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ABSTRACT 

In the current energy scenario, characterized by the objectives of sustainable development and 

mitigation of the effects of climate change, renewable energies acquire special importance. The 

reduction of dependence on fossil fuels induces a necessity to look for alternatives that allow the 

substitution of these fuels. In this context, biofuels are presented as possible substitutes for fossil 

fuels due to their versatility and their climate-independent energy conversion unlike other 

renewable energies such as solar, wind, hydropower, etc. In particular, the use of solid biofuels, 

mainly biomass, has significantly grown, however, its use involves with two major disadvantages: 

its low energy density and the risk of accidents due to its flammability characteristics. 

Among the main pre-treatments used to improve the energy properties of biomass, dry 

torrefaction stands out, which is a thermal process that significantly improves biofuels by 

modifying the bonds between molecules producing changes in the composition and 

characteristics of the samples. 

Therefore, the main objective of the present thesis is to assess the flammability characteristics of 

different biomasses, to determine how physical and chemical parameters such as composition, 

particle size, etc. influence them. To do so, various flammability and characterization tests have 

been carried out, modifying physical parameters (such as granulometry or moisture) and 

chemical parameters (torrefying biomass). The tendency to self-ignition of different materials has 

been determined, observing that samples with a smaller particle size produce spontaneous 

heating more easily than those samples with greater granulometry. 

On the other hand, the effect of torrefaction on the energy conversion of biomass has been 

studied in detail, determining the kinetic parameters that define the combustion process through 

different methods. It has been noticed that torrefied samples present higher activation energy 

values, since torrefaction affects the weakest bonds and produces more structurally stable 

materials. At the same time, it has been defined how torrefaction affects the composition of the 

biomass in terms of lignin, hemicellulose, and cellulose. Given the decomposition temperature 

ranges of these components, hemicellulose and cellulose tend to decrease after torrefaction, 

while lignin increases. 

The composition estimation, together with the determination of other parameters obtained using 

thermogravimetric analysis such as induction temperature, specific heat, etc., allowed the study 

of the relationships between these parameters and the flammability of the samples, specifically, 

the minimum ignition energy. From this study, a relationship between the hemicellulose / 

cellulose ratio and the induction temperature has been obtained, which gives rise to trend areas, 

in which the samples with similar minimum ignition energies are placed together. Thus, an 

estimation of the flammable tendency of the sample can be obtained, using only 

thermogravimetric analysis.  
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RESUMEN 

En el actual escenario energético, caracterizado por los objetivos de desarrollo sostenible y 

mitigación de los efectos de cambio climático, las energías renovables adquieren una especial 

importancia. La reducción de la dependencia de combustibles fósiles obliga a buscar alternativas 

que permitan sustituir estos combustibles. En este contexto, los biocombustibles se presentan 

como posibles sustitutos a los combustibles fósiles dada su versatilidad y su conversión energética 

independiente del clima a diferencia de otras energías renovables como la solar, eólica, 

hidráulica, etc. En particular, el uso de biocombustibles sólidos, principalmente biomasas, ha 

crecido notable, no obstante, lleva asociadas dos importantes desventajas: su baja densidad 

energética y el riesgo de accidentes debido a sus características de inflamabilidad.  

Dentro de los principales pretratamientos utilizados para mejorar las propiedades energéticas de 

las biomasas, destaca la torrefacción seca, un proceso térmico que mejora notablemente los 

biocombustibles modificando los enlaces entre moléculas produciendo cambios en la 

composición y características de las muestras.  

Por todo ello, el principal objetivo de esta tesis es evaluar las características de inflamabilidad de 

distintas biomasas, para determinar cómo influyen en ellas parámetros físicos y químicos como 

pueda ser la composición, el tamaño de partícula, etc.  Para ello, se han realizado diversos ensayos 

de inflamabilidad y de caracterización alterando parámetros físicos (como la granulometría o la 

humedad) y químicos (torrefactando las biomasas). Se ha determinado la tendencia a la 

autoignición de distintos materiales, observándose que muestras con un menor tamaño de 

partícula producen calentamiento espontáneo con mayor facilidad que aquellas muestras con 

mayor granulometría.  

Por otra parte, se ha estudiado en detalle el efecto de la torrefacción en la conversión energética 

de la biomasa, determinándose los parámetros cinéticos que definen el proceso de combustión 

a través de distintos métodos. Se ha visto que las muestras torrefactadas presentan mayores 

valores de la energía de activación, ya que la torrefacción afecta a los enlaces más débiles y 

produce materiales estructuralmente más estables. Al mismo tiempo, se ha visto cómo afecta la 

torrefacción a la composición de la biomasa en términos de lignina, hemicelulosa y celulosa. 

Dados los rangos de temperatura de descomposición de dichas componentes, la hemicelulosa y 

celulosa tienden a reducirse tras la torrefacción, mientras que la lignina aumenta. 

La estimación de la composición, junto la determinación de otros parámetros obtenidos 

mediante análisis termogravimétrico como la temperatura de inducción, el calor específico, etc., 

ha permitido estudiar las relaciones entre dichos parámetros y la inflamabilidad de las muestras, 

en concreto, la energía mínima de inflamación. De dicho estudio se ha obtenido una relación 

entre el ratio de hemicelulosa/celulosa y la temperatura de inducción que da lugar a áreas de 

tendencia, en las que las muestras con energías mínimas de inflamación similares se sitúan juntas. 
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De este modo, se puede obtener una estimación de la tendencia inflamable de la muestra, 

utilizando únicamente el análisis termogravimétrico.  
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1. INTRODUCTION 

1.1. CLIMATE CHANGE SCENARIO 

1.1.1. CLIMATE CHANGE 

In the past decades climate change effects have increased becoming a concern among the 

society. Many mitigation solutions have been proposed and implemented, but there is no doubt 

that the most important is to reduce society’s energetic dependence on fossil fuels.  

Since the Industrial Revolution, the greenhouse gas (GHG) emissions have constantly increased 

(as shown in Figure 1), especially global atmospheric carbon dioxide concentrations, producing 

global warming that leads to polar ice melting and oceans expansion, important changes in 

ecosystems, biodiversity reduction, etc. But it is not until 1989 that the world governments finally 

realized that some measures need to be taken in order to reverse the situation and the 

Intergovernmental Panel on Climate Change (IPCC) was stablished as an intergovernmental body 

of the United Nations. IPCC aim is to provide scientific information that help understand the 

climate change produced by human activity, but also its risks and possible responses.  

 

Figure 1: Greenhouse gas atmospheric concentrations evolution. Data retrieved from European 

Environment Agency 

Three years later, on 1992 the United Nations Framework Convention on Climate Change 

(UNCED) was created as an international environmental agreement signed by 154 states to 
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address climate change problems by establishing responsibilities for the signatory states. 

However, it takes five more years to properly define actions under the Kyoto Protocol. This 

protocol commits the signatory states to reduce greenhouse gas emissions so the anthropogenic 

interference with the climate change would diminish. Between 2008 and 2012 took place the first 

commitment period of Kyoto Protocol whose target covered emissions of the six main 

greenhouse gases: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons 

(HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6). These targets intended to 

average reduce emissions 5 % compared to 1990 levels. In this context, European Union members 

decided to increase and improve their climate policy establishing the European Union climate and 

energy package. The plan, also called European Union’s 20-20-20 targets, defined a 20 % 

greenhouse gas emissions reduction (from 1990 levels), 20 % energy efficiency improvement and 

20 % final energy consumption from renewable energy sources; all targets by 2020. Those targets 

were partially achieved [1]. According to European Environment Agency, by 2015 greenhouse gas 

emissions were already 22 % less than 1990 levels, and the predictions showed decreases of 27 % 

by 2020 and 32 % by 2030 [2], as shown in Figure 2.  

 

Figure 2: GHG emission trends, projections, and targets in the EU [2] 
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However, the energy efficiency target was not achieved, and was 3 points far from the target by 

2019. Besides, the trend from 2014 was opposite to reach the target, and only from 2017 this 

trend was reversed, as shown in Figure 3.  

 

Figure 3: Primary energy consumption in the EU [3] 

On the other hand, according to Eurostat [4], the EU share of energy from renewable sources 

almost reach the target in 2019, where renewable energy represented 19.7 % of gross final 

energy consumption as shown in Figure 4. Nevertheless, Spain’s gross final energy consumption 

was almost two points far from the target, achieving 18.3 %.  

 

Figure 4: Overall share of energy from renewable sources. Data retrieved from [4] 
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global average temperature increase below 2 ºC. The European Union implemented its 

commitments under the Paris Agreement by defining a short-term strategy, 2030 climate and 

energy framework, and a long-term strategy, 2050 long-term strategy. Both intend to allow the 

EU transition to a climate-neutral society by establishing key targets: 

• Key targets for 2030: 

o 40 % greenhouse gas emissions reduction compared to 1990 levels. 

o 32.5 % energy efficiency improvement. 

o 32 % final energy consumption from renewable energy sources. 

• Key targets for 2050: 

o EU climate neutral. 

o Net-zero greenhouse gas emissions economy. 

In this scenario renewable energy becomes a key factor as the main action course is to reduce 

fossil fuel dependence. The energy related GHG emissions constitute almost 30 % of EU-27 total 

greenhouse gases emissions in 2017 [5], where the highest emissions appertain to carbon dioxide 

as it is the main gas outcome from combustion processes and constitute more than the 80 % of 

the total GHG emissions. Figure 5 shows the emissions distribution per GHG. Carbon dioxide is 

removed from the atmosphere due to the biological carbon cycle, where plants absorb CO2 during 

photosynthesis. However, the emissions produced by burning fossil fuels are greater than the 

amount absorber by plants, which means that two courses of action are available: CO2 

sequestering techniques or generation from different energy sources.  

 

Figure 5: Overview of greenhouse gas emissions in 2018. Data retrieved from United States 

Environmental Protection Agency [6] 

However, fossil fuel combustion processes do not produce just carbon dioxide, but other 

important air pollutants such as carbon monoxide (CO), sulphur dioxide (SO2), nitrogen oxides 
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(NOx) and particles. Complete combustion process produces CO2, however partial combustion 

releases carbon monoxide, that is a toxic gas that contributes to ozone formation in the 

troposphere, but also interferes with methane destructing the stratosphere [7].  

 

1.1.2. AIR POLLUTANTS  

As fossil fuels content sulphur, during combustion sulphur dioxide is released. Between the 

different fossil fuels, natural gas presents the higher amount of sulphur in the form of hydrogen 

sulphide (H2S), however its removal by chemical pre-treatment is very efficient, which means that 

natural gas combustion does not present the higher SO2 emissions. On the other hand, coal does, 

as it presents between 0.1-4 % sulphur as iron pyrites or sulphates [8]. Energy from coal 

generation reduction led to a decrease of SO2 emissions in the last decade [9].   

Combustion at high temperatures produces nitrogen oxides, which are acid gases with higher 

warming potential than carbon dioxide. The main oxides of nitrogen are nitric oxide (NO) and 

nitrogen dioxide (NO2). Most of the NOx produced by burning fuels are nitric oxide, which is 

released to the atmosphere and combined with ozone to produce NO2, leading to stratospheric 

ozone depletion [7]. Furthermore, nitrogen oxides produce photochemical smog, generating 

peroxyacyl nitrates (APN) harmful to human respiratory system and plants.  Besides that, NOx 

form nitric acid (HNO3) which is highly soluble in water, producing acid precipitations [8]. 

Finally, the last major air pollutant are particles, also called particulate matter or suspended 

particulate matter. Those particles can come from different anthropogenic sources, as they are 

formed during industrial processes such as combustions, crushing, melting, grinding, etc. Their 

size and shape also vary depending on the origin and they can produce health issues.  

As it has been said, fossil fuels contribute to GHG emissions, air pollution and global warming. 

These factors reduction is now a priority for each government leading to a climate neutral 

scenario. Renewable energy serves this purpose, as its generation and use have an important 

contribution to the global warning and greenhouse gasses mitigation, but also to reduce air 

pollutants.  

 

1.2. SOLID BIOFUELS 

However, find a viable substitute for fossil fuels is not an easy task. Fossil fuels do not depend on 

climate, so they can supply peaks in demand without depending on external factors and present 

high heating values as its oxygen content is much lower if compared to carbon content, which 

leads to low oxygen-carbon ratios (O/C) and high hydrogen-carbon ratios (H/C). Among the 

different renewable energy resources, only biofuels present characteristics that match those of 
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conventional fuels as its production does not depend on the climate as it occurs with solar, wind 

and marine energies. Besides that, biofuels can be produced in different states of matter: biomass 

and solid biofuels (briquettes, pellets, char), gaseous biofuels (biogas, producer gas) and liquid 

biofuels (ethanol, biodiesel, synthetic fuels) [10]. This fact leads to a scenario where biofuels could 

be used instead of coal, natural gas, and oil. Biofuels can be produced from different wastes such 

as agricultural, forestry, etc., which means that it is widely available, eases the transition to low 

carbon economy, improves waste valorisation, has low content of most trace elements, presents 

negligible sulphur and nitrogen content so its combustion does not contribute to acid rain, etc.  

Besides, it is considered that biomass combustion does not contribute to the greenhouse effect 

as it is CO2 neutral conversion [11], however some authors consider that under the actual policies 

this contribution is not null [12].  

In addition, biomass is suitable for different energy conversion process besides direct 

combustion. Pyrolysis process is used for bio-oil, syngas, and biochar production; gasification 

leads to producer gas generation, fermentation is suitable for ethanol production, anaerobic 

digestion produces biogas and transesterification process outcome is biodiesel.   

Among the different biofuels, the most commonly used are solid biofuels, also called biomass, 

which, according to the United Nations, are defined as “non-fossilized and biodegradable organic 

material originating from plants, animals and/or micro-organisms, including products, by-

products, residues and waste from agriculture, forestry and related industries as well as the non-

fossilized and biodegradable organic fractions of industrial and municipal wastes, including gases 

and liquids recovered from the decomposition of non-fossilized and biodegradable organic 

material” [13]. It means that biomass composition is highly variable and heterogeneous, so most 

of its physicochemical characteristics will differ depending on the origin of biomass.  

However, the use of biomass has been limited due to its low calorific value. If compared to 

hydrocarbons, biomass is mainly composed by carbohydrates which means that it will present 

lower H/C ratios and higher O/C ratios. If nonhydrocarbon fossil fuels are considered, it can be 

seen (Figure 6) that biomass has high O/C ratios compared to coal, lignite, or anthracite, which 

means that its calorific value is much lower than fossil fuels’. This is the main disadvantage that 

needs to be solved in order to consider biofuels as a sustainable substitute. In addition, biomass 

high oxygen content produces considerable volume of flue gas during the combustion process, 

which translates into larger and more complex facilities.  



Flammability Characterization of Biofuels and Materials with Energetic Recovery 

7 
 

 

Figure 6: Van Krevelen diagram [14] 

Besides its low calorific value, biomass present several disadvantages that need to be improved 

in order to properly replace fossil fuels, such as its hygroscopicity, difficult transportation due to 

low bulk density, non-uniform physicochemical properties or industrial safety problems attached 

to its use, management and storage.  

 

1.2.1. USE OF BIOMASS  

As it has been said, the use of renewable energies has increased in the last years, reaching 59 % 

of the total energy consumption in the EU in 2019. In this scenario, energy derived from biofuels 

represent 10.3 % of the gross energy consumption in EU. As shown in Figure 7, bioenergy use has 

increased significantly in the last decade, and heat is the main use of biofuels. Considering the 

type of biofuels, solid biofuels represent more than the 80 % of the total bioenergy production.   
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Figure 7: EU Bioenergy Progress [15] 

Although the most common use of biomass is direct combustion to produce heat or electricity, 

there are some other conversion processes that have become popular in the past decades such 

as thermochemical conversion, chemical conversion, or biological conversion, as shown in Figure 

8. 

 

Figure 8: Biomass conversion processes 

Thermochemical conversion includes two main types of technologies pyrolysis and gasification. 

Biomass pyrolysis is a complex process in which thermal degradation is produced under absence 

of oxygen. Biomass pyrolysis produces bio-oil, char and pyrolytic gas [16]. Bio-oil is an organic 

mixture of alcohols, ketones, aldehydes, alkenes, etc., and it is the primary product of interest. 

Char is the solid product characterized by high carbon content and low volatility.  Pyrolytic gas is 

produced at the beginning of the process, when the decomposition of macromolecules takes 

place, and it mainly consists of carbon dioxide and monoxide, hydrogen, and some hydrocarbons 

[17]. Pyrolysis can be carried out as fast pyrolysis, applying high heating rates, or slow pyrolysis, 
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applying low heating rates. Fast pyrolysis is more used as it usually yields more gas and bio-oil 

production [18].  

Biomass gasification involves heat, steam and oxygen to transform biomass into hydrogen, 

carbon monoxide and traces of methane [19]. The mix of those gases is called producer gas, and 

can be used to feed internal combustion engines, furnaces for heat applications, and methane 

production. Biomass gasification has gained attention in the past years as can be carried out using 

any biomass material, unlike biogas or bioethanol production, that only some biomasses can be 

used [20].  

Chemical conversion for biofuels uses chemical agents so transesterification and esterification 

reactions take place to produce liquid biofuels, such as biodiesel. The chemical conversion is 

applied mainly to energy crops, such as palm oil or soybean, however, in the last years research 

on liquid biofuels production from waste animal fat, vegetable oils and algae has significantly 

increased [21–23].  

Biological conversion, also called biochemical conversion, involves processes of anaerobic 

digestion, fermentation, and composting, using enzymes of bacteria and other microorganisms. 

The main product obtained from this conversion process is biogas, that can be used as fuel either 

for transport or combined heat and power plants [24]. Anaerobic digestion undergoes in oxygen-

free atmospheres that help microorganism to degrade biomass organic matter, producing a 

biogas and digestate. Biogas is a mixture of methane and carbon dioxide, and digestate is a solid 

or sewage residue used as soil conditioner. Fermentation is also an anaerobic process, however 

microorganism do not degrade biomass but transform sugars to alcohols that are used as fuels 

[25]. On the other hand, composting is an aerobic conversion in which bacteria convert biomass 

into ammonia and ammonium that through nitrification produced nitrites and nitrates used for 

soil conditioning [26].  

As said before, direct combustion is the most common use of biomass, and accounts more than 

95 % of global biomass energy production [27]. The most efficient biomass combustion takes 

place at biomass electric power plants where biomass is burned producing heat exchanged with 

a working fluid that activates electric generators. However, in most cases, biomass direct 

combustion efficiency is not enough to make the plant profitable, so combined combustion of 

biomass together with fossil fuels (typically coal) is required. This process is called co-firing and 

allows the adaptation of coal thermal plants to be used as co-firing plants that reduce NOx, CO2 

and SO2 emissions [18]. Co-firing requires pulverized biomass to make a blend with coal in 

different proportions that range from 1 % to 20 % of biomass [28], however fibrous nature of 

biomass increases grinding costs but also inconsistency in the particle size distribution [29]. 

Europe presents the greatest number of co-firing power plants, followed by the USA [30].  
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1.2.2. TYPES OF BIOMASS 

Biomass classification can be done considering its origin, used, applications, etc. Standard ISO 

17225 [31] classifies biomass in four different groups: woody biomass, herbaceous biomass, fruit 

biomass and blends and mixtures. This classification also establishes that biomass origin can be 

classified into products from agriculture and forestry, vegetable waste from agricultural and 

forestry, vegetable waste from the food processing industry, wood waste, fibrous vegetable 

waste and cork waste. However, the most used classification is not the standard’s classification 

but the one that divides biomass in wood and woody biomass, herbaceous biomass, aquatic 

biomass, animal and human waste and biomass mixtures [32].  

Wood and woody biomass is derived from wood species and can be classified into residues from 

sawmill facilities, forest residues and scrap wood from construction [33]. Woody biomass includes 

chips, briquettes, pellets, sawdust, and stems, among others.  

Herbaceous biomass typically refers to agricultural waste, as it is the biomass derived from non-

woody stem plants from crops. It includes crops dedicated to food processing industry, flower 

crops, grasses crops, etc. The most common herbaceous biomass are straws, shells, seeds, pits, 

etc.  

Aquatic biomass is composed by aquatic plants and algae (micro algae and macro algae). Its 

composition differs from lignocellulosic biomass regarding photosynthetic efficiency, biomass 

production and growth, that are greater for aquatic biomass than lignocellulosic [34]. Aquatic 

biomass is composed by different carbohydrates, proteins, lipids and inorganic material, so 

typically, aquatic biomass is used to produce bio-diesel and bio-crude [35]. 

Animal and human waste are considered biomass as they are derived from the food chain. Animal 

wastes include manures from pigs, chickens and cows; shed effluents (such as wash water, waste 

feed or residual milk), rendering, or any other organic waste product from the livestock industry 

[36]. On the other hand, human waste biomass is composed mainly by waste organic products 

typically used for biogas production, and sewage sludge from wastewater treatment plants. 

Sewage sludge is composed by a mixture mainly of inorganic compounds, organic carbon 

compounds, nitrogen, phosphorus and water [37]. Due to the high amount of water present, 

sewage sludge requires drying pre-treatment in order to be used as a fuel, so typically, the final 

product is thermally dried sewage sludge in the form of pellets.  

The last group, biomass mixtures, refers to the mixture of two or more types of biomass. The 

properties and characteristics of the mixture will depend on the biomass mixed. 

As it has been said, the physicochemical properties of biomass will be different from one type to 

another. Even biomasses belonging to the same group of the above-mentioned classification can 

present differences on its composition. To present some reference values Table 1 shows the 

average values of proximate and elemental analysis for the different biomass groups. The table 
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presents content ranges for carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulphur (S), 

volatile matter (VM), moisture (M), ashes (A) and fixed carbon (FC). carbon (FC).  

Table 1: Proximate and elemental analysis values for biomass [38] 

Group C (%) H (%) O (%) N (%) S (%) VM (%) M (%) A (%) FC (%) 

Wood and woody 

biomass 

49-57 5-10 32-45 <1-1 <1-1 30-80 5-63 1-8 6-25 

Herbaceous biomass 42-58 3-9 34-49 <1-3 <1-1 41-77 4-48 1-19 9-35 

Aquatic biomass 27-43 4-6 34-46 1-3 1-3 42-53 8-14 11-38 22-33 

Animal and Human 

waste biomass 

57-61 7-8 21-25 6-12 1-2 43-62 3-9 23-34 12-13 

Biomass mixtures 45-71 6-11 16-46 1-6 <1-2 41-79 3-38 3-43 1-15 

 

1.2.3. BIOMASS COMPOSITION  

This research focusses on biomass, and specially on lignocellulosic biomass, which is the biomass 

composed by cellulose, hemicellulose, and lignin. Those three polymers are the main components 

of the plants’ cell wall which are primary and secondary wall, plasma membrane and middle 

lamella.   

Cellulose, whose chemical formula is (C6H10O5)n, is a carbohydrate polymer, a polysaccharide 

consisting of β-glucose monomer chains held together by hydroxyl groups that form hydrogen 

bonds [39]. The crystalline clusters formed by glucose chains and hydrogen bonds are linked by 

so-called glycosidic linkage, producing the structure of the cell walls. Cellulose is the most 

common organic substance and its content on biomass usually varies between 40 % and 60 %. 

Biomasses from wood stems or herbaceous fibres typically present higher amounts of cellulose 

than other biomasses.  

As cellulose, hemicellulose is a carbohydrate polymer, and both present a similar structure and 

serve as structural components, however, hemicellulose contains other monosaccharide sugars 

such as xylose, galactose, arabinose mannose and rhamnose. While cellulose is a crystalline 

polymer, hemicellulose is an amorphous polymer with a simpler structure whose content on 

biomass usually varies between 15 % and 30 %. Grasses, grains, leaves, etc., present high content 

of hemicellulose. 

Sometimes hemicellulose and cellulose are defined together as holocellulose, which is a water-

insoluble carbohydrate fraction consisting of the fibrous residue that remains after extractives, 

lignin and ash-forming elements have been removed from lignocellulosic biomass [40].  
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The last compound is lignin, an aromatic polymer that binds the cellulosic tissue providing 

structural support. Lignin is a three-dimensional aromatic branched-chain macromolecule 

composed by substituted phenyl propane units, which makes lignin a complex phenylpropanoid 

polymer. When p-coummaryl alcohol, coniferyl and sinapyl alcohol precursors are incorporated 

into the polymers that compose lignin they become monomeric units called p-hydroxyphenyl, 

guaiacyl, and syringyl respectively. This fact makes lignin more complex polymer than cellulose or 

hemicellulose whose content on biomass varies approximately between 10 % and 25 %. As the 

main function of lignin is providing support, shells, pits, and husks will present higher amount of 

lignin than other biomasses.  

Figure 9 represents the structural formula for those components. Besides that, lignocellulosic 

biomass presents a small amount of extractives and ash.  

 

Figure 9: Cellulose, hemicellulose, and lignin structural formula 

Biomass composition is an important role in the energetic conversion of biomass, and it is the 

cause of some of the disadvantages previously mentioned. The hydroxyl groups present in the 

cell walls absorb moisture leading the hygroscopic nature of biomass [41]. On the other hand, the 

amount of each compound  affects the calorific value of biomass and some authors relate the 

calorific value to lignin amount [42].  

 

1.3. BIOMASS PRETREATMENT: TORREFACTION  

In order to solve the main biomass disadvantages, biomass requires pre-treatment processes that 

modifies composition and bonds between molecules so it can be used efficiently. Biomass pre-

treatments can be classified into chemical, mechanical, thermal, hydrothermal and biological 

methods [43].  

Between the different available pre-treatments, thermal methods (torrefaction) are the most 

commonly used as they do not require complex equipment, are easy to apply and provide 
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effective results. Thermal pre-treatments heat biomass slowly so the volatile matter is released 

modifying structural and physicochemical properties. The resulting biomass from torrefaction 

pre-treatment was found to be carbon rich solid fuel and the chemical transformations not only 

remove the moisture but modifies cell structures reducing the hygroscopic nature. In addition, 

these structural modifications reduce mechanical strength easing grinding and milling processes. 

Torrefaction reduces oxygen content, so the final product presents lower O/C ratio, which 

increase calorific value. This thermal treatment affects each one of the lignocellulosic 

components, typically increasing lignin content, but also modifying its physicochemical 

characteristics [44,45]. 

Torrefaction process can be carried out as wet torrefaction or dry torrefaction depending on 

whether the atmosphere applied during the process is water or air, respectively. Wet torrefaction 

(sometimes noted as hydrothermal pre-treatment) heats biomass under 180-265 ºC and high 

pressures (from 1 to 250 MPa) using autoclaves with compressed water [46,47]. The residence 

time of the process can vary from 5 minutes to several hours [48]. During the process, hydrolysis, 

decarboxylation, dehydration, polymerization (condensation reactions) and aromatization take 

place [49].  

Dry torrefaction (typically noted only as torrefaction) is a mild pyrolysis process carried out in 

anoxic atmosphere under temperature ranges from 200 ºC and 300 ºC and atmospheric pressure 

during a certain period of time called residence time that typically varies between 30 and 60 

minutes [50–52]. During the process decomposition, devolatilization and depolymerization 

reactions take place. As part of the biomass devolatilizes mass decreases and bulk density 

increases, which eases biomass transport. This volatile removal decreases oxygen content and so 

the O/C ratio. But also, torrefaction dehydrates biomass breaking inter and intra molecular 

hydrogen, carbon-oxygen and carbon hydrogen bonds [29]. This reaction destroys part of the 

hydroxyl groups, so the moisture content is heavily diminished, but also the possibility of forming 

hydrogen bonds which means that the capability of reabsorbing moisture (hygroscopicity) is also 

reduced. As dry torrefaction is a pyrolysis process, the output products are gas, liquid, and solid 

products, realising condensable hydrocarbon, hydrogen, and oxygen. However, solid products are 

the main output and the product loss due to gas and liquid outputs is rarely greater than 10 %. 

Torrefaction can be divided in four different stages [43]:  

1. Drying: biomass moisture is released through the surface. This phase takes place 

between ambient temperature and 105 ºC, however, the moisture release takes place 

mainly at 105 ºC. 

2. Post-drying (also called reactive drying): moisture from bonds is removed and light 

hydrocarbons released. In this stage, temperature rises from 105 ºC to torrefaction 

temperature. 
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3. Torrefaction: biomass is heated at isothermal conditions and takes place devolatilization, 

depolymerization and decomposition. Torrefaction takes place between 200 ºC and 

300 ºC. 

4. Cooling: biomass cools from torrefaction temperature until ambient temperature. 

Comparting both methods, wet torrefaction presents better results as it is suitable for biomasses 

with high amounts of moisture (such as sewage sludge or animal manures), higher energetic 

density (high heating value) and important reductions in the number of inorganic compounds, 

salts, and minerals [43,47]. However, the main wet torrefaction disadvantage falls on the complex 

technology and equipment required such as the pressured reactor required. On the other hand, 

dry torrefaction is limited for biomasses presenting moisture up to 15 % [53] and produces fuels 

with lower high heating values, but is an easy process that do not require complex facilities 

[43,47]. Because of that, this research focuses on dry torrefaction.  

Several researches have been carried out in order to define properly the changes produced by 

torrefaction process in lignocellulosic composition. During torrefaction, carbonization of 

cellulose, hemicellulose and lignin takes place [45] and part of the oxygen from those components 

is transformed into liquid and gaseous products [52]. As lignin thermal stability is greater than 

hemicellulose or cellulose, it will be less modified by torrefaction. On the other hand, 

hemicellulose presents lower polymerization degree than cellulose, which makes it more 

susceptible for thermal degradation at lower temperature ranges. The more hemicellulose 

content, the lower torrefaction mass yield. At the same time, devolatilization reaction breaks 

hemicellulose’s carbonyl and carboxyl groups whose loss increases energy density. In addition, 

hemicellulose volatiles released may contribute to cellulose degradation which added to 

depolymerization of cellulose structure decreases the fibre length while increasing porosity.  

Torrefaction can be used as pre-treatment not only for solid biomass to be directly burned, but 

to improve the raw biomass used for gasification and co-firing processes. The mechanical 

properties modifications produced by torrefaction on the biomass make it more suitable for 

grinding process as the fibrous nature is reduced and the resulting particle size distribution is 

much more uniform. In other words, it eases biomass pulverization which is a major requirement 

for co-firing biomass [54].  

 

1.4. BIOFUELS FLAMMABILITY RISKS 

Because of the advantages of biomass, the number of industries and facilities dedicating their 

activity to biomass production, storage and use has been constantly increased in the past years. 

However, the number of accidents in those facilities has also increased as biomass flammability 

and explosibility properties need to be carefully studied and assessed in order to prevent those 

accidents. Furthermore, if accidents related to bioenergy production are considered, biomass 
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constitute almost 70 % of the total number [55] from 1996 to 2013, and have increased over time 

as shown in Figure 10. Those accidents were mainly fires (72 %) and explosions (25 %) produced 

during storage or preparing and processing activities.  

 

Figure 10: Number of reported accents per biofuel type [55] 

Fires are produced when an ignition source is applied to the fuel and an oxidant agent is present. 

The process can be divided into four stages as shown in Figure 11. In the first stage (incipient 

stage), the ignition source produces the combustion and hot ascendant gases are released 

reaching temperatures up to 530 ºC. After that, a second stage (growth stage) in which the heat 

rate will increase is produced and temperatures rise to 700 ºC. In this stage flash-over point might 

take place, a phenomenon in which the remaining fuel suddenly burns, and the combustion is 

increased, leading to the third stage (otherwise, the transition is more gradual). In the third stage 

(full developed fire), the energy and gases released reach its maximum, increasing the 

temperature sometimes up to 1200 ºC. When the oxygen available is not enough to sustain the 

combustion, or the fuel is fully burnt, the fourth stage (decay stage) is reached. The temperatures 

decrease to 600 ºC, important amounts of carbon monoxide are produced, and smouldering is 

produced.  
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Figure 11: Fire stages [56] 

If the conditions are appropriate, fires can lead to explosions. However not only fires produce 

explosions but can be produced as dust explosions when dust clouds are formed. Those dust 

clouds are typically located inside process equipment (mills, mixers, silos, conveyor belts, 

cyclones, etc.) which might have parts that can act as ignition sources (hot surfaces, mechanical 

heat, electrical sparks, etc.). Due to the importance of dust explosions, a further explanation of 

the process can be found in section 1.4.3.  

As it has been said, torrefaction makes biomass brittle, so torrefied biomass is likely to produce 

more dusts than raw biomass during transport, storage, and use. Because of that, in the past 

years some studies focused on the potential dust explosions, or self-ignition processes produced 

by torrefied biomass. Some studies consider that torrefaction decreases minimum ignition 

temperature, however, literature shows discordance when relating torrefaction and ignition 

sensitivity [57–59]. 

Because of the risk attached to both raw and torrefied biomass, it is necessary to define the 

flammable characteristics of biomass in order to prevent further accidents. But also, a deep 

knowledge of these characteristics allows to properly understand the three major accident risks 

present in the activities related to biomass: self-ignition, smouldering and dust explosions. 
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1.4.1. SELF-IGNITION 

Self-ignition, also named as spontaneous ignition or spontaneous combustion, defines a process 

in which a substance ignites or begins the combustion without external ignition sources. 

Substances interact with the surrounding environment, producing oxidation. As oxidation is an 

exothermic process, it releases heat that may increase oxidation velocity and increase 

temperature leading to self-heating. If this heat is not dissipated into the surrounding 

environment at the same ratio or higher as it is generated, temperature will keep increasing 

accelerating the oxidation reaction and might lead to self-combustion or self-ignition.  

The oxidation process starts slowly, but, as the heat is produced, and temperature increases the 

process accelerates. Some factors may accelerate even more the process such as the presence of 

more oxidizable compounds in the material, bacterial fermentation, humidity absorption or 

gaseous substance fixation. In addition, self-ignition depends on the characteristics of the 

material, such as moisture, particle size, volatile matter, etc., and on external factors such as 

oxidizer availability, accumulation of fines, consolidation, etc.  

Moisture may help or hinder self-ignition, as small moisture percentages allow reabsorption of 

moisture, which is an exothermic process, but when moisture increases, it acts as thermal drain, 

retarding self-heating [60]. Particle size influences material compaction and density, but also 

defines the available surface exposed to oxidizers and heat [61]. Typically, high volatile matter 

increases self-ignition tendency, and the same happens when carbon content is considered. On 

the other hand, higher ash contents reduce this tendency [62]. Many factors influence self-

ignition, therefore a deep study of the material is required followed by ignition sensibility and 

thermal susceptibility tests [63–67]. 

Self-ignition has been largely studied for both biomass and coals [68–73], and several 

mathematical models have been developed to understand the phenomena [74–79]. However, 

the most commonly used model is Frank-Kamenetskii model [80–82], as it is the theoretical base 

for the self-ignition temperature test (EN 15188:2007). The theory considers reactive material, 

heat conduction through the material, and not uniform temperature profile. In addition, Frank-

Kamenetskii model assumes one-step global reaction in which the material and the oxidizer reacts 

to deliver products and heat [83]. Arrhenius law governs this global reaction, and so the equation 

can be written as shown in equation ( 1 ): 

𝜌𝜌𝑐𝑐𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑘𝑘∇2𝜕𝜕 + 𝑞𝑞𝜌𝜌𝑞𝑞𝑤𝑤𝑜𝑜𝑒𝑒
− 𝐸𝐸
𝑅𝑅𝑅𝑅 ( 1 ) 

Where: 

• ρ is the material density. 

• cv is the specific heat at constant value. 

• T is the material’s temperature. 
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• k is the thermal conductivity. 

• q is the heat released per unit of mass. 

• A is the preexponential factor. 

• w0 is the initial mass fraction. 

• E is the activation energy. 

• R is the universal gas constant. 

However, the model presents some inaccuracies such as considering material as homogeneous 

reacting mixture or that reactant consumption is not consider and neither oxidizer availability. 

Besides mathematical models, it is possible to define material’s self-heating tendency by 

experimental procedures. The most reliable is the self-ignition temperature (EN 15188:2007) 

based on defining the temperature at which the heat generated from exothermic processes is 

greater than the dissipated heat. Nevertheless, the temperature will depend on material’s 

volume, and greater volumes will require greater periods of time to reach self-ignition 

temperatures. It means that the method is more suitable for storage process applications than 

characterizing material due to the significant resources it requires. Because of that, some other 

methods have been developed to assess self-ignition tendency through thermal analysis [70,84], 

gas emissions [85], etc.  

Self-ignition might lead to smouldering or dust explosions, especially when the material is stored 

in bulks or piles and presenting small particle size (powder or dust). In addition, biomass presents 

an important tendency to self-heating as is composed by organic substances that are more prone 

to oxidize by air.  

 

1.4.2. SMOULDERING  

Smouldering, also named as flameless combustion, is a low temperature combustion (between 

500 ºC and 700 ºC) in which the oxidation and heat release take place in the fuel’s surface. This 

process is self-sustained by the heat produced when the oxygen attacks fuel’s surface [86]. Due 

to the low temperatures and average heat of combustion (between 6-12 kJ/g, lower than flame 

combustion), smouldering propagates at slowly temperatures but also as incomplete reaction 

producing toxic emissions, mainly carbon monoxide [87].  

Smouldering can sustain different reactions that take place simultaneously but distributed in 

different regions, despite flaming combustion, where all the reactions take place in the maximum 

temperature region or around it. This spatial distribution allows the suppression and 

enhancement of different reactions at different locations affecting both the mass transfer 

mechanisms and reaction products. Besides, filtration and condensation usually takes place 

during smouldering, so the heat exchange mechanisms become more complex [88].  
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Smouldering may lead to flaming combustion and vice versa producing severe accidents and 

losses, but also it is a process difficult to extinguish, requiring great amounts of water or other 

extinguishers and important oxygen concentration reductions [89].  

 

1.4.3. DUST EXPLOSIONS 

Dust explosions arise from the rapid release of heat produced from an uncontrolled rapid 

combustion that also emits gases at high temperatures and pressures. As shown in Figure 12 five 

elements are required to produce a dust explosion: oxygen available, presence of combustible 

dust, confinement, dispersion, and ignition source [90].  

 

Figure 12: Dust Explosion Pentagon [56] 

When the fuel presents fine particle size and gets suspended in the air forming a cloud, an 

explosive atmosphere is formed. Dust explosions are produced when the explosive atmosphere 

is confined and ignites, propagating the ignition (typically as a deflagration) and producing an 

explosion. Confinement is an important parameter, as even partial confinement allows the heat 

increase and flame propagation. Eckhoff [91] pointed out the importance of knowing powder 

science to assess dust explosions, where the basic knowledge lies on particle and powder 

characterization, processes that produce fine particles (grinding, crushing and abrasion), powder 

mechanisms, particle segregation in powder beds and powder dispersion (dust cloud generation). 

Characterization of powders in terms of ignition sensibility, explosion severity and thermal 

susceptibility was found to be critical to prevent dust explosions.  
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In addition, several factors influence dust explosions, but the most important ones are fuel 

composition, particle size, dust concentration, turbulence and ignition source energy and type.  

Composition is a key factor as only oxidizable materials can produce dust explosions.  But also, 

composition defines the minimum ignition temperature of the fuel. Composition is related to the 

fuel’s combustion heat, which determines the amount of heat that can be released in the 

explosion. If the fuels contain materials that release important amounts of heat per mole of 

oxygen, such as calcium (1270 kJ/mole O2) or magnesium (1240 kJ/mole O2) will increase 

explosion severity. But in addition, composition defines dust chemistry and so affects both 

thermodynamics and kinetics of the dust explosions. As explained for self-ignition, moisture 

content may help or hinder dust explosions. Moisture eases dust agglomeration and consumes 

heat, inhibiting dusts ignitability. However, it can also produce violent chemical reactions with 

the dust or modify particle surface improving diffusion, so the explosion is promoted [92,93].   

Regarding dust concentration, it is well known that dust explosions can only take place if the dust 

concentration is within a certain range as shown in Figure 13. Depending on the material, 

concentration can vary between 50 g/m3 up to 2-3 kg/m3. For each material, it is possible to 

define the lower explosive limit, beneath which the fuel is not enough to produce an explosion, 

and the upper explosive limit, above which the oxygen is not enough to oxidize the material fast 

enough, however, the upper explosive limit is a theoretical value, as when the concentration 

increases too much, the particles settle back, and so the concentration diminishes.  

 

Figure 13: Range of explosive dusts concentration. Adapted from Eckhoff [91,94] 

As shown in equation ( 2 ), these concentrations c depend on the particle density ρ, particle 

volume x3 and three-dimensional spatial centre-to-centre distance between particles L3: 

𝑐𝑐 = 𝜌𝜌
𝑥𝑥3

𝐿𝐿3
 ( 2 ) 
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Particle size defines density and compaction, but it is also a key factor for dust explosions as it 

affects the previously mentioned factors. Particles having fine sizes have greater surface area that 

increases combustion rate, but also are more prone to be suspended in the air forming a dust 

cloud. However, if the particles are too fine, devolatilization will not control the explosion rate, 

and this granulometry reduction will not increase combustion rate [95].  

Regarding turbulence, it refers to a state of rapid internal movement of the elements that form 

the dust cloud. This movement, which can be more or less random, generates a dynamic structure 

in three dimensions, in which three zones take place simultaneously: burnt, burning and unburnt. 

Typically, a turbulent cloud burns faster, but turbulence might difficult the ignition of the cloud, 

as it remove the heat by rapid convection [95–97]. Furthermore, turbulence might speed up the 

flame front when a dust explosion is produced, thus the severity of the explosion increases.  

When the conditions to produce an explosive atmosphere are achieved, an ignition source is 

required to produce the dust explosion. Several types of ignition sources need to be considered: 

smouldering, incandescent particles, open flames, hot surfaces, heat released from mechanical 

impacts, sparks, shock waves, static electricity, and lightning.  

 

1.4.4. IGNITION SENSITIVITY 

Ignition sensitivity refers to those parameters than facilitate a materials ignition and typically is 

defined by three parameters: minimum ignition temperature (on a layer or a cloud), minimum 

ignition energy, and minimum explosive concentration.  

Minimum ignition temperature (MIT) is the lowest temperature that a hot surface needs to 

produce the ignition of a dust layer (MITl) or a dust cloud (MITc). MIT determination is carried 

out following standard EN ISO/IEC 80079-20-2:2016.  

Minimum ignition energy is the lowest energy of a high voltage capacitor discharge, required to 

sustain the ignition of a dust cloud. Its determination is carried out following standard EN ISO/IEC 

80079-20-2:2016 (European committee for standardization CEN-CENELEC) [98][99] using a 

modified Hartmann tube.  

Minimum explosive concentration (MEC), also currently named as lower explosive limit (LEL), 

defines the lowest amount of dust that needs to be dispersed in the air to ignite the cloud.  

Standard EN 14034-3:2006 defines a procedure to calculate MEC.  
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1.4.5. THERMAL SUSCEPTIBILITY AND THERMAL ANALYSIS 

Thermal susceptibility refers to those parameters that help understanding materials thermal 

behaviour regarding their tendency to self-heating processes. The typical parameters that define 

thermal susceptibility are Maciejasz index and temperature of emission of flammable volatiles 

(TEV). However, in the last decade, thermal susceptibility assessment through thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) has heavily increased. 

TGA measures the weight loss while heating a sample in a controlled atmosphere, so from 

thermogravimetric analysis it is possible to define temperatures at which combustion begins and 

ends. Besides, it provides information regarding the temperature at which the maximum weight 

loss is produced, which is an indicator of the reactivity of the material tested as it is related to the 

volatile content. Usually, high temperatures for the maximum weight loss indicate low reactivity 

of the material. Furthermore, the temperature at which the reaction accelerates, can also be 

obtained from TGA.  

In the last years, TGA has been used to estimate severity of a combustible dust explosion [100], 

self-ignition potential [70], biomass characterization [101], etc. In addition, it has been proved to 

be a reliable technique to define kinetic reactions for lignocellulosic biomass [102–105] that can 

be used not only to optimize combustion or pyrolysis efficiency increased but to provide 

information regarding thermal susceptibility. In this context two types of kinetic models can be 

used: model fitting methods and model free methods.  

Model fitting methods assume different models and fit the retrieved data to those models, so it 

is possible to calculate the apparent activation energy (Ea) and the preexponential factor (A). The 

most important model fitting methods are Cumming’s equation [106], Coats-Redfern [107] and 

Freeman-Carroll [108]. Model free methods do not assume any model and determine the 

activation energy as a function of the conversion factor or temperature. Nevertheless, those 

methods are more complex and cannot determine the preexponential factor without making 

assumptions [109]. The most commonly used model free methods are Friedman [110], Kissinger 

[111], Kissinger-Akahira-Sonuse (KAS) [112], Flynn-Wall-Ozawa (FWO) [113,114], Distributed 

Activation Energy Model (DAEM) [106][115], etc.  

Differential scanning calorimetry is a technique that provides information about the heat 

exchanges produced by the sample when heating it at a constant rate. It makes possible to define 

the exothermic and endothermic processes that takes place, and so, information about the heat 

transfer mechanisms. DSC provides data regarding the temperature at which the exothermic 

reaction begins, temperature at which the reaction accelerates and temperature at which the 

reaction ends. This technique can be used to characterize biomass [116], evaluate self-heating 

and spontaneous combustion risk [117] and complement kinetic studies [118]. However, DSC is 

more often used in combination with TGA, called simultaneous analysis (STA).  
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1.5. AIM OF THIS RESEARCH 

The aim of this research is to study biomass characteristics as biofuels and flammability properties 

so biomass can be used efficiently and safely. To do so, three main objectives have been 

approached.  

The first objective comes from the necessity of understanding the mechanisms that take place 

during enhancement pretreatments and more precisely, thus understand how torrefaction might 

change the kinetics of combustion processes in terms of activation energy and preexponential 

factors. Besides, as torrefaction enhances energetic biomass properties, it is necessary to 

determine whether those improvements affect flammability risk of biomasses or not.  

On the other hand, if torrefaction is intended to be used as pretreatment it is necessary to 

understand how the composition of biomass is changed after the process, so its use can be 

improved and so the efficiency of the subsequent energy conversion.  

Not only the thermochemistry of the combustion process is studied, but also the behavior of the 

samples when heating rate is applied allowed the detection of incipient self-heating processes, 

and definition of the self-ignition tendency, providing important data to characterize biomasses 

in terms of flammability and self-heating.  

Furthermore, physico-chemical properties such as particle size distribution, moisture, ashes, 

volatile matter, etc., need to be determined in order to properly characterize biomass and find 

the relationship between those parameters and flammability characteristics. In particular, 

biomass use, transport and storage produce fine particles and dust that lead to accidents. 

Because of that, it is important to understand how particle size affects flammability properties 

which is the second objective of the present research.  

Besides that, several methods and tests need to be carried out to define ignition sensitivity and 

thermal susceptibility which can be translated into important number of resources. This fact leads 

to the third objective of this research: estimate ignition sensitivity from thermal analysis.  

To sum up, the motivation of this research lies on providing information that might increase 

biomass use in terms of energetic efficiency and flammability risks. For that purpose, a deep 

understanding on how biomass properties are related to flammability characteristics and 

combustion mechanisms need to be carried out. Once that biomass is characterized, an easier 

method to assess flammable risks can be provided so those properties can be estimated from 

other tests, improving ignition assessment.  
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2. MATERIALS AND METHODS 

2.1. MATERIALS 

Different samples were used for this research, mostly different types of biomass, but also charcoal 

and dog food. Table 2 shows sample identification, origin, and species (if apply); and Figure 14 

displays the pictures of the materials used. 

Table 2: Samples identification and origin 

Material Origin Identification Species 

Pine Shaving Forestry waste from Soria, Spain PS Pinus Sylvestris L. 

Wheat Straw Agricultural waste from Soria, Spain WS Triticum 

Charcoal (Brand 1) Caceres, Spain Cb1 - 

Charcoal (Brand 2) Badajoz, Spain Cb2 - 

Dog food 
Commercially available, produced in 

Zaragoza, Spain 
DF - 

Olive pellets 
Pellets from olive oil production wastes 

from Granada, Spain 
OP Oleaceae  

Palm Kernel Shell Palm fields waste from Johor, Malaysia PKS Elaeis Oleifera 

Empty Fruit Bunches Palm fields waste from Johor, Malaysia EFB Elaeis Oleifera 

Palm Mesocarp Fibre Palm fields waste from Johor, Malaysia PMF Elaeis Oleifera 

Wood Chips 
Sawmill waste from Sävar såg, Sävar, 

Sweden 
WC Pinus Sylvestris L. 

Wood Powder 
Hammer mill waste from Uzwil, 

Switzerland 
WP Pinus Sylvestris L. 

Straw Chops Forestry waste from Spittal, Austria SC 
Phalaris 

Arundinacea L. 
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Figure 14: Samples pictures 

Coals were tested to have reference behaviour, as coals have been deeply studied in the past. 

Dog food was picked to test possible self-ignition risks in non-energetic industries, considering its 

organic matter composition. Biomass samples were picked according to its relevance in the 

energetic scenario, focusing on lignocellulosic biomass. Furthermore, oil palm wastes samples 

were chosen due to its potential as a renewable energy source in developing countries such as 

Indonesia or Malaysia that are the largest producers of palm oil.  

The first six samples were used to study granulometry effect on self-ignition risk and other 

flammability properties. Because of that, the samples were milled and tested in three different 

granulometries: coarse (raw), smaller than 1 mm and powder (smaller than 75 μm). The milling 

process was carried out using a crusher and a blade milling. However, dog food particles 

aggregate during the milling process, and no powder fraction was obtained.  

On the other hand, the last six samples were used to estimate minimum ignition energy from 

thermal analysis. For that purpose, the samples were milled and sieved so the particle size was 

lower than 1 mm. Moreover, as the oil palm samples were selected due to its potential, a further 

study on torrefaction was carried out.  

According to those pre-treatments, the identification shown in Table 3 will be used from now on. 



Flammability Characterization of Biofuels and Materials with Energetic Recovery 

26 
 

Table 3: Samples identification 

Identification Description 

PS-C Pine shaving – Coarse fraction 

PS-1 Pine shaving – Fraction smaller than 1 mm 

PS-75 Pine shaving – Fraction smaller than 75 μm 

WS-C Wheat straw – Coarse fraction 

WS-1 Wheat straw – Fraction smaller than 1 mm 

WS-75 Wheat straw – Fraction smaller than 75 μm 

Cb1-C Charcoal brand 1 – Coarse fraction 

Cb1-1 Charcoal brand 1 – Fraction smaller than 1 mm 

Cb1-75 Charcoal brand 1 – Fraction smaller than 75 μm 

Cb2-C Charcoal brand 2 – Coarse fraction 

Cb2-1 Charcoal brand 2 – Fraction smaller than 1 mm 

Cb2-75 Charcoal brand 2 – Fraction smaller than 75 μm 

DF-C Dog food – Coarse fraction 

DF-1 Dog food – Fraction smaller than 1 mm 

OP-C Olive pellets – Coarse fraction 

OP-1 Olive pellets – Fraction smaller than 1 mm 

OP-75 Olive pellets – Fraction smaller than 75 μm 

PKS Palm kernel shell – Raw 

PKS T1 Palm kernel shell – Torrefied at 250 ºC 

PKS T2 Palm kernel shell – Torrefied at 300 ºC 

EFB Empty fruit bunches – Raw 

EFB T1 Empty fruit bunches – Torrefied at 250 ºC 

EFB T2 Empty fruit bunches – Torrefied at 300 ºC 

PMF Palm mesocarp fibre – Raw 

PMF T1 Palm mesocarp fibre – Torrefied at 250 ºC 

PMF T2 Palm mesocarp fibre – Torrefied at 300 ºC 

WC Wood chips – Raw 

WP Wood powder – Raw 

SC Straw chops – Raw 
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2.2. PROXIMATE ANALYSIS 

Proximate analysis was carried out according to the following standards: 

• UNE 32004-84 for ash content. 

• UNE 32019-84 for volatile content. 

• UNE 32002-95 for moisture content. 

Ash and volatile content are determined in dry basis, which allows the calculation of fixed carbon 

as shown in equation ( 3 ). Fixed carbon is the remaining residue of a solid combustible after 

heated and volatile matter released thus, it is related to the required full combustion time.  

𝐹𝐹𝐹𝐹𝑥𝑥𝑒𝑒𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 % = 100− 𝑉𝑉𝑐𝑐𝑉𝑉𝑐𝑐𝜕𝜕𝐹𝐹𝑉𝑉𝑒𝑒 𝑚𝑚𝑐𝑐𝜕𝜕𝜕𝜕𝑒𝑒𝑐𝑐 − 𝑞𝑞𝐴𝐴ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝜕𝜕𝑒𝑒𝑐𝑐𝜕𝜕 ( 3 ) 

  

2.2.1. ASH CONTENT 

Ash content represents the incombustible part of a fuel. In other words, is the residue that 

remains after full combustion of the sample and it is typically composed from inorganic 

compounds. The laboratory porcelain dishes, and furnace required to carry out ash content test 

are shown in Figure 15. 

The ash content was determined twice per sample, reporting the average value. Ash content is 

calculated measuring sample weights before and after severe heating. Laboratory dishes were 

used, and weighted clean and empty. After that, between 1 g and 2 g of sample were placed on 

the dishes. The exact amount of sample depends on the laboratory dish size, as a uniform sample 

layer should cover the dish surface with approximately 0.15 g/cm2. 

The dishes are inserted in a furnace from room temperature to 250 ºC for 30 minutes, followed 

by a second heating ramp up to 500 ºC during 30 minutes, and a third heating ramp up to 

815 ± 10 ºC during 30-60 minutes and remain there for another 60 ± 5 minutes, which is time 

enough to reach a constant mass. After that time, the laboratory dishes with the remaining 

samples are extracted from the furnace and cooled for 30 minutes inside a desiccator filled with 

dehydrating agent.  

Once that the dishes are cooled, they are weighted, and the ash content can be calculated as 

shown in equation ( 4 ). 

𝑞𝑞𝐴𝐴ℎ % =
𝑚𝑚3 −𝑚𝑚1

𝑚𝑚2 −𝑚𝑚1
· 100 ( 4 ) 

Where: 

• m1 is the weight of the laboratory dish, expressed in grams. 



Flammability Characterization of Biofuels and Materials with Energetic Recovery 

28 
 

• m2 is the weight of the laboratory dish together with the sample before heating, 

expressed in grams. 

• m3 is the weight of the laboratory dish together with the remaining sample (ash) after 

heating, expressed in grams. 

To obtain the results in dry basis equation ( 5 ) is applied. 

𝑞𝑞𝐴𝐴ℎ 𝐹𝐹. 𝑐𝑐. % =
100

100−𝑀𝑀
· 𝑞𝑞𝐴𝐴ℎ ( 5 ) 

Where M represents the moisture content, expressed as a percentage.  

 

Figure 15: Ash content test furnace and laboratory porcelain dishes  

 

2.2.2. VOLATILE MATTER  

Volatile matter represents those components of fuel that are readily burnt in the presence of 

oxygen. Typically, volatile matter releases due to thermal degradation, and can be divided into 

light and heavy volatiles depending on the required temperature to be released. The crucibles 

and furnace required to carry out volatile matter test are shown in Figure 16. 

The volatile matter was determined twice per sample, reporting the average value. To determine 

volatile matter, crucibles with covers and a rack to place them, are required. Empty and clean 

crucibles are weighted, and afterwards 1 ± 0.01 g of sample is placed inside the crucible. The 

furnace needs to be pre-heated at 900 ± 10 ºC and then, the crucibles covered and placed in the 

rack are inserted and remain there for 7 minutes. After that time, the crucibles are extracted from 

the furnace and cooled until room temperature.  
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Once that the crucibles are cooled, they are weighted, and the volatile matter can be calculated 

as shown in equation ( 6 ). 

𝑉𝑉𝑐𝑐𝑉𝑉𝑐𝑐𝜕𝜕𝐹𝐹𝑉𝑉𝑒𝑒 𝑚𝑚𝑐𝑐𝜕𝜕𝜕𝜕𝑒𝑒𝑐𝑐 % =
𝑚𝑚2 −𝑚𝑚3

𝑚𝑚2 −𝑚𝑚1
· 100 −𝑀𝑀 ( 6 ) 

Where: 

• m1 is the weight of the crucible and cover, expressed in grams. 

• m2 is the weight of the crucible and cover together with the sample before heating, 

expressed in grams. 

• m3 is the weight of the crucible and cover together with the remaining sample after 

heating, expressed in grams. 

• M is the moisture content, expressed as percentage. 

To obtain the results in dry basis equation ( 7 ) is applied. 

𝑉𝑉𝑐𝑐𝑉𝑉𝑐𝑐𝜕𝜕𝐹𝐹𝑉𝑉𝑒𝑒 𝑚𝑚𝑐𝑐𝜕𝜕𝜕𝜕𝑒𝑒𝑐𝑐 𝐹𝐹. 𝑐𝑐. % =
100

100−𝑀𝑀
· 𝑉𝑉𝑐𝑐𝑉𝑉𝑐𝑐𝜕𝜕𝐹𝐹𝑉𝑉𝑒𝑒 𝑚𝑚𝑐𝑐𝜕𝜕𝜕𝜕𝑒𝑒𝑐𝑐 ( 7 ) 

Where M represents the moisture content, expressed as percentage.  

 

Figure 16: Volatile matter test crucibles and furnace 

 

2.2.3. MOISTURE CONTENT 

Moisture content, or water content, is the amount of water contained in fuel both surface water 

and inside the porous matrix of the fuel.  

Moisture content is determined by gravimetric techniques, measuring the mass loss when 

heating the sample at 105 ºC. In the present work, halogen moisture analyser was used as it 
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provides more accurate results. In particular, Mettler Toledo HB43-S halogen analyser was used, 

as shown in Figure 17. A disposable pan is tared and 1 ± 0.1 g of sample are placed forming a 

uniform layer in the pan. The pan together with the sample is inserted in the halogen analyser 

that constantly records moisture content until it is stabilized.  

The test was repeated three times per sample and then standard deviation was calculated. If the 

standard deviation was found to be greater than 15 %, test is repeated up to ten times and the 

average value is the moisture content reported value. Otherwise, the average value for the three 

tests is reported.  

 

Figure 17: HN43-S Mettler Toledo Moisture Analyser and disposable sample pans [119] 

 

2.3. PARTICLE SIZE DISTRIBUTION  

Particle size distribution was calculated for fine samples using Malvern Mastersizer 2000 

instrument (Figure 18) that provides results using laser diffraction technique. The particles are 

forced to pass through a laser beam causing a Fraunhofer diffraction measuring the intensity of 

the light scattered and the diffraction angle. Particle size is proportional to this intensity and the 

angle varies inversely to the particle size. Fraunhofer principle assumes that the particle is much 

larger than the light wavelength, all particle sizes scatter with equal efficiencies and the particle 

is opaque and no light transmission is produced. Besides, the more spherical the particle shape 

is, the more accurate the results are.  
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Figure 18: Malvern Mastersizer 2000 [120] 

This principle allows to draw a curve that represents the particle size distribution in terms of 

volume versus particle size (volume-based results) as shown in Figure 19. In addition, some other 

important parameters are provided from this test: 

• d10: is the particle sizes below which 10 % of the sample lies: 10 % of the volume 

distribution has a smaller particle size. 

• d50: represents de mass median diameter and is the particle size in microns at which the 

sample is equally larger and smaller: 50 % of the volume distribution has a smaller particle 

size and 50 % larger. 

• d90: is the particle sizes below which 90 % of the sample lies: 90 % of the volume 

distribution has a smaller particle size.  

• d[3,2]: represents the surface weighted mean or surface area moment mean diameter, 

which is the diameter of the sphere whose volume or surface area ratio is the same as 

the particle. 

• d[4,3]: represents the volume weighted mean or mass moment mean diameter, which is 

the diameter of the sphere whose volume is the same as particle’s. 

• SSA: represents the Specific Surface Area, which is the total area of the particles divided 

by the total weight of the particles and can be calculated as equation ( 8 ) 

𝑆𝑆𝑆𝑆𝑞𝑞 =
6∑ 𝑉𝑉𝑖𝑖

𝐹𝐹𝑖𝑖 
 

𝑝𝑝∑𝑉𝑉𝑖𝑖
=

6
𝑝𝑝 · 𝐹𝐹[3,2]

 ( 8 ) 
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Where Vi is the relative volume in class i with mean class diameter of di and p is the 

particle density. 

 

Figure 19: Reported values from particle size distribution test 

For each sample, particle size distribution is determined three times, and the average is the 

reported value. On the other hand, as coarse samples are not suitable for laser diffraction, they 

were measured manually and the only reported value is the average measure.  

 

2.4. TORREFACTION PRETREATMENT 

As it has been said, torrefaction is a mild pyrolysis process carried out under certain temperature 

and time. In this research two different temperatures were chosen before and after holocellulose 

decomposition: 250 ºC and 300 ºC. The residence time was set up at 30 minutes in both cases, 

and not modified as previous studies indicated that time present lower impact than temperature 

in torrefaction [121,122].  

The process was carried out using a torrefaction reactor that can be hermetic sealed, and it is 

provided by a gas inlet and outlet, as it can be shown in Figure 20. The sample is placed inside the 

reactor without is cover and inserted into a furnace at 105 ºC for 24 h to dry the sample before 

torrefaction. After 24 h the reactor is closed and removed from the furnace. In order to create an 

anoxic atmosphere, nitrogen is inserted through the gas inlet, and an oxygen analyser is 

connected to the gas outlet, so the amount of oxygen is measured. Nitrogen is added until the 

oxygen inside the reaction is beneath 0.1 % and the inlet and outlet are closed so the reactor is 
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hermetic sealed. Afterwards, the reactor is inserted in a furnace at the selected torrefaction 

temperature and remains there during the residence time.  

 

Figure 20: Torrefaction reactor 

 

2.5. MINIMUM IGNITION ENERGY  

ISO-IEC 80079-20-2 defines the required procedure to determine the material’s minimum ignition 

energy, which is the minimum energy required to ignite a cloud formed by the material 

suspended in the air. The test was carried out using a Mike 3 apparatus based on a Hartmann 

Tube as shown in Figure 21. The apparatus consists of a vertical cylindrical glass tube of 1.2 L 

volume (300 mm heigh and 68 mm inner diameter). The apparatus is provided with two opposing 

ignition electrodes with 6 mm gap between them and the tube is connected to a 50 mL air 

reservoir pressurized at 7 bar at its base as it can be seen in Figure 22. 

 

Figure 21: Mike 3 apparatus 
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To carry out the test certain amount of sample, that defines concentration, is placed in the 

dispersion cup and the cloud is formed when the pressurized air reservoir is open, and the dust 

is suspended. The ignition delay is set at 120 ms, in order to provide sufficient time to disperse 

the sample and then, the ignition spark is automatically activated. The spark energy can be set at 

different values: 1, 3, 10, 30, 100, 300 and 1000 mJ. The energy value of the discharge is 

calculated as shown in equation ( 9 ). 

𝑊𝑊 = 0.5 · 𝐶𝐶 · 𝑈𝑈2 ( 9 ) 

Where: 

• W is the stored energy expressed in joules. 

• C is the total discharge capacitance expressed in farads. 

• U is the voltage of the charged capacitor expressed in volts. 

 

 

Figure 22: Hartmann tube schematic [99] 

Although the software detects ignition, a visual verification of a propagating flame is required to 

record the explosion, and 10 consecutive non-ignitions are required to consider that the energy 

applied does not ignite the sample. Concentration and energy need to be varied in order to 

properly define minimum ignition energy, which is estimated as shown in equation ( 10 ). 

log(𝑀𝑀𝑀𝑀𝑀𝑀) = log(𝑀𝑀2) − 𝑀𝑀𝐸𝐸2 ·
log(𝑀𝑀2) − log(𝑀𝑀1)

(𝑁𝑁𝑀𝑀 + 𝑀𝑀)𝐸𝐸2 + 1
 ( 10 ) 

Where: 

• MIE is the minimum ignition energy expressed in milijoules.  

• E2 is the energy at which the ignition is produced expressed in milijoules. 
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• IE2 is the number of tests at which the ignition is produced at E2 energy. 

• (NI+I)E2 is the total number of tests carried out at E2 energy. 

• E1 is the highest energy at which no ignition takes place expressed in milijoules.  

2.6. TRANSPORT CLASSIFICATION  

Transport classification refers to the Self-heating Substances test of the Manual of Tests and 

Criteria of the United Nations [123] to assess certain danger levels during transport according to 

material’s self-heating risk. For solid materials, the test is based on charcoal self-heating, which 

is set at 50 ºC for a volume of 27 m3 in a cubic shape. The test extrapolates this data to 1 L volume, 

at which corresponds 140 ºC. Thus, this test detects self-heating and self-ignition processes. 

The first stage of the procedure consists of placing the sample inside a 100 mm side cubic cell (1 L 

volume) and insert it hung in an oven so there is no contact with the oven surfaces, so the heat 

transfer mechanism is convection. Temperature is set at 140 ºC and the sample remains for 24 h 

inside the oven, while recording temperature inside the oven and inside the sample using 

thermocouples. The test is considered positive if self-ignition is produced or if sample 

temperature increases 60 K or more over the set temperature. If neither of those conditions 

happens, no classification is applied.  

On the other hand, if self-ignition or temperature increase takes place, a second stage needs to 

be carried out using a 25 mm side cubic cell instead of the 100 mm side. Time and temperature 

remain 24 h and 140 ºC, respectively. If the test is positive (self-ignition or temperature increase 

over 60 K take place), material should be classified as Packing Group II/Category 1. Otherwise, a 

third stage needs to be carried out.  

Third stage of the procedure uses a 100 mm side cubic cell but setting oven temperature at 120 ºC 

during 24 h. If the test is positive a fourth stage needs to be done. If the test is negative, material 

is exempted of classification if transported in packages whose volume does not exceeds 3 m3. The 

fourth stage repeats the procedure but setting temperature at 100 ºC. If positive, material is 

classified as Packing Group III/Category 2, if negative, material is exempted of classification if 

transported in packages whose volume does not exceeds 450 L.  

Figure 23 shows a flow diagram of the test procedure.  
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Figure 23: Classification of self-heating substances test flow diagram [124] 

 

2.7. GAS EMISSIONS 

Some authors have assessed oxidation processes related to spontaneous combustion and self-

heating processes [125,126]. Furthermore, Fernandez-Anez et al. [85] proposed this test with the 

aim of detecting incipient self-ignition process in solid fuels by measuring the combustion-related 

gas emissions: carbon dioxide and carbon monoxide. The basis of this tests lies on constantly 

measuring carbon monoxide and dioxide released by samples that are being heated at controlled 

temperatures.  
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To carry out this procedure, the following equipment was used: 

• Sealed cylindrical container of 10 L volume. 

• Isothermal oven P-Selecta. 

• K-type thermocouples. 

• Digital temperature display Testo 925. 

• Suction pump.  

• Tedlar sampling bags Sigma-Aldrich of 1 L volume.  

• Rosemount Analytical NGA-2000 gas analyser.  

• Cubical wired basket of 1 L volume. 

Figure 24 shows the equipment display for the test. To carry out the test, the sample is inserted 

inside the 1 L volume cubical wired basket with a thermocouple inside (approximately at its 

centre) connected to the digital temperature display. Then, the basket is introduced inside the 

sealed cylindrical container which has a gas outlet connected to the suction pump to extract the 

gases through a tube closed with a Mohr wrench. The tedlar sampling bags are connected to the 

suction pump.  

Afterwards, the container is placed inside the oven and the sample begins to heat. When the 

sample achieves the desired temperature, the Mohr wrench is opened, and the suction pump 

activated and the tedlar bags filled with the gases released by the sample. As the volume of the 

bags is small and the temperature stabilizes quickly, it is considered that temperature is constant 

during the bag filling, thus, the gas sample is obtained at a constant temperature. Once the bags 

are filled, they are disconnected from the suction pump and the Mohr wrench is closed until the 

next sampling. The bags are analysed using Rosemount Analytical NGA-2000 gas analyser that 

allows the measurement of carbon dioxide (ppmv) and carbon monoxide (volumetric percentage).  

 

Figure 24: Gas emission equipment display [85] 

The gas extractions are taken place every 20 ºC from 40 ºC to 200 ºC, and for each temperature 

two bags are filled so the reported gas concentration is the average between both 
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measurements. The evaluation is carried out considering temperature intervals and following 

equations ( 11 ) and ( 12 ): 

RD =
𝑒𝑒𝑅𝑅𝑖𝑖+1 − 𝑒𝑒𝑅𝑅𝑖𝑖

𝑒𝑒𝑅𝑅𝑖𝑖
 ( 11 ) 

 

RP =
RD
∑𝑅𝑅𝑅𝑅𝑖𝑖

· 100 ( 12 ) 

Where: 

• RD is the relative difference for the temperature interval. 

• eTi is the gas emission measurement at the lowest temperature of the interval, expressed 

in ppmv or %v for carbon dioxide and carbon monoxide, respectively.  

• eTi+1 is the gas emission measurement at the highest temperature of the interval, 

expressed in ppmv or %v for carbon dioxide and carbon monoxide, respectively.  

• RP is the relative percentage for the temperature interval.  

The temperature interval at which is considered that emissions begin is the first one whose 

relative percentage is greater than 10%.  

 

2.8. THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetric analysis (TGA) is an analytical technique that monitors samples weight 

changes while applying heat so thermal stability and volatile fractions can be determined. In the 

present research, Mettler Toledo TG-DSC T50 apparatus was used, as shown in Figure 25, 

together with 70 μL alumina crucibles. The test is carried out controlling the atmosphere inside 

the furnace, the initial and final temperature, and the heating rate (noted as β), and records 

temperature, mass, and time during the whole procedure.  
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Figure 25: Mettler Toledo TGA-DSC T50 

The apparatus is provided with an accurate balance (measuring μg) inside the furnace that 

measures the weight changes. The balance bears two crucibles: one empty crucible and the one 

with the sample inside; so, a R-type thermocouple measures the temperature difference between 

both. Before the procedure, the sample crucible is tared, and then 20 ± 1 g of sample are placed 

inside, although as the reported values are expressed in mass percentage. Afterwards the sample 

crucible is placed inside the furnace and the test begins under temperature, heating rate and 

atmosphere conditions defined. The test provides a curve that represents mass percentage 

versus temperature (or time if the heating rate is constant). 

In this study, two different atmospheres were used: air and oxygen atmosphere. In the first one, 

the sample is heated simulating an air oxidation, while in the second one oxygen gas flow is used 

to provide a 100 % oxygen atmosphere. Besides, a small nitrogen flow is always applied as purge 

gas. In both cases, initial temperature is set at 30 ºC and the test ends when 800 ºC are reached. 

The heating rate was set at 5 K/min, although many other heating rates could be used. However, 

previous studies showed that 5 K/min reduces thermal lag and produces slow oxidation, which 

means that volatilization stages are well differentiated and the curve represents those stages 

[127]. The results assessment is carried out using two curves: thermogravimetric curve (TG) and 

thermogravimetric first derivative curve (DTG). The first one is the mass weight, expressed in 
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mass percentage (%), versus temperature, expressed in Celsius degrees (ºC). The second one 

represents the first derivative of TG and is the mass derivative, expressed in percentage per 

Celsius degrees (% · ºC-1), versus temperature, expressed in Celsius degrees (ºC).  

As shown in Figure 26, when carrying out the test using air flow three different stages can be 

clearly defined: water evaporation, devolatilization and char oxidation. Water evaporation takes 

place from the beginning of test up to 110 ± 10 ºC and corresponds to moisture release. 

Afterwards, devolatilization process takes place, and its ending depends on the sample tested, 

but typically varies from 350 ºC to 450 ºC. In this stage, the volatile matter is released, and mass 

percentage is significantly reduced.  

 

Figure 26: TGA with air flow and two devolatilization peaks 

Devolatilization process is usually divided into two subprocesses: light volatile (LVDT) release and 

heavy volatile (HVDT) release. These two processes can be differentiated observing the two peaks 

produced at DTG curve during devolatilization. When lignocellulosic biomass is tested, the first 

peak corresponds to holocellulose devolatilization, in other words, to hemicellulose and cellulose 

devolatilization. However, hemicellulose is the main component devolatilized in this stage. On 

the other hand, the second peak refers to the remaining cellulose decomposition and lignin 

partial devolatilization. Furthermore, during the char stage, lignin continues to decompose as it 

is a more stable compound and requires higher temperatures to devolatilize. However, some 

lignocellulosic samples might present only one wider peak on the DTG curve as shown in Figure 

27. In those cases, heavy and light volatiles are not so differentiated and its partial devolatilization 

takes place simultaneously, producing only one peak that corresponds to the holocellulose 

decomposition (HCDT). However, as the hemicellulose decomposition takes place before the other 
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components, usually a shoulder is produced in the DTG curve before the holocellulose peak due 

to hemicellulose devolatilization.   

 

 

Figure 27: TGA with air flow and one devolatilization peak 

Finally, char oxidation is produced until the end of the test at 800 ºC. In this stage no significant 

mass changes are produced, and only sometimes lignin keeps releasing small amounts of volatile 

matter and inorganic material decomposes. In this stage the remaining mass is composed by char 

and ashes, so the reaction is slow as the diffusion of oxygen into the particles is decreased 

[128,129].  

On the other hand, when applying oxygen atmosphere to the test, the reaction takes place much 

quicker and TG curve reflects a mass drastic drop as can be seen in Figure 28. The main reaction 

produced is a fast oxidation and the resulting product is mainly ashes, so almost no char oxidation 

follows oxidation and only small changes of mass take place.  



Flammability Characterization of Biofuels and Materials with Energetic Recovery 

42 
 

 

Figure 28: TGA with oxygen flow 

Besides the thermal degradation stages, TGA analyses provides the following main parameters: 

• Induction temperature (IT): also called onset temperature, is the temperature at which 

the reaction accelerates, and the mass changes becomes significant by dropping 

drastically. Induction or onset temperature can be determined as the intersection point 

of the extrapolated baseline and the inflectional tangent at the beginning of the reaction. 

• Maximum loss weight temperature (MLT or MWL): is defined as the temperature at 

which the maximum loss weight takes place when performing air flow TGA. It can be 

determined as the temperature at which the DTG peak takes place. 

• Characteristic temperature (Tchar): is defined as the temperature at which the maximum 

loss weight takes palace when performing oxygen flow TGA. As maximum loss weight, it 

can be determined as the temperature at which the DTG peak takes place.  

 

2.8.1. COMPOSITION ESTIMATION 

As it has been said, when performing TGA using air flow and lignocellulosic biomass, the DTG 

peaks correspond to holocellulose and lignin devolatilization, which means that composition 

estimation can be carried out assessing DTG curve. If the curve can be divided into the curves 

that represent TG curves for each component, then the composition can be estimated according 

to its proportion in the total reaction.  
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To do so, many authors applied Gaussian deconvolution [130–132] to DTG curves and estimated 

each component percentage as the area beneath the deconvoluted curves. Equation ( 13 ) and 

Figure 29 represents Gaussian deconvolution approach: 

y = �ℎ𝑖𝑖 · 𝑒𝑒𝑥𝑥𝑝𝑝 �−  
𝜕𝜕 − 𝑝𝑝𝑖𝑖
𝑤𝑤𝑖𝑖

�
2𝑛𝑛

𝑖𝑖=1

 ( 13 ) 

Where: 

• y is the total curve that should model DTG curve. 

• n is the number of terms applied, typically 3 that represent hemicellulose, cellulose, and 

lignin. 

• hi is the weight of the curve over the total curve, in other words, represents the amplitude 

or height of the curve. 

• pi is the mean value of the curve, in other words, the centre or the peak of the curve. 

• wi is the deviation of the curve, which is represented by the width of the curve.  

• T is the temperature range in which the curve develops.  

 

Figure 29: Gaussian curve 

 

However, as it can be noticed, the method provides only normal distribution curves, which limits 

the estimation capacity of the method as the devolatilization process not necessarily follow this 

type of distribution. In order to solve this limitation, another parameter can be added to the 

deconvolution approach: skewness. Skewness allows the curve to not be symmetric and provides 

better results. Fraser-Suzuki model incorporates skewness to the deconvolution function and 

provides more reliable composition estimations [132–134]. Equation ( 14 ) shows the Fraser-
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Suzuki approach, and Figure 30, the application of a three-term deconvolution to a DTG curve, 

compared to the same result approached using Gaussian deconvolution. 

y = �ℎ𝑖𝑖 · 𝑒𝑒𝑥𝑥𝑝𝑝 �−
𝑉𝑉𝑐𝑐2
𝐴𝐴𝑖𝑖2

𝑉𝑉𝑐𝑐 �1 + 2𝐴𝐴𝑖𝑖
𝜕𝜕 − 𝑝𝑝𝑖𝑖
𝑤𝑤𝑖𝑖

�
2
�

𝑛𝑛

𝑖𝑖=1

  ( 14 ) 

Where: 

• y is the total curve that should model DTG curve. 

• n is the number of terms applied, typically 3 that represent hemicellulose, cellulose, and 

lignin. 

• hi is the weight of the curve over the total curve, in other words, represents the amplitude 

or height of the curve. 

• pi is the mean value of the curve, in other words, the centre or the peak of the curve. 

• wi is the deviation of the curve, which is represented by the width of the curve.  

• si represents skewness or asymmetry. 

• T is the temperature range in which the curve develops.  

 

Figure 30: Three term Gaussian and Fraser Suzuki deconvolution 

To carry out DTG deconvolution, Fraser-Suzuki model was used with 3 or 4 terms. When applying 

3 terms, hemicellulose, cellulose, and lignin content was estimated. However, some curves 

showed better results using 4 terms, and so taking into account the carbonous matter and 

estimating also its percentage. To assess the accuracy of the deconvolution, coefficient of 

determination R2 was defined and considered to be good if greater than 0.98. The mathematical 

treatment of the data was carried out using Matlab R2019b. 
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2.8.2. KINETICS 

Kinetics approach was carried out using three models: Cumming [106], Freeman-Carroll (FC) [135] 

and Coats-Redfern (CR) [107]. The three methods are model fitting methods, that approach 

Arrhenius equation ( 15 ) to obtain apparent activation energy and preexponential factor: 

𝑘𝑘 = 𝑞𝑞 · 𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅   ( 15 ) 

Where: 

• k is the reaction rate constant, whose units will depend on the global order reaction. 

• A is the preexponential factor, expressed in min-1. 

• Ea is the activation energy, expressed in kJ·mol-1. 

• R is the universal gas constant, whose value is 8.314·10-3 kJ·mol-1·K-1. 

• T is the absolute temperature, expressed in K.  

In addition, Freeman-Carroll and Coats-Redfern, provide information regarding the order reaction 

and even the reaction mechanism. The models were chosen according to literature review 

[63,65,104,132,136–140], and its mathematical treatment was carried out using Matlab R2019b. 

Cumming’s model relates activation energy and weight loss rate assuming first order kinetics as 

shown in equation ( 16 ). By plotting the first term of the equation versus 1/T a straight line can 

be fitted, whose slope is -Ea/R. Line’s y-intercept allows the preexponential factor calculation. 

𝑉𝑉𝑐𝑐 �−
1
𝑤𝑤

·
𝐹𝐹𝑤𝑤
𝐹𝐹𝜕𝜕
� = ln𝑞𝑞 −

𝑀𝑀𝑐𝑐
𝑅𝑅𝜕𝜕

 ( 16 ) 

On the other hand, both Freeman-Carroll and Coats-Redfern methods present a different 

approach to the general rate equation used in non-isothermal kinetics, which can be written as 

shown in equation ( 17 ) 

𝐹𝐹𝑑𝑑
𝐹𝐹𝜕𝜕

= 𝑘𝑘(𝜕𝜕) · 𝑓𝑓(𝑑𝑑) 𝑤𝑤ℎ𝑒𝑒𝑐𝑐𝑒𝑒 𝑑𝑑 =
𝑚𝑚0 −𝑚𝑚𝑡𝑡

𝑚𝑚𝑓𝑓 −𝑚𝑚0
 ( 17 ) 

Where: 

• t represents time. 

• T is the temperature. 

• k(T) is the constant rate. 

• f(α) is the reaction model depending on the reaction mechanism. 

• α is the conversion factor. 

• m0 is the initial mass before the reaction. 

• mf is the final mass after the reaction. 

• mt is the mass at time t.  
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As it has been said, the constant rate is defined according to Arrhenius law, so it is possible to 

rearrange equation ( 17 ) and write it as equation( 18 ): 

𝐹𝐹𝑑𝑑
𝐹𝐹𝜕𝜕

= A · 𝑒𝑒
−𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅 · 𝑓𝑓(𝑑𝑑) ( 18 ) 

However, as TGA is performed using a constant heating rate, the equation ( 18 ) can be rewritten 

into equation ( 19 ) so the conversion factor is derived from temperature instead of time: 

𝛽𝛽 =
𝐹𝐹𝜕𝜕
𝐹𝐹𝜕𝜕

 →  
𝐹𝐹𝑑𝑑
𝐹𝐹𝜕𝜕

=
𝑞𝑞
𝛽𝛽

· 𝑒𝑒
−𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅 · 𝑓𝑓(𝑑𝑑)  ( 19 ) 

Where β is the heating rate expressed in K/min. To apply the model, it is necessary to define the 

reaction model f(α), which can be phase boundary-controlled reaction, diffusion, random 

nucleation, n-order kinetics, etc. The most used is n-order kinetics, also called power-law kinetics, 

where the reaction is proportional to the concentration of nondegraded material, defined as 

shown in equation ( 20 ). Besides, the other models that are commonly used are shown in Table 

4. 

𝑓𝑓(𝑑𝑑) = (1 − 𝑑𝑑)𝑛𝑛 ( 20 ) 

Where n is the reaction order.  

Table 4: Most common used kinetic models 

Kinetic Model f(α) 

Phase boundary-controlled reaction (contracting area) (R2) 2(1 − 𝑑𝑑)1/2 

Phase boundary-controlled reaction (contracting volume) (R3) 3(1 − 𝑑𝑑)2/3 

2D diffusion (D2) 
1

− ln(1 − 𝑑𝑑) 

3D diffusion (Jander) (D3J) 
3(1 − 𝑑𝑑)2/3

2(1 − (1 − α)1/3 

3D diffusion (Ginstling-Brounshtein) (D3GB) 
3
2

((1 − 𝑑𝑑)
1
3 − 1) 

 

However, Coats-Redfern and Freeman-Carroll present an important difference when approaching 

equation ( 19 ). Coats-Redfern is an integral method, which means that weigh loss versus 

temperature data can be used directly applying integrals to both sides of equation ( 19 ), which 

leads to equation ( 21 ): 

�
1

𝑓𝑓(𝑑𝑑)𝐹𝐹𝑑𝑑 =
𝑞𝑞
𝛽𝛽
�𝑒𝑒−

𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅 𝐹𝐹𝜕𝜕 ( 21 ) 
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The second term of the equation ( 21 ) does not have an exact integral, and need to be 

approximated as shown in equation ( 22 ): 

 𝑔𝑔(𝑑𝑑) =
𝑞𝑞 𝑅𝑅 𝜕𝜕2

𝛽𝛽 𝑀𝑀𝑐𝑐
�1 −

2𝑅𝑅𝜕𝜕
𝑀𝑀𝑐𝑐

� 𝑒𝑒−
𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅 ( 22 ) 

Where g(α) represents the first term of equation ( 21 ) to ease the notation. Taking logarithms at 

both sides, equation ( 23 ) is obtained: 

ln
𝑔𝑔(𝑑𝑑)
𝜕𝜕2

= 𝑉𝑉𝑐𝑐 �
𝑞𝑞 𝑅𝑅
𝛽𝛽 𝑀𝑀𝑐𝑐

�1−
2𝑅𝑅𝜕𝜕
𝑀𝑀𝑐𝑐

�� −
𝑀𝑀𝑐𝑐
𝑅𝑅𝜕𝜕

 ( 23 ) 

As explained at Cumming’s model, if the first term of equation ( 23 ) is plotted versus 1/T, a line 

is obtained whose slope corresponds to -Ea/R, which allows apparent activation energy 

calculation. And again, preexponential factor is calculated using the y-intercept of the line. When 

applying the model reactions showed in Table 4, g(α) calculation is immediate, however, when 

considering n-order kinetics, g(α) present two values depending on the order reaction, as shown 

in equations ( 24 ) and ( 25 ): 

for n ≠ 1: ln
𝑔𝑔(𝑑𝑑)
𝜕𝜕2

= 𝑉𝑉𝑐𝑐 �
1 − (1 − 𝑑𝑑)1−𝑛𝑛

𝜕𝜕2(1− 𝑐𝑐)
� ( 24 ) 

  

for n = 1: ln
𝑔𝑔(𝑑𝑑)
𝜕𝜕2

= 𝑉𝑉𝑐𝑐 �
−ln (1 − 𝑑𝑑)

𝜕𝜕2 �  ( 25 ) 

On the other hand, Freeman-Carroll is a differential method which means that uses the rate of 

weight loss versus temperature data to obtain the kinetic parameters. It means that the model 

represents a degradation whose order reaction is unknown but can be calculated simultaneously 

to activation energy determination. This fact constitutes the main advantage of the method, as it 

does not assume the order reaction (as it did Coats-Redfern and Cumming models). However, 

unlike Coats-Redfern, Freeman-Carroll cannot use any model reaction but n-order kinetics. In 

other words, f(α) in equation ( 19 ) will always be defined as equation ( 20 ). The method applies 

logarithms and considers the equation for two different temperatures as shown in equations 

( 26 ) and ( 27 ): 

ln �
𝐹𝐹𝑑𝑑0
𝐹𝐹𝜕𝜕

� = ln �
𝑞𝑞
𝛽𝛽
� + 𝑐𝑐 · ln(1 − 𝑑𝑑0) −

𝑀𝑀𝑐𝑐
𝑅𝑅𝜕𝜕0

 ( 26 ) 

  

ln �
𝐹𝐹𝑑𝑑1
𝐹𝐹𝜕𝜕

� = ln �
𝑞𝑞
𝛽𝛽
� + 𝑐𝑐 · ln(1 − 𝑑𝑑1)−

𝑀𝑀𝑐𝑐
𝑅𝑅𝜕𝜕1

  ( 27 ) 

 

Subtracting equation ( 26 ) to equation ( 27 ), the equation is defined in terms of change as shown 

in equation ( 28 ): 
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∆ ln �
𝐹𝐹𝑑𝑑
𝐹𝐹𝜕𝜕
� = 𝑐𝑐∆ ln(1 − 𝑑𝑑) −

𝑀𝑀𝑐𝑐
𝑅𝑅
∆𝜕𝜕−1 ( 28 ) 

 

And dividing by Δln(1-α) and rearranging terms, the equation ( 28 ) becomes equation ( 29 ), 

which is a regression line whose slope represents the activation energy Ea and the y-intercept is 

the reaction order. After defining both parameters, preexponential factor can be calculated from 

equation ( 28 ).  

∆𝑉𝑉𝑐𝑐 �𝐹𝐹𝑑𝑑𝐹𝐹𝜕𝜕�
∆ln (1 − 𝑑𝑑)

= 𝑐𝑐 − 𝑀𝑀𝑐𝑐
∆𝜕𝜕−1

𝑅𝑅∆ln (1 − 𝑑𝑑)
 ( 29 ) 

 

2.8.3. SELF-IGNITION RISK 

As it has been mentioned, from the results provided by thermogravimetric analysis performed 

under oxygen atmosphere it is possible to obtain activation energy and characteristic 

temperature. Medic et al. [137] developed a model to define self-ignition risk based on the 

activation energy calculated from Cumming’s equation, and characteristic temperature. The 

model classifies the risk into four different categories: low, medium, high, or very high. As shown 

on Figure 31, the risk is considered very high when characteristic temperature is lower than 

250 ºC and activation energy lower than 79 kJ/mol; high when characteristic temperature is 

between 300 ºC and 250 ºC and activation energy between 80 and 89 kJ/mol, medium when 

characteristic temperature is between 350 ºC and 300 ºC and activation energy between 90 and 

94 kJ/mol, and low when characteristic temperature is greater than 350 ºC and activation energy 

greater than 95 kJ/mol. The cut-off values that define each zone, were selected according to coals 

parameters, however, it provides important information when assessing biomass self-ignition 

tendency. 
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Figure 31: Self-ignition risk [137] 

 

2.9. DIFFERENTIAL SCANNING CALORIMETRY  

Differential scanning calorimetry (DSC) is a thermoanalytical technique that measures the energy 

exchanged from a sample that undergoes a physical or chemical change. The technique measures 

the difference in the amount of heat required to increase the temperature of a sample and 

reference as a function of temperature. In other words, DSC analysis calculates the amount of 

energy required to increase sample’s temperature by comparing it to a reference material. As 

TGA, Mettler Toledo TG-DSC T50 apparatus was used, as shown in Figure 25, together with 70 μL 

alumina crucibles. The test is carried out controlling the atmosphere inside the furnace, the initial 

and final temperature, and the heating rate (noted as β), and records temperature, heat flow, 

and time during the whole procedure.  

DSC tests were carried out from 30 ºC as initial temperature, to 550 ºC with a constant heating 

rate (β) set at 20 K/min. During the process, an oxygen atmosphere is provided by incorporating 

an oxygen flow of 50 mL/min, and the heat exchange is recorded as a function of temperature 

(or time, as the heating rate is constant). Because of that, it is possible to define the exothermic 

and endothermic processes that takes place during the heating.   

As thermogravimetric analysis, before the procedure, the sample crucible is tared, and then the 

sample is placed inside the crucible, and the crucible inside the furnace. As shown in Figure 32, 

the test provides a curve that represents heat flow versus temperature. From this data three 

important parameters can be obtained: 
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• Initial Exothermic Temperature (IET): temperature at which the exothermic process 

begins. As the process is initially endothermic, the IET will be the temperature at which 

takes place the minimum heat flow. 

• Change of Slope Temperature (CST): is the temperature at which the reaction 

accelerates, so the fast exothermic reaction begins. It can be determined as the 

temperature at which takes place the minimum value of the second derivative of the 

curve, considering only the reaction zone.  

• Final Exothermic Temperature (FET): is the temperature at which the exothermic process 

ends. It can be determined as the temperature at which the greatest heat flow value 

takes place.  

 

Figure 32: DSC Curve 

2.9.1. SPECIFIC HEAT CAPACITY ESTIMATION 

From DSC data is possible to estimate specific heat capacity [141]. Specific heat capacity, usually 

noted as cp, is defined as the amount of heat required to raise the temperature of 1 kg of a certain 

substance by 1 Kelvin degree. Equation ( 30 ) shows the calculation of specific heat capacity from 

DSC analysis: 

dH
dt

= 𝑚𝑚 ·  𝑐𝑐𝑝𝑝 ·
𝐹𝐹𝜕𝜕
𝐹𝐹𝜕𝜕

 ( 30 ) 

Where: 

• H is the heat flow, expressed in J·s-1. 
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• t is the time, expressed in minutes. 

• m is the mass of the sample, expressed in kg. 

• cp is the specific heat capacity, expressed in J·kg-1·K-1. 

• T is the temperature, expressed in K. 
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3. RESULTS 

3.1. PROXIMATE ANALYSIS 

The results from proximate analysis are presented in Table 5. The reported values for the first six 

samples are the ones obtained from testing the fraction smaller than 1 mm, as the coarse samples 

could not be tested due to the crucibles and laboratory dishes. Some samples were tested at the 

finest fraction (75 μm), however, no significant differences were seen when comparing the 

results to 1 mm fraction. On the other hand, literature data is typically expressed when sieving 

samples through 1 mm light.  

Table 5: Proximate Analysis Results 

Sample Ash d.b. Volatile d.b. Moisture Fixed Carbon 

PS 0.39 % 79.16 % 7.90 % 20.45 % 

WS 0.55 % 79.79 % 7.10 % 19.66 % 

Cb1 30.35 % 20.27 % 5.90 % 49.38 % 

Cb2 33.5 % 20.85 % 5.00 % 45.65 % 

DF 8.30 % 70.12 % 7.00 % 21.59 % 

OP 25.81 % 52.61 % 7.30 % 21.58 % 

PKS 9.54 % 66.81 % 7.01 % 23.65 % 

PKS T1 5.44 % 72.08 % 0.47 % 22.48 % 

PKS T2 4.41 % 73.02 % 0.87 % 22.57 % 

EFB 2.88 % 72.71 % 6.46 % 24.40 % 

EFB T1 1.98 % 77.91 % 2.52 % 20.12 % 

EFB T2 2.42 % 78.58 % 1.84 % 19,00 % 

PMF 5.75 % 62.73 % 8.79 % 31.52 % 

PMF T1 6.28 % 73.75 % 1.40 % 19.97 % 

PMF T2 6.59 % 72.61 % 1.12 % 20.80 % 

WC 0.19 % 85.55 % 6.22 % 14.27 % 

WP 0.17 % 84.05 % 5.76 % 15.78 % 

SC 6.40 % 76.49 % 5.05 % 17.11 % 

 

3.2. PARTICLE SIZE DISTRIBUTION  

Table 6 shows the main parameters obtained from particle size distribution test. As the coarse 

samples could not be tested using the laser diffraction apparatus, only its average size (d50) is 

reported. On the other hand, some samples that were milled and sieved through 1 mm light sieve 

or 75 μm light sieve, report values greater than the sieve light. This fact is produced due to the 

shape of biomasses: while coals particles present a spheric shape, biomasses present some 
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tendency to be elongated due to its fibrous nature. Because of that, biomass particles might pass 

through the sieve, but when measuring the size using laser diffraction, particle sizes are greater 

than the sieve light. On the other hand, palm oil samples, wood chips, wood powder and straw 

chops were milled and sieved using a 1 mm light sieve. However, the d90 reported values are 

greater than 1 mm in most of the cases due to the fibre nature. 

Regarding the coarse fraction, the results written in Table 6 show the greater size considering 

length, width, and height. Pine shaving (PS-C) shaped as chips whose mean length was 8 mm 

while olive pellets (OP-C) shaped as small cylinders with 5 mm diameter and 150 mm length. The 

charcoal samples (Cb1-C and Cb2-C) were briquettes 2 mm width and 56 and 54 mm mean length 

for brand 1 and brand 2 respectively. Finally, dog food (DF-C) presented different shapes as chips 

and small bricks, so the greater mean length was reported, whose value was 18 mm.  

From this data, it can be noticed that laser diffraction for biomass particle size measurement 

might not be accurate enough as the results will depend on the disposition of the particle when 

the light beam is applied. In other words, the fact that biomass samples do not provide spherical 

particles highly influences laser diffraction results and other methods, such as optical methods, 

should be used instead. Because of that, the traditional use of d50 to characterize granulometry 

does not provide as accurate information for fibrous and elongated shapes such as biomasses’ as 

other methods, such as optical methods.  

Table 6: Particle Size Distribution Parameters 

Sample d10 (μm) d50 (μm) d90 (μm) SSA (m2/g) d[3,2] (μm) d[4,3] (μm) 

PS-C - 8000.0 - - - - 

PS-1 241.9 637.7 1302.7 0.01 413.3 711.3 

PS-75 9.5 48.7 138.2 0.33 18.1 62.8 

WS-C - 1200.0 - - - - 

WS-1 68.7 298.1 890.9 0.07 89.1 400.3 

WS-75 5.0 9.9 93.8 0.60 9.9 43.6 

Cb1-C - 56000.0 - - - - 

Cb1-1 56.3 364.5 879.7 0.07 84.9 424.5 

Cb1-75 3.8 24.2 73.8 0.72 8.3 32.4 

Cb2-C - 54000.0 - - - - 

Cb2-1 4.5 22.8 101.6 0.62 9.8 40.9 

Cb2-75 3.9 17.6 51.8 721.00 8.3 23.4 

DF-C - 1.80E+04 - - - - 

DF-1 22.8 217.3 712.7 0.19 31.9 312.6 

OP-C - 15000.0   - - - 

OP-1 111.6 415.5 1052.0 0.04 155.2 506.9 

OP-75 3.9 41.2 104.3 0.72 8.4 49.0 
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PKS 4.2 189.7 1021.6 0.50 11.9 355.1 

PKS T1 11.6 234.0 745.0 0.20 30.6 286.5 

PKS T2 272.4 730.9 1350.8 0.02 343.1 775.6 

EFB 30.0 146.5 414.7 0.09 64.6 191.7 

EFB T1 4.7 394.2 1202.4 0.39 15.4 481.0 

EFB T2 2.8 9.0 176.6 0.90 6.7 47.9 

PMF 41.9 367.9 1354.2 0.07 82.6 576.8 

PMF T1 7.9 125.4 337.9 0.30 19.9 135.8 

PMF T2 32.5 103.2 1421.8 0.08 78.7 480.0. 

WC 152.7 619.4 1307.8 0.02 268.2 683.5 

WP 171.1 613.4 1295.2 0.02 274.0 681.3 

SC 125.9 457.6 1227.5 0.03 192.6 576.9 

 

3.3. MINIMUM IGNITION ENERGY  

The minimum ignition energy results are shown in Table 7. The test was applied to the torrefied 

samples, together with some agricultural and woody biomass samples, so not only the influence 

of torrefaction on minimum ignition energy was assessed but also compared to other 

lignocellulosic biomasses. It can be seen that torrefaction reduces MIE for palm kernel shell and 

palm mesocarp fibre. However, for empty fruit bunches, no ignition was produced when testing 

the torrefied samples.  

Table 7: Minimum Ignition Energy 

Sample MIE (mJ) 

PKS 840 

PKS T1 200 

PKS T2 55 

EFB 610 

EFB T1 - 

EFB T2 - 

PMF 220 

PMF T1 55 

PMF T2 79 

WC 610 

WP 610 

SC 220 
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3.4. SELF-HEATING SUBSTANCES TRANSPORT CLASSIFICATION  

Transport classification tests were carried out using the samples that were milled in different 

fractions. The classification results can be seen in Table 8, and only milled charcoals produced a 

positive result to the test and were exempted of classification only when transported in piles 

smaller than 3 m3. If comparing both charcoals, the second brand was found to present higher 

self-ignition tendency, at only the test using the coarse sample was negative.  

Table 8: Transport Classification according to Self-heating substances transport classification 

Sample  Self-heating substances transport classification 

PS-C No 

PS-1 No 

PS-75 No 

WS-C No 

WS-1 No 

WS-75 No 

Cb1-C No 

Cb1-1 No 

Cb1-75 Exempted of classification only when transported in piles smaller than 3 m3 

Cb2-C No 

Cb2-1 Exempted of classification only when transported in piles smaller than 3 m3 

Cb2-75 Exempted of classification only when transported in piles smaller than 3 m3 

DF-C No 

DF-1 No 

OP-C No 

OP-1 No 

OP-75 No 

 

3.5. GAS EMISSIONS 

The gas emissions analysis was performed in order to detect differences in the behaviour of the 

same sample according to its granulometry, so it was tested to coarse and 1 mm fraction samples. 

As the charcoals were the only samples that presented different transport classifications 

depending on the particle size, it was considered necessary to carry out the gas emission test 

using the three different granulometries of charcoals. Figure 33 shows the obtained plots from 

the test, for carbon monoxide and carbon dioxide.  
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Figure 33: Gas Emission Plots 

The results from the evaluation of gas emission test are shown in Table 9, and it can be seen that 

usually the greater the particle size, the higher the temperature interval at which gas emissions 

starts; and carbon monoxide is released prior to carbon dioxide.  
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Table 9: Initial Gas Emission Interval Temperature 

Sample Temperature for CO (ºC) Temperature for CO2 (ºC) 

PS-C 80-100 60-80 

PS-1 60-80 60-80 

WS-C 60-80 60-80 

WS-1 40-60 40-60 

Cb1-C 80-100 100-120 

Cb1-1 60-80 60-80 

Cb1-75 60-80 40-60 

Cb2-C 80-100 100-120 

Cb2-1 40-60 60-80 

Cb2-75 40-60 60-80 

DF-C 40-60 40-60 

DF-1 40-60 40-60 

OP-C 60-80 100-120 

OP-1 60-80 60-80 

 

3.6. THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetric analysis was performed for each sample under both atmospheres: oxygen 

and air. The main parameters are reported in Table 10. The first six samples were tested in their 

lowest fraction (75 μm, except for DF, whose lowest fraction is 1 mm) due to the size of the 

alumina crucibles. In addition, some samples were tested also in their 1 mm fraction, and no 

significant difference was seen, as the TG depends on the thermal behaviour of the sample and 

not so much on the particle size.  

Table 10: TGA results 

 TG Air TG O2 

Sample MLT (ºC) Onset (ºC) Tchar (ºC) Onset (ºC) 

PS 330 257 289 244 

WS 309 255 268 237 

Cb1 293 271 404 358 

Cb2 465 361 389 342 

DF 279 255 269 256 

OP 289 245 266 257 

PKS 345 218,4 297 254 

PKS T1 350 250 275 251 

PKS T2 350 251 278 257 
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EFB 315 237 249 236 

EFB T1 297 240 262 238 

EFB T2 315 246 257 235 

PMF 310 223 254 249 

PMF T1 339 244 249 243 

PMF T2 305 241 257 251 

WC 339 271 303 296 

WP 3201 264 303 299 

SC 329 239 286 264 
 

3.6.1. KINETICS 

The results obtained from the application of Cumming’s equation to TGA with air and oxygen are 

reported in Table 11. Preexponential factor varies between 2·104 and 2·105 min-1, which is the 

typical range for first order kinetics (n = 1). On the other hand, in most of the cases activation 

energies show lower values for air tests than oxygen test, except for charcoals, pellets and dog 

food.  

Table 11: Cumming Kinetic Results 

 Cumming TGA Air Cumming TGA O2 

Sample Ea (kJ/mol) A (min-1) Ea (kJ/mol) A (min-1) 
PS 66.6 3.52E+04 57.3 2.32E+04 

WS 67.9 4.28E+04 63.6 5.38E+04 

Cb1 75.2 4.57E+04 79.2 1.00E+05 

Cb2 83.7 6.90E+04 85.9 1.39E+05 

DF 65.9 3.69E+04 67.8 6.43E+04 

OP 66.3 4.05E+04 79.4 1.85E+05 

PKS 67.7 4.63E+04 50.7 2.85E+04 

PKS T1 67.9 4.35E+04 65 6.71E+04 

PKS T2 68.3 4.19E+04 60.8 1.54E+05 

EFB 66.0 3.96E+04 54.8 2.10E+04 

EFB T1 65.6 3.95E+04 59.4 4.68E+04 

EFB T2 66.9 4.13E+04 60.4 3.92E+04 

PMF 65.5 4.06E+04 60.6 9.05E+04 

PMF T1 67.1 4.18E+04 51.9 4.07E+04 

PMF T2 66.1 4.07E+04 64 1.37E+05 

WC 70.6 4.33E+04 62.9 7.10E+04 

WP 68.6 4.28E+04 68.7 1.07E+05 

SC 67.4 3.72E+04 66.6 6.99E+04 
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Furthermore, Coats-Redfern and Freeman-Carroll models were applied to palm oil wastes, in 

order to analyse torrefaction effect in the combustion kinetics. Those results are reported in 

Table 12 and Table 13, where n is the order reaction and R2 is the coefficient of determination. In 

addition, a two-sample F-test was carried out, and the F-statistic, hypothesis h, p-value and 

confidence intervals ci are reported. The further F-statistic ratio deviates from 1, the more likely 

the null hypothesis is rejected. The null hypothesis assumes that the data and the kinetic model 

are normal distribution with the same variance, while the alternative hypothesis assumes 

different variances. As for those tests, the null hypothesis was never rejected, h is always reported 

as 0, indicating that null hypothesis is accepted, and complementing the information provided by 

R2 as there are no discordances between both methods.  

Based on the fitting results, each sample presents better fitting using Coats-Redfern (CR) method 

than Freeman-Carrol (FC), except for empty fruit bunches torrefied at 250 ºC, that are more 

accurate when using FC model. Besides, CR model typically fits better using a n-order reaction 

than a diffusion or phase boundary reaction, except for empty fruit bunches.  

Table 12: Coats-Redfern Kinetic Results 

Coats -Redfern 

Sample n Ea (kJ/mol) A (min-1) R2 F-statistic h p-value ci1 ci2 

PKS 6.5 114.05 3.74E+13 0.99894 10.011 0 0.998 0.463 2.163 

PKS T1 7 122.26 8.24E+13 0.99807 10.019 0 0.997 0.407 2.469 

PKS T2 6 114.05 9.13E+12 0.99452 10.055 0 0.989 0.458 2.206 

EFB D3J 109.52 9.90E+10 0.99702 1.003 0 0.993 0.526 1.913 

EFB T1 2.5 49.6 1.90E+06 0.94012 10.637 0 0.746 0.732 1.546 

EFB T2 D3J 138 4.23E+13 0.9999 10.001 0 1 0.463 2.161 

PMF 4 84.69 1.76E+10 0.99582 10.042 0 0.989 0.536 1.883 

PMF T1 3 91.78 4.08E+10 0.99462 10.054 0 0.985 0.567 1.782 

PMF T2 3 90.2 2.75E+10 0.99941 10.006 0 0.999 0.476 2.102 

Table 13: Freeman-Carroll Kinetic Results 

Freeman-Carroll 

Sample n Ea (kJ/mol) A (min-1) R2 F-statistic h p-value ci1 ci2 

PKS 5.82 128.37 3.88E+19 0.89209 1.121 0 0.769 0.519 2.422 

PKS T1 0.99 105.98 9.64E+14 0.95955 10.422 0 0.901 0.542 2.005 

PKS T2 2.45 109.68 4.15E+15 0.98628 10.139 0 0.967 0.527 1.951 

EFB 1.55 95.2 5.14E+13 0.98548 10.147 0 0.969 0.483 2.132 

EFB T1 4.23 124.55 1.32E+19 0.99833 10.017 0 0.997 0.416 2.413 

EFB T2 0.97 71.25 1.37E+10 0.97827 10.222 0 0.957 0.458 2.28 

PMF -0.37 88.64 1.71E+12 0.94218 10.614 0 0.867 0.524 2.149 
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PMF T1 1.6 121.64 3.64E+17 0.98025 10.201 0 0.953 0.52 2.001 

PMF T2 4.82 126.12 1.31E+19 0.99652 10.035 0 0.993 0.434 2.32 

 

However, due to the nature of the samples, diffusion reactions should take place in each sample 

and not only in EFB samples. Because of that, a further kinetic study on PKS and PMF samples was 

carried out, considering that two reactions are produced during the degradation, but diffusion 

might be less significant. To do so, an inflexion point, where the curvature changes, in the 

conversion function of PKS and PMF samples was determined as shown in Figure 34.  

 

Figure 34: PKS and PMF inflexion points 

The inflexion point divides the reaction into two steps, so the kinetic models could be applied 

again but differentiating the mechanisms that take place inside the whole degradation. The 

results are reported on Table 14, where can be noticed that the first step typically corresponds 

to a degradation reaction, while the second step is a diffusion reaction with lower activation 

energies.  

Table 14: Step Reactions Kinetic Results 

FIRST STEP REACTION 

Sample n Ea (kJ/mol) A (min-1) R2 F-test h p-value ci1 ci2 

PKS 3.5 68.12 3.67E+08 0.9953 1.0047 0 0.991 0.451 2.241 

PKS T1 7 123.88 1.19E+14 0.9969 1.0031 0 0.996 0.322 3.125 

PKS T2 7 140.04 3.85E+15 0.9965 1.0036 0 0.993 0.434 2.320 

PMF 2 59.92 3.20E+07 0.9989 1.0011 0 0.998 0.350 2.865 

PMF T1 6.5 137.33 2.82E+15 0.9993 1.0007 0 0.999 0.433 2.313 

PMF T2 2 79.67 2.03E+09 0.9990 1.0010 0 0.998 0.441 2.272 
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3.6.2. COMPOSITION 

The composition was estimated for palm oil waste samples but also for wood and straw, using 

Gaussian deconvolution. Those results are reported in Table 15 together with the determination 

coefficient R2, and the percentage of char that remained after the test. 

Table 15: Composition Estimation using Gaussian Deconvolution 

Gaussian Deconvolution 

Sample Hemicellulose (%) Cellulose (%) Lignin (%) Char (%) R2 

PKS 8.4 13.1 14.5 30.3 0.9986 

PKS T1 10.9 17.8 15.4 31.9 0.9978 

PKS T2 11 9.2 22.8 35.9 0.9973 

EFB 20.8 43.1 8 19 0.9995 

EFB T1 25.4 33.7 33.4 1.2 0.821 

EFB T2 12.1 34.8 21.7 26.5 0.9992 

PMF 29.2 45.6 14.5 1.7 0.9902 

PMF T1 27.7 24.1 18.4 27.7 0.9946 

PMF T2 39 52.7 4 3 0.9942 

WC 23.4 39.6 16.2 14.2 0.9924 

WP 21.5 45.2 23.7 2.9 0.9833 

SC 25.2 48 15.3 4.2 0.9953 

 

In order to properly study the effects of torrefaction on the composition, a more accurate study 

was carried out using torrefied samples and Fraser-Suzuki deconvolution. The results are shown 

in Table 16, and no char was reported as the method allow the definition of its composition in 

terms of hemicellulose, cellulose and lignin.  

SECOND STEP REACTION 

Sample n Ea (kJ/mol) A (min-1) R2 F-test h p-value ci1 ci2 

PKS D2 66.66 1.88E+07 0.98150 1.0188 0 0.974 0.327 3.174 

PKS T1 D2 90.49 1.95E+09 0.97414 1.0265 0 0.962 0.345 3.058 

PKS T2 D2 93.24 3.36E+09 0.98023 1.0202 0 0.970 0.356 2.920 

PMF D3J 34.73 3.91E+03 0.97649 1.0241 0 0.922 0.636 1.648 

PMF T1 D2 81.42 3.87E+08 0.99797 1.0020 0 0.997 0.336 2.985 

PMF T2 D3J 37.00 5.03E+03 0.99501 1.0050 0 0.984 0.625 1.617 
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Table 16: Composition Estimation using Fraser-Suzuki Deconvolution 

Fraser Suzuki Deconvolution 

Sample Hemicellulose (%) Cellulose (%) Lignin (%) R2 

PKS 26.5 31 33.1 0.9935 

PKS T1 26.7 26.9 40.9 0.9889 

PKS T2 22.8 28.4 44.5 0.9916 

EFB 20.5 38.7 18.2 0.9968 

EFB T1 14.5 31.2 19.9 0.9975 

EFB T2 12.5 35.2 19.5 0.9987 

PMF 32.1 39.4 17.2 0.9966 

PMF T1 29.2 31.1 12.4 0.9968 

PMF T2 32.9 44.1 12.1 0.9861 

In both cases, the remaining percentage correspond to ashes and extractives, and other 

carbonaceous matter.  

 

3.6.3. SELF-IGNITION RISK 

Using the parameters obtained from thermogravimetric analysis under oxygen atmosphere, the 

self-ignition risk tendency was plotted in Figure 35. Most of the samples are located in the high 

risk zone, while both charcoals are characterized as low self-ignition risk. Two samples from palm 

oil wastes presented low characteristic temperatures and activation energies and were located 

at very high risk region.  

 

Figure 35: Self-Ignition Risk 
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3.7. DIFFERENTIAL SCANNING CALORIMETRY  

The results from differential scanning calorimetry are reported in Table 17. As occurred when 

testing TGA, the first six samples were tested in their lowest fraction (75 μm, except for DF, whose 

lowest fraction is 1 mm) due to the size of the alumina crucibles.  

Table 17: DSC Results 

Sample CST (ºC) IET (ºC) FET (ºC) cp (J/kg·K) 

PS 378 93 449 927.0 

WS 348 75 457 1176.7 

Cb1 261 100 321 881.9 

Cb2 171 112 498 1334.8 

DF 416 99 536 748.0 

OP 259 106 331 2261.9 

PKS 243 106 535 2589.6 

PKS T1 334 220 545 1794.7 

PKS T2 333 221 545 762.3 

EFB 317 72 513 1235.4 

EFB T1 330 63 529 1224.21 

EFB T2 360 71 527 494.0 

PMF 290 80 528 2492.9 

PMF T1 301 71 527 349.2 

PMF T2 359 89 543 1388.0 

WC 376 94 529 1955.1 

WP 377 85 530 622.3 

SC 375 94 530 578.9 

 

3.8. TORREFACTION  

As it has been said, torrefaction was performed with a residence time of 30 minutes, and two 

different temperatures were used: 250 ºC (T1) and 300 ºC (T2). The samples selected for 

torrefaction were the palm oil wastes, due to its potential as energy source in developing 

countries. Figure 36 shows the samples before and after the two torrefaction processes, and a 

colour change can be noticed. The colour change is due to hydrolysis and oxidation reactions [43] 

and can be used as an indicator of the torrefaction degree. Indeed, it can be seen that more 

revere torrefaction (at 300 ºC) produced a darker biomass.  
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Figure 36: Torrefied Samples 
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4. DISCUSSION 

4.1. PROXIMATE ANALYSIS 

If the results reported on Table 5 are plotted in a triangular diagram as shown in Figure 37, it can 

be noticed that biomasses locate on the top of the diagram, due to their high volatile content and 

low ashes. However, olive pellets separate from this group as their ash content is greater and the 

volatiles are lower, probably due to addition of some binder to produce the pellets. On the other 

hand, charcoals present higher ash content (around 30 %), low volatiles (around 20 %) and fixed 

carbon content over 40 %. It means that charcoals are located closer to the bottom of the 

triangle.  

When considering the influence of the torrefaction pre-treatment, it can be noticed that torrefied 

samples locate higher than the raw sample, as their volatile content increase because torrefaction 

breaks bonds between molecules, so even if some volatiles are released, more are generated 

from the weakening of other molecules.  

 

Figure 37: Triangular diagram from proximate analysis data 
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Wood samples (PS, WS and WC) locate next to each other as they all come from the same species 

(Pinus sylvestris), however, straw samples (WS and SC) come from different species, so they do 

not locate as proximate as wood samples.  

4.1.1. GRANULOMETRY EFFECT ON FLAMMABILITY PROPERTIES 

Biomass particle size present some problems, not only in coarse size, but also after milling [142]. 

Some samples, such as olive pellets, pine shaving, wood powder, etc., present elongated or fibre 

shapes, that pass through the sieve light but show greater particle sizes when applying a more 

accurate method as it is the laser diffraction. Palm oil waste samples present the same problem, 

as the samples were milled and sieved through 1 mm light sieve, however some values reported 

from the laser diffraction are greater than 1000 μm. On the other hand, charcoals, and wheat 

straw samples, presented more spherical shapes after milling, so the laser diffraction results are 

consistent with the sieving process. 

The samples tested in different size fractions show how the reduction of the particle size 

increases the specific surface area, as smaller particles present higher available surfaces. On the 

other hand d[3,2] and d[4,3] decrease for fine particles, as they are related to the equivalent 

sphere (in terms of area and volume respectively) and so finer particles will present smaller 

equivalent spheres.  

As it has been mentioned before, to properly characterize the effect of particle size on 

flammability properties, different ignition sensitivity tests were carried out on the same samples 

at different particle sizes. The self-heating substances transport classification test turned to be 

negative in most of the samples, as shown in Table 8, but, when testing charcoal samples, those 

results changed. As shown in Figure 38, the same sample present different transport classification 

when carrying out the test on coarse samples and fine fractions. The plot represents the 

temperature measured by the thermocouples located inside the sample at the first stage of the 

test (100 mm side basket and 140 ºC). It can be seen how samples Cb1-75, Cb2-1 and Cb2-75 self-

ignite and increase its temperature up to 400 ºC, which is the maximum temperature that the 

thermocouple could record.   

From Cb2 results, it can be notice that the second brand is more susceptible to self-heating as 

only the coarse sample did not provide positive results to the first stage of the test. On the other 

hand, Cb1 only raised its temperature over 140 ºC when testing the sample in its finest fraction 

(particle size lower than 75 μm). The following steps of the test provided negative results, so 

samples Cb1-75, Cb2-1 and Cb2-75 were exempted of classification if transported in piles no 

larger than 3 m3.  
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Figure 38: First stage self-heating substances transport classification Test Charcoal Results 

This result, different classifications for the same sample at different particle sizes, is a very 

important result as it significantly affects the possible classification of some products at the same 

time that illustrates how heat transfer mechanisms may vary depending on particle size in a more 

intensive way than composition or moisture.  

The self-heating substances transport classification test provides basic information regarding self-

heating process, and requires further tests, studies, and literature review to fully assess the 

phenomena. Because of that, the results obtained from the test were compared to wheat dust 

self-ignition temperature (SIT) data previously obtained [143]. The sample’s characteristics are 

similar to the wheat straw (WS) used in this research in terms of composition and particle size. 

The data reported showed that 1.5 L basket of wheat dust presented a SIT greater than 152.5 ºC 

and even higher when testing smaller volumes (187.5 ºC for 0.5 L). As self-heating substances 

transport classification test was carried out using 1 L volume and 140 ºC oven temperature, SIT 

was not achieved, and the test gave a negative result. The authors also provided SIT information 

for different coal dusts, and all but one presented self-ignition temperatures equal or lower than 

140 ºC, which fits the results obtained for charcoals.  

Furthermore, if considering the gas emissions results obtained from charcoal samples, it can be 

seen that the second brand (Cb2) presents the same or lower temperature intervals than the first 

brand (Cb1). This fact might explain why the second brand provided positive results in self-heating 

substances transport classification test when testing both fine fractions, and the first one only at 

the finest fraction.  
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The gas emissions results show that the greater the particle size of the sample, the higher the 

temperature at which gas combustion-related emissions begin in most of the samples. In other 

words, as coarse samples require higher temperatures to release combustion related gases, the 

particle size affects combustion process. In addition, Table 9 showed that carbon monoxide 

emissions typically have a lower range of temperatures than carbon dioxide, so the CO emissions 

are released before CO2 emissions.  

The temperature differences were significant when considering coarse and fine samples, 

however, those differences were not so important when comparing particles sizes lower than 

1 mm and 75 μm, so the test was only carried out for samples at its finest fraction for charcoals, 

as they provided positive results at self-heating substances transport classification test.  

The assessment of the temperature at which the gas emissions begin does not show a precise 

temperature, but an interval, which sometimes makes difficult to see differences between coarse 

and fine samples, such as olive pellets and dog food. However, if instead of the temperature 

intervals, the plotted results are considered as shown in Figure 33 it can be seen how samples at 

fine particle sizes provided more vertical slopes and those increments are produced before. The 

plot shows important differences between particle sizes, and usually the maximum emissions are 

reached before when testing the samples in its fine size than coarse. In other words, particle size 

does not only affect the beginning of the gas release, but also the velocity at which those 

emissions are produced, as greater available surfaces accelerate the process, increasing the 

emissions.  

 

4.2. THERMAL BEHAVIOUR  

According to the results reported in Table 10 and Table 17, the very beginning of the reaction is 

represented by the initial exothermic temperature (IET), after which the reaction acceleration 

takes place and the onset temperature is defined. Both, the maximum weight loss temperature 

(MLT) and the change of slope temperature (CST) take place typically very close one to another, 

and finally the process ends at the final exothermic temperature (FET) at which the mass loss 

stabilizes, and no significant changes are produced afterwards.  

If the results from TGA performed under oxygen atmosphere and air atmosphere are considered, 

it is noticed that characteristic temperature is lower than MLT in each sample but Cb1, which 

means that samples react faster under oxygen atmosphere. However, although the reaction is 

faster, its beginning does not necessarily take place sooner, as some samples present higher onset 

temperatures when considering air atmosphere, and other samples at oxygen atmosphere.  

The results reported in Table 10 showed that charcoals presented the highest characteristic 

temperatures, but also the greatest onset temperature when performing TGA under oxygen 

atmosphere. On the other hand, biomasses presented onset temperatures between 218 ºC and 
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300 ºC, although most of the samples do not reach even 270 ºC. Nevertheless, the range in which 

sample’s MLT locates is wider than the onset temperature, which can be explained as the MLT is 

related to the reactivity of the sample, which means that MLT will be much more dependent on 

the composition than onset temperature, leading to wider MLT ranges.   

Furthermore, if the torrefied samples are considered, the onset temperatures slightly increase 

after torrefaction as part of the light volatiles are released and the reaction requires higher 

temperatures to accelerate. Indeed, this phenomenon takes place also when the CST is 

considered. Even if torrefaction increases onset temperature and CST compared to feedstock, a 

more severe torrefaction does not necessarily increase those temperatures and, if it does, the 

changes are not so significant. Torrefaction also affects the specific heat capacity, as torrefied 

samples present lower cp values due to the improvement of the energetic parameters produced 

by the thermal treatment. However, PMF T2 increases cp if compared to PMF T1, as the sample 

presents different thermal behaviour than PMF and PMF T1 as it can be noticed in Figure 39. 

 

Figure 39: DSC curves for PMF samples 

Palm kernel shell samples, together with charcoals and olive pellets, present the greatest IET 

temperatures. PKS samples present strong chemical bonds that require greater temperatures to 

start the exothermic reaction [144]. Charcoals also requires higher temperatures due to their 

composition, and olive pellets might present high IET due to the agglomeration of the particles 

or the possible addition of a binder in the pellet. Besides, the remaining samples begin their 
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exothermic reaction between 80 ºC and 100 ºC as shown in Figure 40, Figure 41, Figure 42 and 

Figure 43 where DSC curves are plotted.  

 

Figure 40: DSC curves for PS, WS, DF, OP, Cb1 and Cb2 samples 

 

Figure 41: DSC curves for WC, WP and SC samples 
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Figure 42: DSC curves for PKS samples 

 

Figure 43: DSC curves for EFB samples 
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Even if the main parameters from TGA were reported in Table 10, the thermal behaviour is 

assessed using the TGA and DTG curves as shown in Figure 44, Figure 45, Figure 46, Figure 47 and 

Figure 48.  

 

Figure 44: PS, WS, DF, OP, Cb1 and Cb2 samples TGA and DTG results under air atmosphere 

 

Figure 45: PKS samples TGA and DTG results under air atmosphere 
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Figure 46: EFB samples TGA and DTG results under air atmosphere 

 

Figure 47: PMF samples TGA and DTG results under air atmosphere 
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Figure 48: WC, WP and SC samples TGA and DTG results under air atmosphere 

At the very beginning of the process, moisture evaporation takes place, producing a small peak 

in the DTG curve. Those peaks almost disappear when considering torrefied samples, as the 

torrefaction process reduced drastically moisture content. After that, the mass stabilizes until the 

onset temperature is achieved, and the mass reduces significantly. It can be noticed that charcoal 

samples required higher temperatures to begin and accelerate the reaction and present the 

higher content of char remained after the process, as the TG curve shows that the remaining 

sample is higher than 70 %.  

Then, the maximum weight loss is achieved producing a peak in the DTG curve. If biomasses are 

considered, typically two peaks are produced: one for the release of light volatiles (holocellulose) 

and one for the release of heavy volatiles (lignin). However, some samples such as EFB (raw and 

torrefied), PMF T2, SC and PS, show only one peak with a shoulder located between 230 ºC and 

330 ºC that represents hemicellulose devolatilization, together with the cellulose and some part 

of the lignin content, so no differentiated peaks are obtained. When those shoulders are located 

at the other side of the peak between 330 ºC and 530 ºC, as shown in PMF, PMF T2 and WP, they 

represent partial degradation of lignin [145]. 

If the TGA performed under oxygen atmosphere is considered, the mass drops drastically as 

shown in Figure 49, Figure 50, Figure 51, Figure 52 and Figure 53. This mass loss produces a 

prominent peak in the DTG curve, that correspond to the characteristic temperature. However, 

DF sample presents two peaks, probably due to the own composition of the sample. In addition, 

it can be noticed that the residue after TGA performed with oxygen is significantly lower than the 
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residue after TGA under air atmosphere, as the combustion enriched with oxygen is more 

complete than with air.  

 

Figure 49: PS, WS, DF, OP, Cb1 and Cb2 samples TGA and DTG results under oxygen atmosphere 

 

 

Figure 50: PKS samples TGA and DTG results under oxygen atmosphere 
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Figure 51: EFB samples TGA and DTG results under oxygen atmosphere 

 

 

Figure 52: PMF samples TGA and DTG results under oxygen atmosphere 
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Figure 53: WC, WP and SC samples TGA and DTG results under oxygen atmosphere 

 

4.3. SELF- IGNITION RISK 

As it has been said, the self-ignition risk is assessed using the results provided by TGA under 

oxygen atmosphere. When considering first order reaction, all biomasses present lower 

activation energies than coals but olive pellets. Sometimes biomass pelletizing requires a binder 

product that provides consistency to the mix. This fact can explain why olive pellets present higher 

activation energies than the remaining biomasses.  

If considering the characteristic temperature, most of the samples are located between 250 and 

300 ºC so the samples are located in a high risk region. WC, WP, EFB and PMF T1, were located in 

other regions due to its characteristic temperatures, however, they all locate really close to the 

high risk region, so it can be assumed that every biomass sample behaves in a similar way. Even 

more if the charcoals assessment is taken into consideration: both charcoal samples locate in the 

low risk region as they present higher activation energies and characteristic temperatures. 

Vassilev et al. [146] already addressed this phenomena, explaining that biomasses easily start a 

self-heating process but the composition difficults the phenomena to success. In other words, 

biomasses present higher self-ignition risk however the temperatures required are higher and 

composition tends to suffocate the process while charcoals feed it.  

However, activation energy only measures the beginning of the process and do not take into 

account the “thermic inertia” required to fulfil it that would be represented by other factors, such 

as the order reaction. As Cumming’s equation assumes first order reaction, the self-ignition risk 
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assessment is accurate for coals, as their reaction can be estimated using first order. However, 

biomasses require greater order reactions due to their heterogeneous composition and so, their 

thermal inertia, understood as the required time to fulfil the process, is greater and becomes an 

important factor when assessing self-ignition process. As coals present higher heating values, 

they will require less thermal inertia and feed the process, while biomasses present lower heating 

values and require longer time. In other words, the results are completely different if instead of 

considering activation energy retrieved from Cumming’s equation, more accurate methods are 

used such as Coats Redfern (CR) and Freeman Carroll (FC). As shown in Figure 54, using model 

fitting methods, most of the biomasses locate in the low risk zone, although only palm oil waste 

samples could be plotted as the more accurate kinetic analysis was performed only in those 

samples. Those new results are more consistent; however, the method still lacks a mechanism to 

consider the thermal inertia. 

 

Figure 54: Self-ignition risk using CR and FC methods 

On the other hand, the particle differences between biomass and charcoals, in terms of size and 

shape might influence this assessment. As charcoals present lower particle sizes and uniform 

shapes, the self-heating process is eased, and those parameters contribute to it. Nevertheless, 

biomass available surface and particle size might interfere with the propagation of the 

phenomena, and sometimes even inhibit it.  

Regarding palm oil waste samples and considering the results displayed in Figure 35, no effect of 

torrefaction can be noticed when evaluating the self-ignition risk. For some PKS samples, 

torrefaction reduced characteristic temperature, but no change of region was found. For PMF 

samples, torrefaction at 250 ºC reduced significantly the apparent activation energy, and slightly 

the characteristic temperature, which was already close to the region limit, so PMF T1 sample is 

located in a very high risk region. The opposite effect can be seen when addressing EFB samples, 

as the raw sample was located in a very high risk region, and the torrefaction process released 

the light volatiles, stabilizing the sample and increasing the activation energy and characteristic 
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temperature, so the torrefied EFB samples are located at the high risk region as they present 

more stable thermal behaviour.  

When plotting the samples using more accurate activation energies (Figure 54) it can be seen that 

torrefaction increases activation energy, and so torrefied samples are located more to the right 

than the raw sample. However, only PMF samples change their self-ignition risk after torrefaction, 

and yet they still remain close to the borders of the zones, so no relation between torrefaction 

and self-ignition risk was found neither when considering model fitting methods instead of 

Cumming’s equation. 

 

4.4. TORREFACTION INFLUENCE ON COMPOSITION AND KINETICS 

As it was shown in Figure 36, torrefied samples have a darker colour than feedstock, and the 

higher the temperature, the darker the sample. However, between both torrefaction 

temperatures, the change of colour is more significant after 250 ºC torrefaction. Furthermore, 

the hydrolysis reactions that take place during torrefaction and produce changes of the colour, 

also make important changes in the moisture content. From Table 5, it can be seen that the 

moisture content drastically decreases after torrefaction in every sample. If considering the 

volatile content, an increase after torrefaction can be notice, as the thermal treatment modifies 

the structure breaking the bonds and increasing volatile release in a substantial proportion after 

250 ºC torrefaction, however not that much after 300 ºC torrefaction. Furthermore, the volatile 

increase reduces the fixed carbon content, although it remains at percentages enough to 

contribute to char formation. Finally, the ash content presents the higher values when testing 

palm kernel shell samples, followed by palm mesocarp fibre samples, in which the ash content 

slightly increases after torrefaction.  

Regarding composition, the percentage of hemicellulose, cellulose and lignin vary between 

Gaussian deconvolution and Fraser-Suzuki deconvolution; but also between data provided in 

previous studies [44,52,147]. The composition estimation presents important differences 

between Gaussian and Fraser-Suzuki deconvolution, due to the fact that Gaussian deconvolution 

does not consider the remaining char as a mix of the lignocellulose components, while Fraser-

Suzuki includes those percentages in the estimation of cellulose, hemicellulose and lignin. 

Nevertheless, the determination coefficient R2 was greater than 0.98 in every deconvolution, 

both Gaussian and Fraser Suzuki, which means that both methods approximate good enough to 

the thermal behaviour of the samples (except for EFB T1, whose thermal behaviour could not be 

assessed using gaussian deconvolution and R2 only reached 0.82). 

Even so, the changes on each component present the same tendency when approaching 

composition using Gaussian or Fraser Suzuki deconvolution, as for example, the increase of lignin 

content after torrefaction. In addition, when using Gaussian deconvolution, PKS samples required 
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four terms due to the great char amount of the samples. Significant amounts of char indicate that 

the sample contains non-combustible matter such as carbonous matter, that needs to be 

represented as a fourth component as it is present during the whole TGA process and the lack of 

skewness in Gaussian deconvolution makes necessary to add a fourth component. In this case, 

the fourth component was estimated as 25.14 % for PKS, 23.27 % for PKS T1 and 20.08 % for 

PKS T2.  

As mentioned above, Fraser Suzuki deconvolution does not require the fourth component as it 

includes those percentages in composition estimation. Because of that, the changes of 

composition produced by torrefaction will be assessed using Fraser-Suzuki deconvolution results, 

while Gaussian deconvolution results will be used for hemicellulose/cellulose ratio calculation to 

estimate minimum ignition energy. 

The higher content of lignin is presented at palm kernel shell samples, together with lower 

cellulose percentages, as biomass shells present stronger structures [148,149]. Authors differ in 

terms of degradation temperatures of each component, but it is well known that hemicellulose 

degradation takes place in the first place, followed by cellulose degradation and lignin. According 

to Sukiran et al. [150], hemicellulose decomposes in the first place, between 200 ºC and 320 ºC 

due to its amorphous structure. It means that torrefied samples will present lower percentages 

of hemicellulose, as torrefaction takes place at 250 ºC and 300 ºC and so part of the hemicellulose 

will be decomposed. However, it can be noticed that some samples present a slightly higher 

hemicellulose content after torrefaction than as raw material. This fact can be explained as 

torrefaction does not only degrades part of the hemicellulose, but also changes cellulose and 

lignin chemical bonds, so the reported values include components with weaker bonds similar to 

hemicellulose. After hemicellulose, the cellulose degradation takes place between 300 ºC and 

360 ºC due to its crystalline structure. Finally, lignin presents the higher degradation temperature 

range as its structure is mainly composed by aromatic rings: from 200 ºC up to 800 ºC [151]. 

As torrefaction modifies biomass composition in terms of hemicellulose, cellulose and lignin, the 

kinetic parameters of combustion will suffer modifications too. To assess the changes produced 

by torrefaction processes on the kinetic mechanisms Coats-Redfern and Freeman-Carroll 

methods are considered. Cumming’s equation is not used as it provides information assuming a 

first order reaction which is good enough for screening or preliminary results, but not so much if 

the evaluation intends to be accurate.  

Coats-Redfern and Freeman-Carroll results were reported in Table 12 and Table 13 together with 

the statistic factors that assure the accuracy of the methods. According to the obtained R2, 

p - values, F-statistic and confidence intervals, the samples present good fittings for both 

methods, however Coats-Redfern was found to provide better fitting in most of the cases. Indeed, 

only EFB T1 sample presented best fitting using Freeman-Carroll than Coats-Redfern. 

Furthermore, EFB thermal behaviour was different than PKS and PMF samples (Figure 46) which 

explains that EFB samples show better fitting using diffusion models than degradation models.  
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If the activation energy is considered, it can be noticed that it increases after 250 ºC torrefaction, 

as the thermal resistance is increased [152,153]. However, high temperature torrefaction, such 

as 300 ºC, produces a lightly decrease that was already noticed by other authors [154]. If the 

activation energy results from Coats-Redfern and Freeman-Carroll are compared as in Figure 54 

slight differences can be seen but when approaching EFB samples, it can be seen that present 

great differences between both methods due to the use of diffusion-controlled models.  

 

Figure 55: Coats-Redfern and Freeman Carroll Activation Energy Results 

Preexponential factors present values within a wider range when Freeman-Carroll method is 

considered, as it is a good method for activation energy calculation but it makes assumptions that 

may introduce an error when calculating order reaction or preexponential factor [138]. If 

considering the preexponential factors obtained from the best fitting method for each sample, it 

can be noticed that torrefaction does not seem to affect this factor. Surahmanto et al. [155], 

concluded that palm kernel shell and palm mesocarp fibre present lower activation energies due 

to its lignin content, and the decomposition that begins at lower rates; while Poudel et al. [156] 

obtained higher activation energies for EFB than PKS. Those differences are explained considering 

the different kinetic models used. In this research, palm mesocarp fibre samples present the 

lowest activation energies, within a range of 84-90 kJ/mol, followed by empty fruit bunch 

samples, within a range of 109-138 kJ/mol, and palm kernel shell, within a range of 

114 - 122 kJ/mol.  

As PMF samples present lower lignin contents, which is the more thermally stable component, 

the activation energies will be lower than other samples. If EFB samples are considered, no 

second peak in the DTG curve was found as shown in Figure 46, which means that no difference 

between light and heavy volatiles was found, so they are mixed. The release of those mixed 
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volatiles requires higher activation energy than when considering two differentiated stages such 

as PKS and PMF samples (Figure 45 and Figure 47).  

As it was mentioned, a diffusion model was expected in each sample and not only when assessing 

EFB samples. Thus, a deeper kinetic analysis was performed, as degradation reaction might be 

hiding the expected diffusion mechanisms. Therefore Coats-Redfern model was applied to the 

step reactions defined by the inflexion point (as shown in Figure 34) and the reported results are 

shown in Table 14 and Figure 55.  

The main mechanism is the degradation that take place in the first step reaction, that also 

presents the highest activation energies that governs the whole combustion reaction. However, 

the degradation is followed by a diffusion reaction with lower activation energies. 

 

 

Figure 56: Activation Energy Results for Step Reactions 

Furthermore, Barzegar et al. [157], pointed out that activation energies increase due to 

hemicellulose degradation but decreases when lignin decomposition takes place. As the 

hemicellulose degradation takes place mainly during the first step reaction while second step 

covers the partial lignin decomposition, the lower Ea values are explained.   

 

4.5. MINIMUM IGNITION ENERGY ESTIMATION 

The results from minimum ignition energy tests showed a decreased MIE value in torrefied 

samples compared to raw samples in most of the cases, as it happened when assessing the 

specific heat. However, PMF T2 minimum ignition energy slightly increases from PMF T1 that 

might be explained by the particle size distribution, that increases from PMF T1 to PMF T2. On 
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the other hand, EFB showed a high MIE value as raw material, and no ignition was observed when 

testing the torrefied samples. As torrefied EFB composition is more stable than the other samples 

and the light volatiles are mixed with heavy volatiles, it might occur that torrefaction does not 

affect MIE, and the samples are stable. On the other hand, the woody samples present the same 

MIE value, as their thermal characteristics were similar, and both are the same species.  

MIE values decrease after torrefaction has been contrasted with literature results, however, 

literature review show discordances when assessing the possible relationship between explosivity 

parameters and torrefaction process [57–59], and it highly depends on the feedstock. Certainly, 

the effects of torrefaction change depending on the chemical and physical structure of the 

material. When considering the particle size, it was shown that palm kernel shell samples showed 

higher particle size distributions after torrefaction, probably because torrefaction affects the 

available surface and might volatilize more intensely the smaller particles, so the great ones 

remain, and granulometry is increased. On the other hand, when testing mesocarp fibre, the 

particle sizes decreased after torrefaction as the process breaks bonds in the structure, producing 

weaker particles that break more easily into smaller particles.  

Furthermore, MIE will depend on the sample composition, however the composition estimation 

differences between Gaussian and Fraser-Suzuki deconvolution makes it difficult to provide a MIE 

estimation by using the pseudocomponets. Because of that, the ratio between components has 

been used as those ratios are similar for Gaussian and Fraser Suzuki deconvolution, and the 

proportion between components might provide information regarding how composition affects 

MIE. The comparison between ratios is presented in Table 18. The table presents the ratios 

between pseudocomponents using both Fraser-Suzuki and Gaussian deconvolution and it can be 

seen that the greatest differences are produced at PKS samples due to the char produced after 

combustion.  

Table 18: Component ratios comparison 

 Fraser-Suzuki Gaussian Fraser-Suzuki Gaussian Fraser-Suzuki Gaussian 
 Hemicellulose/Cellulose Hemicellulose/Lignin Cellulose/Lignin 

PKS 0.84 0.58 0.79 0.64 0.94 1.1 
PKS T1 1.04 0.61 0.66 0.71 0.64 1.16 
PKS T2 0.82 1.2 0.52 0.48 0.63 0.4 
EFB 0.53 0.48 1.13 2.6 2.13 5.39 
EFB T1 0.46 0.64 0.73 0.76 1.57 1.2 
EFB T2 0.35 0.34 0.64 0.57 1.81 1.66 
PMF 0.81 0.64 1.87 2.01 2.3 3.14 
PMF T1 0.94 1.15 2.37 1.51 2.52 1.31 
PMF T2 0.75 0.74 2.73 9.75 3.66 13.18 
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Regarding the remaining samples, when approaching WC and WP composition results, both 

samples present similar composition, as the material comes from the same species but different 

locations. The results are consistent with bibliographic data for Scots pine (Pinus sylvestris) [158] 

so even if the determination coefficient R2 for the composition estimation of WP do not reach 

0.99, the results are considered to be accurate enough.  

In order to find relations between composition and minimum ignition energy, 

hemicellulose/cellulose, cellulose/lignin, and hemicellulose/lignin ratios were calculated using 

gaussian deconvolution results; and from this data, it was inferred that hemicellulose and 

cellulose produce a greater effect on MIE than lignin content. Therefore, as shown in Figure 56, 

the hemicellulose/cellulose ratio was plot versus some of the flammability parameters obtained 

for those samples: fixed carbon content, specific heat capacity, apparent activation energy 

(obtained using Cumming’s equation) and onset temperature. Furthermore, the samples were 

grouped depending on the MIE value as low (red crosses) for MIE lower than 100 mJ, minimum 

(yellow crosses) for MIE around 220 mJ, high (green crosses) for MIE around 610 mJ and very high 

(blue cross) for MIE around 840 mJ. 

 

Figure 57: Hemicellulose/Cellulose Ratio Vs Flammability Parameters: a) Ratio Vs Fixed Carbon content, b) 

Ratio Vs Specific Heat Capacity, c) Ratio Vs Activation Energy, d) Ratio Vs Onset Temperature 

If the plots are divided in quadrants, the samples that present the lowest MIE values (PKS T2, 

PMF T1 and PMF T2) are always located in the lower right quadrant, as their 

hemicellulose/cellulose ratios are higher for those samples than for the rest. Furthermore, the 

samples that presented MIE values lower than 100 mJ showed ratios greater than 0.7. PMF T2 

has a ratio of 0.74 (and the highest MIE from low MIE group) and PMF T1 and PKS T2 have ratios 

over 1 (1.15 and 1.2 respectively).  
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On the other hand, samples with high MIE values (over 600 mJ) showed lower ratios but PKS, 

whose MIE was set at 840 mJ but behavies more like the 220 mJ MIE samples than the 610 mJ 

samples. This fact migh be seen more clearly in the plot, as the blue cross (840 mJ) locates closer 

to the yellow crosses (220 mJ) than to the green ones (610 mJ).  

According to Figure 56 a), the fixed carbon varies within a limited short range for the low MIE 

group, however the remaining groups show an important dispersion. The same fact takes place 

when considering  Figure 56 c), as the apparent activation energy varies in a short ranges both 

for medium MIE group and low MIE group. Regarding the specific heat capacity shown in Figure 

56 b), it does not seem to be a relation between it and MIE, as high and medium MIE groups mix 

together, and the lowest cp values corresponds to samples whose MIE is 55 mJ, 220 mJ and 

610 mJ. 

The most significant results are obtained from Figure 56 d), where the hemicellulose/cellulose 

ratio is plotted versus the onset temperature. From this data, it can be inferred that samples with 

great onset temperatures and low hemicellulose/cellulose ratios present a tendency of higher 

MIE values than the samples locate in the opposite part of the plot. Figure 57 represent this fact 

more clearly, plotting the MIE groups in a hemicellulose/cellulose ratio vs onset temperature plot  

 

Figure 58: MIE Tendency Areas 

As happened before, PKS present an erratic behaviour and locates close to the medium MIE 

tendency area instead of locating close to the high MIE tendency area. It could be possible that 

its location is not erratic, and a fourth tendency area for very high MIE values is located at the 

lower right quadrant of the plot. If this fourth tendency area was so, EFB T1 and EFB T2 samples 

would locate there, as they did not ignite when testing MIE, however, their onset temperatures 

are 296 ºC and 315 ºC respectively, so they will be located at the top of the plot instead of the 

bottom.  
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Further studies need to be carried out to define the tendency areas in a more accurate way, and 

properly understand PKS behaviour, however, from Figure 57 plot it is possible to make a 

preliminary classification of samples according to these tendency areas and assess its 

flammability predisposition. 
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5. CONCLUSIONS 

The results showed the importance of particle size in the main combustion parameters, as very 

significant changes on those parameters depending on the particle size were displayed. 

Furthermore, granulometry has an important impact on the self-ignition and self-heating 

processes, which leads to the conclusion that storage and transport standards should take into 

account the particle size. In addition, it has been noticed that several test procedures do not 

define the particle size needed to carry out the test but should include it so properly combustion 

characterization of the material can be arranged.  

Furthermore, the changes observed in the gas emission test due to the different particle sizes 

showed how combustion reactions might vary from one granulometry to another for the same 

material. The method for assessing the initial emission of combustion related gases provides 

useful information that can be used for the early detection of self-ignition process. However, the 

data treatment needs to be improved, as the temperature intervals for gas emission beginning 

are not capable of providing substantial differences that actually take place, as could be seen 

when plotting the gas emissions curves.  

Thermogravimetric analysis was found to be a useful method to define the stages of the 

combustion process, definition of kinetic mechanisms, estimation of composition and preliminary 

classification of materials according to its flammability characteristics and self-ignition 

classification.  

TGA data showed how the different components of each material decompose in terms of 

temperature, defining the different phases of combustion, and providing information about how 

each material thermally behaves. Furthermore, the combination of TGA with DSC data provided 

more precise information about the beginning, highpoint, and end of the exothermic reaction 

that characterizes the process. 

Knowing the degradation temperatures of the main components of lignocellulosic biomass, 

allows the estimation of the composition of the samples when deconvoluting DTG curves. Among 

the two different deconvolution methods, Gaussian was found to be useful due to its easiness 

and provides preliminary information about the proportions between each component. However, 

if the composition requires a more accurate estimation Fraser Suzuki deconvolution should be 

carried out, as this method fits better to each component degradation curve, which leads to a 

better fitting to the component itself and provides values in agreement with literature review.  

This fact is explained by the skewness parameter integrated in the deconvolution model, which 

considers that the degradation curves do not necessarily follow a normal distribution but could 

present asymmetries.  

Among the three different kinetic models that were used in the present research, Cumming’s 

equation was found to be the less accurate as this model is the one that more assumptions 



Flammability Characterization of Biofuels and Materials with Energetic Recovery 

88 
 

require. However, the three kinetic models made assumptions, as Coats-Redfern assumes the 

reaction mechanism and Freeman-Carroll the preexponential factor. Nevertheless, Coats-Redfern 

provided a better fitting for almost each sample, and information about the diffusion mechanisms 

that take place in the second step reaction of the combustion, that would have been unknown if 

only Freeman-Carroll was used.  

Regarding the self-ignition classification from TGA performed under oxygen atmosphere data, the 

method omits the heat transfer mechanisms, making it more suitable for charcoals than for 

biomasses. Biomasses heat easier than charcoals, however the heat transfer is harder due to the 

complex structures of biomasses. Furthermore, the method did not show any important 

difference between raw and torrefied samples, while minimum ignition energy and specific heat 

capacity results proved the opposite.  

From the torrefaction results, it could be noticed that palm oil wastes were significantly enhanced 

as biofuels due to moisture and hygroscopicity decrease, and thermal stability increase. 

Torrefaction pre-treatment improves biomass to be used as an energetic resource by modifying 

the composition, the thermal behaviour, the activation energy and the specific heat capacity. 

Torrefaction reduces hemicellulose content as it is the less stable component and the first to 

degrade (between 200 ºC and 300 ºC), which leads to an increase of the onset temperature and 

higher activation energy. If EFB samples are considered, their lower content of hemicellulose was 

translated into no differentiated peak in the DTG curve, but a shoulder, which produces a 

different thermal behaviour of those samples during thermogravimetric analysis.  

Torrefaction does not only enhance biomass in terms of chemical and physical structure, but also 

affects the energy conversion processes. Because of that, torrefaction was not only studied in 

terms of composition but also on the kinetic mechanisms of the combustion reaction. A deep 

understanding of how this pre-treatment modifies biomass, and more particularly, palm oil 

wastes, helps increase energetic efficiency and define the best requirements for its use, which is 

especially important when considering developing countries. The increase of activation energy 

indicates that torrefied samples present stronger bonds between molecules, that require higher 

energies to break but also release greater amounts of energy. 

In addition, the kinetic results showed that each sample behaves in a particular way. While EFB 

samples showed diffusion reactions as the predominant mechanisms during combustion, PKS and 

PMF samples are more defined by the n-order degradation reactions than the diffusion models. 

Indeed, the n-order reaction mechanisms that took place at the beginning of the combustion 

processes concealed the diffusion reactions that followed them.  

If the flammability assessment of raw and torrefied samples, the first conclusion that can be 

obtained from the test results is that torrefaction produces an important effect on the 

flammability characteristics of the biomass depending on the feedstock. From the minimum 

ignition energy results it was shown that palm oil wastes torrefied samples presented lower MIE 
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values than the feedstock. Considering this fact together with the decrease of specific heat 

capacity of torrefied samples lead to consider that torrefied biomasses might require special 

safety measures as their ignition require smaller amounts of energy.  

Raw EFB presented high minimum ignition energy, and EFB torrefied samples did not ignite, which 

could be explained from its composition as the hemicellulose was mixed together with the other 

components and its decomposition was combined with lignin and cellulose degradation. This 

phenomenon took place also when assessing PMF T2, producing sometimes an erratic behaviour 

complex to understand.  

Nevertheless, the results were enough to provide a preliminary study of the influence of 

composition on the flammability characteristics, although the composition was treated in terms 

of ratios as it was found that proportion between components is a more stable data (do not 

significantly change depending on the deconvolution model). The hemicellulose/cellulose ratio 

appear to group samples with similar minimum ignition energy. Furthermore, when comparing 

the proportion of hemicellulose and cellulose to the onset temperatures obtained from TGA a 

relation was found as the ratio decreases and onset temperature increases, MIE increases. In 

other words, when plotting the hemicellulose/cellulose ratio (x-axis) versus onset temperature 

(y-axis), the samples with grater MIE will locate in the upper left part of the plot, while those that 

present low MIE values will locate in the lower right part of the plot.  

From this data was inferred that a minimum ignition energy estimation could be carried out 

considering data obtained from TGA. This fact would not only ease the flammability 

characterization of samples, but also could be used as screening test. Although this research does 

not provide a proper estimation of the MIE value, it provides tendency areas so it is possible to 

define if a sample will present high, medium, or low MIE values by locating it inside the plot.  

The major contributions derived from this thesis can be summarized as the following bullet 

points: 

• Granulometry presents a major effect on flammability characteristics, as self-heating 

processes are significantly influenced by the particle size. 

• The same material might present different transport classification depending on its 

particle size. 

• Particle size does not only affect the beginning of the combustion related gas release, but 

also the velocity at which those emissions are produced, as greater available surfaces 

accelerate the process, increasing the emissions.  

• Biomasses present higher self-ignition risk however the temperatures required are higher 

and composition tends to suffocate the process while charcoals feed it. 

• Torrefaction pre-treatment significantly enhances biomass properties to be used as 

biofuels, but also modifies biomass composition and combustion kinetic parameters. 
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• Regarding the kinetic methods used, Coats-Redfern provides better fitting than Freeman-

Carroll or Cumming’s equation. 

• Composition estimation using Fraser-Suzuki deconvolution was found to be very precise, 

especially when compared to Gaussian deconvolution. 

• Torrefaction may have an important effect on the flammability properties as it modifies 

the composition of biomass. Furthermore, MIE will be related to the content of 

hemicellulose, cellulose, and lignin. 

• Proportion between hemicellulose and cellulose groups materials with similar MIE 

tendencies, while lignin does not affect MIE as much as the other components. 

The novelty of the present work lies on the industrial applications of the study. Although previous 

literature does focus on reaction kinetics, there are only few studies regarding torrefaction 

kinetics as most of the publications focus on the improvement effect of this pre-treatment. 

Furthermore, the relationship between self-ignition and torrefaction was studied in the present 

work and tendencies between torrefaction and flammability characteristics were found. Thus, 

this study provides relevant information for biomasses associated industrial safety, including 

important considerations regarding particle size and self-ignition process.  

5.1. FUTURE RESEARCH LINES 

From the results obtained in this study, some possible research lines were found with the aim of 

improving the methods used in this research, increase the data, and provide more accurate 

information.  

Regarding the particle size effect on flammability parameters, it could be interesting to define 

more precisely the relationship between particle size and compaction, so the behaviour of the 

different granulometries will be known and some recommendations could be provided to 

complete the current standards. In any case, the flammability standards should include a clear 

definition on the particle size required to carry out the tests, storage, transport, and classification 

of the products. 

The gas emission test assessment method, and the self-ignition risk plot could also be improved. 

As it has been said, the evaluation of the gas emission test does not provide accurate information 

but intervals. On the other hand, the self-ignition risk plot uses the activation energies obtained 

from Cumming’s equation that were proved to be the less accurate kinetic model due to the 

assumptions required. The method could be improved by using other methods to calculate 

activation energies.  

Furthermore, the kinetic models used in the present research are both non-isothermal model-

fitting methods. Applying model-free methods could provide interesting data to compare and 

retrieve further conclusions. Besides, from the kinetic results it was inferred than more than one 

reaction mechanism takes place during the combustion process, so further studies could focus 
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on the use of Distributed Activation Energy Models (DAEM) which is a multicomponent model 

that could model each one of the reactions that take place in a complex process.  

Finally, Fraser-Suzuki model was proved to provide more accurate results, however further 

research could focus on determine the accuracy of the estimations obtained using this method 

and consider other ones such as Weibull or Lorentzian deconvolution.  
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