of the heavy and tarry vapors generated in slow pyrolysis of 

lignocellulosic biomass. 

 The 44Ni catalyst has proved to be much more effective than the catalysts with 

lower Ni contents (17Ni and 19Ni). 44Ni is the catalyst that most increases gas 

yields and most enhances gas composition increasing the H2 and CO contents. 
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 The effect of the 44Ni catalyst at very high temperatures (900 °C) is quite moderate; 

the highest gas yields are obtained but not the highest H2 content, which is 

obtained at 700 °C with the 44Ni catalyst. 

 The effect of the 44Ni catalyst at low temperatures (500 °C) hardly affects the 

product yields but causes the greatest increase of the H2 and CO contents of the 

gases. 

 Pyrolysis at 700 °C followed by vapors treatment with 44 Ni catalyst gives as good or 

better results as pyrolysis at 900 °C without catalyst. Therefore the use of high Ni-

containing reforming catalysts enables to reduce significantly the biomass pyrolysis 

temperature. 

 The use of 44Ni catalyst for vapors upgrading and a pyrolysis temperature of 700 °C, 

are proposed as the optimal operation conditions for the simultaneous production 

of hydrogen rich gases and charcoal useful for metallurgical applications, with 

reasonable energy consumption and inversion costs. With these conditions about 

28% charcoal, 14% liquids and 58% gases with more than 50vol.% H2 are obtained. 

 

Conclusions concerning the potential applications of the charcoals obtained: 

 They can be used as good quality renewable solid fuels with neutral CO2 emissions. 

Their higher heating values (HHV) are in the range or over those of conventional 

fossil coals and have the advantage of not containing polluting elements (S, N) and 

having less ash contents.  

 The charcoals obtained in this thesis have no mechanical strength and present 

extremely high reactivity; therefore they cannot be used as top burden in blast 

furnaces. 

 The charcoals obtained at high temperatures (> 700 °C) can be used as fuels and 

reducers in non-ferrous processes where no strength is required, like rotary kilns, in 

substitution of fossil reducers typically used in such processes, as metallurgical 

coke, petroleum coke and anthracite, with the advantage that charcoals have less 

sulfur and ash contents. 

 

Conclusions concerning the addition of charcoal to coal for biocoke production: 
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 The charcoals obtained at high temperatures (900 °C) can be added to coking coal 

blends in proportions up to 0.9 wt.%, to produce good quality biocokes that fit the 

specifications to be used in blast furnaces. 

 The addition of up to 5 wt.% of charcoal does not affect the biocoke reactivity. 

 The addition of ≥ 2 wt.% of charcoal to coking coal blends worsen the mechanical 

properties of the biocoke too much to be used in blast furnaces. 

 

Conclusions concerning the simulation of charcoal injection in blast furnaces: 

 It has been proved that the charcoals obtained in this thesis can be used as 

fuel/reducer in blast furnaces injected through the tuyeres, with (in most of the 

cases) a better performance than typically used conventional pulverized coals. 

 The charcoal conversion increases as the injection rate is decreased, or what is the 

same, as the O/C ratio is increased.  

 The bigger the particle size the smaller the influence of the injection rate (O/C ratio) 

in the charcoal conversion. 

 In the range of particle size studied the unground original charcoal, which has 

0,045-2 mm particle size, yields greater conversions in the injection, than any of the 

narrower size distribution samples (90-125, 300-355 y 630-710 μm) prepared by 

sieving the original charcoal. 

 The higher the pyrolysis peak temperature the lower the influence of the injection 

rate (O/C ratio) on the charcoal conversions is. 

 The conversions of the unground charcoals obtained at 300 to 700 °C pyrolysis peak 

temperature are higher than that of pulverized coal, at any injection rate (any O/C 

ratio). The 900 °C charcoal conversion is higher than that of pulverized coal only for 

high injection rates (low O/C), which includes those injection rates typically used in 

industry. 
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6. FUTURE RESEARCH LINES 

This PhD thesis provides the opportunity to work in complementary, parallel or in new 

research lines. Some of them are presented below. 

 

First of all some proposals for the optimization of the laboratory pyrolysis installation 

(screw reactor + vapors upgrading reactor + condensing system) itself: 

- Enlargement of the secondary vapors treatment reactor to increase its capacity, 

hence allowing the introduction of a higher amount of catalyst or mixtures of 

catalysts. 

- Improvement of the feeding system so that a wider range of particle sizes could 

be pyrolyzed. 

 

More detailed study of the influence of operating conditions of both the pyrolysis 

reactor and the vapors upgrading reactor, as for instance: 

- Study of the vapors upgrading process in a wider range of temperatures. 

- Application of response surface methodology (RSM) to obtain an approximation of 

the relationships between the operating parameters and the results, with the aim 

of determining the optimal conditions 

 

More in depth study of the use of catalysts for vapors upgrading including the 

following items: 

- Study of the influence of the amount of catalyst. 

- Testing of other high Ni-containing catalysts (around 40% Ni), in order to 

determine the optimum amount of Ni for the vapors treatment. 

- Study of the lifetime and deactivation of the catalysts.  

 

Further study of the potential applications of charcoals in the metallurgical industry 

including the following issues: 
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- Further study of the production of biocokes by coking mixtures of charcoal and 

coking coal, using charcoals of different particle sizes and charcoals obtained at 

different temperatures. 

- Experimental validation of the usefulness of charcoals as reducers for non-ferrous 

materials in rotary kilns. 

 

Technical, environmental and economic study for the optimization and scale up of the 

process for production of charcoal useful for metallurgy industry and high value gases, 

by lignocellulosic biomass pyrolysis followed by thermo-catalytic treatment of the 

pyrolysis vapors.  
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