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Abstract 
 

Currently pelletized woody biomass is widely used as a fuel in thermal applications to 
accelerate the global transition to renewable energy. Fuel upgrade is one of the key factors 
to improve energy conversion processes. Woody biomass can be fractionated into its main 
constituents by steam explosion. Steam-exploded biomass exhibits enhanced heating value 
and improves pellet durability. Moreover, there is a significant deviation in thermochemical 
behavior of steam exploded (steam-treated) biomass with respect to the raw material during 
pyrolysis.  

This thesis work concerned combustion characteristics of steam-exploded salix. The steam- 
treated material was pelletized and combusted under 21% of oxygen with varying the 
reactor temperature from 500 to 900°C to study the influence of both surrounding and 
pretreatment conditions during combustion process. The impact of different pretreatment 
severity factors (Ro) on burning behavior was evaluated: mild (205°C-6min, Ro=3.87), 
intermediate (205°C-12min, Ro=4.17) and severe (228°C-12min, Ro=4.84). Heterogeneous 
and homogenous ignition mechanisms were observed, which were dependent on the reactor 
temperature. The ignition time and devolatilization duration were observed independent on 
pretreatment severity near 900°C, and slightly influenced near 500°C. Enhanced 
devolatilization rate was detected with the increment of Ro from 3.87 to 4.17, whilst the 
most severe pretreatment conditions (Ro=4.84) weakened biomass reactivity during 
devolatilization. Finally, char reactivity was lowered as a result of the increment of 
pretreatment severity.          
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1. Introduction 

1.1. Background 

1.1.1. Biomass as an Energy Source 

With about 80% of global energy supply in 2008, fossil fuels still represent an 

important energy source (mainly oil, coal and natural gas) [1]. Fossil fuel utilization for 

energy conversion leads to greenhouse gas emissions. Since energy consumption has 

increased as a result of industrial growth and improvement of life style, the use of energy 

obtained from renewable sources (renewable energy) has become a feasible option to 

replace fossil-fuel based energy and reduce the greenhouse effect. Every government in the 

world has been stepping up their efforts to enable a rapid transition to renewable energy 

and promote an efficient use of it. At the beginning of 2010, more than 100 countries in the 

world had some type of policy target and/or promotion policy related to renewable energy 

[2]. In March 2007, the European Commission published a roadmap with a binding target 

of 20% share of renewables in the energy consumption by 2020 [3].  Sweden has showed a 

notable progress in the increment of renewable energy share. In 2008, the proportion of 

renewables was over 30%, since there is a big contribution of hydropower and biomass-

based heating production. The proportion of energy supplied by renewable sources shall 

amount at least 50% of the total energy use by 2020 [1]. In other countries, specific policy 

targets already exist, such as Austria (34% share of final energy by 2020), Finland (38% 

share of final energy by 2020), Ireland (16% share of final energy by 2020, China (15% 

share of final energy by 2020, including energy from nuclear power), Brazil (75-85% share 

of electricity by 2020), Canada (energy from renewables: 14.3 TWh by 2020), United 

States (biofuels production: 130 billion liters/year by 2022) [2].  
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Biomass is a renewable energy source that derives from living, or recently living 

organisms, such as vegetal matter and its derivatives: wood fuel, wood derived-fuels, fuel 

crops, agricultural and agro-industrial by products, and animal by-products [4]. Biomass 

can be converted in not only heat and electricity but also other useful energy carriers like 

charcoal, oil or gas, through biochemical or thermochemical conversion. Biochemical 

conversion comprises fermentation and anaerobic digestion for alcohol (biofuel) and 

methane-enriched gas production respectively. Thermochemical conversion technologies 

comprise combustion, pyrolysis, gasification, and liquefaction [4].  

Currently, 19% of the global energy consumption is supplied by renewables where 

biomass accounts for approximately 13% [2]. Although biomass is mostly used in 

traditional wood stoves, a significant growth is observed in biomass-based electricity 

generation systems [5]. There are biomass power plants installed in 50 countries around the 

world, which supply a growing share of electricity. Some European countries have 

increased their total share of power from biomass such as Austria (7%), Finland (20%) and 

Germany (5%). Globally, an estimated 54 GWel of biomass power capacity was in place by 

the end of 2009. Biomass heating markets are also gaining importance in Europe. Increased 

use of biomass in combined-heat-and-power plants (CHP) and centralized district heating 

systems are the current trends. About 500 GWth of heating capacity from biomass already 

exist globally [2]. 

1.1.2. Biomass Combustion 

In short term (2010-2015), biomass combustion and particularly co-firing of biomass 

with coal are considered the key options for heat and power generation [4], since about a 

quarter of worldwide electricity is produced using coal, and a significant reduction of CO2 
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emissions (near 300Mton CO2/year) could be achieved if 5%, as total, of the coal energy is 

replaced by biomass in coal fired power plants [3]. The United States has already many of 

its coal-and-gas-fired power plants undergoing partial conversion to biomass through co-

firing in their conventional plants, and some new 100% biomass-based plants are under 

construction. In the middle of 2010, about 800 solid biomass power plants were operating 

in Europe by burning wood, black liquor, or other biomass to generate electricity. This 

represented approximately 7 GW of capacity. China’s capacity rose 14 percent in 2009 to 

3.2 GW, and the country plans to install up to 30 GW by 2020. India generated 1.9 TWh of 

electricity with solid biomass in 2008, and by the end of 2009, it installed 835 MW of solid 

biomass capacity fueled by agricultural residues. India’s target is 1.7 GW of capacity by 

2012 [2]. In Europe and North America, the installed capacity of biomass-fuelled electricity 

generation plants is expected to be expanded by an average 500 and 250 MW per year, 

respectively. Biomass-fuelled electricity generation is projected to triple and provide 2% 

worldwide energy demand by 2030. In OECD (Organization for Economic Co-operation 

and Development) Europe, a 4% of energy demand is estimated to be covered by biomass-

fuelled electricity [4].     

 

R&D activities on biomass combustion are progressing rapidly due to the continuous 

growth of the industry of biomass-based energy. One of their targets is to develop novel 

technology based on biomass fuel characteristics [4]. Process conditions and fuel properties 

affect combustion process, altering heat generation, heat transfer and reaction rates [6]. 

Biomass has a wide range of variety in chemical and physical properties. For instance, 

volatile matter is much higher in biomass than in coal (65 to 85%), which makes biomass a 
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highly reactive fuel. The fractional heat contribution by volatiles in biomass is in the order 

of 70% compared to 36% for coal. Fixed carbon is much lower than coal (7 to 20%), but 

biomass chars have higher oxidation reactivity, probably as a result of the presence of 

alkalis (catalytically active) in the char matrix. The lower calorific value (LCV) ranges 

from 15 to 22 MJ/ kg. The size particle can be ranged from that of pulverized particles (~1 

mm) to that of whole wood logs (~100 mm) [7]. R&D also aims to reduce maintenance and 

operating costs [4]. Ash composition is the major concern in biomass combustion. The high 

presence of alkali metals in biomass may cause slagging, fouling and ash agglomeration. 

Depending on the type of species and farming methods, contents of some metals, such as 

sodium (N), sulphur (S), chlorine (Cl) and potassium (K) might vary widely. Ash content in 

biomass is generally under 5%, but can be as high as 20% with some specific mass like rice 

hulls. Investigation of elemental ash composition as well as prediction of ash formation, 

deposition and corrosion during biomass conversion is important to identify possible 

operational problems [6, 7].   

Regarding fuel quality, pretreatment technologies are currently used to produce 

densified and easy to handle energy carriers and enhance the performance of bioenergy 

chains. The state of the art biomass-to-energy chains is mostly based on pelletisation [8]. 

Wood pellets have become a traded biomass commodity and this market is getting 

increased rapidly [9]. More than 11 million tons of wood pellets were consumed in the 

European Union in 2010, up 7% from the previous year [10,11]. Accordingly, improving 

both pellet quality and durability is an important subject in R&D. Thermochemical 

pretreatment technologies like torrefaction and steam explosion are under study to 
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investigate their effect on biomass fuel properties, pellet durability or combustion behavior 

[8, 12, 13, 14, 15].  

1.1.3. Biomass Pretreatment Processes  

Fuel pretreatment includes all the steps necessary to produce an upgraded biomass 

fuel. They permit to provide homogeneous fuel that is suitable for transport, handling and 

an automatic fuel-feeding combustion system, which significantly reduces supply and 

operational costs at an industrial scale [4]. Pretreatment is also essential to produce biomass 

fuel that meets the requirements of the combustion plant with regard quality, such as 

moisture content, particle size, ash content, metal content and calorific value [16,17].   

Pelletized biomass refers to densified cylinders obtained by compacting loose fuel 

which can be automatically charged into boilers due to their good flowability [4, 18, 19]. 

Pellets are widely commercialized to be mainly used for electricity generation and heating. 

The world’s largest wood pellet plant of the European power utility RWE Innogy has 

officially opened its 750000 metric-ton/year wood pellet manufacturing plant for co-firing 

purposes [11]. Pellets are mostly used in grate-firing systems which are the main competing 

technologies in biomass combustion for heat and power production because they can fire a 

wide range of fuels of varying moisture content, and requires less fuel preparation and 

handling [20]. Pellet durability depends on type of fuel, length to diameter ratio, moisture 

content, particle size distribution and densification conditions. Kaliyan and Vance [19] 

made a review of literature to study the effects of feedstock, pre-conditioning processes, 

and densification equipment variables on the strength and durability of pellets and 

briquettes. They suggested that the length to diameter ratio should be between 8 and 10; the 

common moisture content must be in the range of 8 to 12%; the geometric mean diameter 
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of particles: 0.5-1.0 mm and densification pressure between 100 and 150 MPa or higher. 

Even though a lot of research has constantly been done in order to improve pellet 

durability, the conventional wood pellet commonly used today is still water sensitive. 

Exposure to rain or snow may cause wood pellets to disintegrate. Therefore, they must be 

handled carefully during transportation, and loading/unloading can occur only in good 

weather [20]. Torrefaction and steam explosion are under study to investigate their 

suitability as biomass pretreatment technologies to enhance pellet durability and fuel 

properties.   

Torrefaction is a thermochemical process where the feedstock is heated up in the 

range of 200 and 300°C [21]. Phanphanich [22] observed an increment in the gross calorific 

value of torrefied biomass chips with the torrefaction temperature increment. Torrefied 

biomass also exhibited grinding properties closer to coal. When torrefaction is combined 

with pelletisation, the product energy content is as high as 20.4–22.7 GJ/ton [8]. 

Torrefaction by means of the TOP process (torrefied and palletized biomass) leads to a very 

energy dense fuel pellet of 15-18.5 GJ/m3 [15]. Although torrefaction is not yet 

commercially available, it is gaining interest, since dramatic cost savings can be achieved 

throughout the supply chain when compared to state-of-the art wood pellets [8, 15].  

Steam explosion, which comprises the pretreatment of biomass with high pressure 

steam under optimal conditions, allows the recovery of all constitutive wood components. 

This technology has gained interested especially in ethanol production, since it is beneficial 

for subsequent fermentation [23, 24, 25]. Several ethanol producing industries in the world 

already use steam explosion technologies for biomass pretreatment [26, 27, 28, 29]. 

Regarding pretreated product properties, steam exploded biomass exhibits better 
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grindability, less moisture absorption and higher calorific value comparing to the raw 

material. Steam exploded biomass also improves pellet durability [13, 30]. With respect to 

thermochemical behavior, pretreatment conditions seem to affect biomass reactivity [31]. 

Steam explosion and the main features of the pretreated product are discussed in detail in 

section 1.2.2.  

Nowadays, biomass black pellets are gaining a lot of interest, since they exhibit both 

higher durability and calorific value. This name comes from the dark color that biomass 

acquired after being pretreated by either steam explosion or torrefaction. In Europe, three 

commercial demonstration plants (torrefied pellets) starting up in the fourth quarter of 2010 

and the first quarter of 2011 (35,000 – 60,000 kton/year) [32]. In April 2011, the US 

company Zilkha Biomass Energy was expected to send its first shipment (3000-5000 ton) 

of black pellets (torrefied pellets) to feed Europe’s booming biomass power market [33]. 

Vattenfall, a company owned by the government of Sweden, is exploring the idea of 

making black pellets applying torrefaction, steam explosion or carbonization. Its target has 

been fixed in approximately 5 Mton/year black pellets by 2020 [34, 35]. Therefore, owing 

to the use of black pellets is gaining interest, more fundamental studies about their 

thermochemical behavior are needed. 

1.2. Literature Review   

1.2.1. Single Particle Combustion  

Combustion can ideally be defined as a complete oxidation of a fuel. Combustion of 

biomass involves the same stages as for coal: drying, devolatilization and char 

combustion/gasification. For small particles these processes occur sequentially. In the case 

of larger particles, they take place simultaneously in different sites of the particle although 
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locally the processes occur simultaneously in the same way as for small particles. Fig. 1 

shows the combustion stages for a small solid particle [36].  

 

 

Figure 1: Principles stages of conversion of a small solid fuel particle in a hot surrounding 
[36]. 

The fuel particle is first heated to evaporation temperature. The temperature remains 

constant during evaporation of the moisture due to the endothermic process. After all 

moisture is gone, the temperature rises again, and at a certain temperature the volatiles are 

released, and the conversion of the char starts. The process is named char combustion if the 

surrounding gas contains oxygen, and the resulting particle temperature is higher than that 

of the surrounding whereas char gasification if the surrounding gas contains carbon 

monoxide or water vapor but not oxygen, and the resulting particle temperature is lower 

than that of the surrounding. The burning or gasification of char takes much time than 

devolatilization and drying/evaporation stages [36].    
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Drying/Evaporation: Due to the fact that wood is a porous material, besides surface 

water it also contains free water within the pores and adsorbed in the interior of the pore 

structure. For a pulverized particle (~100 µm), water is vaporized and forced out of the 

particle rapidly before the volatiles are released [36]. For larger particles, drying and 

devolatilization take place simultaneously, which is explained afterwards. Water content is 

an important variable, since the energy used for drying comes from the combustion process. 

If the moisture content is higher than 60%, the combustion process is slow down and 

consequently cannot be maintained [4]. 

Pyrolysis/devolatilization: when a small particle or a site of a large particle is 

completely dried, the temperature rises and volatiles are released as a result of solid 

decomposition. If oxygen is absent, the process is called pyrolysis whereas devolatilization 

if oxygen is present in the surrounding. However, since oxygen cannot penetrate through 

the pores because of the volatile flow out, this process is commonly referred to pyrolysis. 

For wood, hemicellulose, cellulose and lignin pyrolyse in the range of 225-325°C, 325-

375°C and 300-500°C respectively [36]. Pyrolysis products are mostly tar, carbonaceous 

charcoal and low molecular weight gases. Carbon dioxide (CO2) and carbon monoxide 

(CO) can be formed in considerable quantities especially from oxygen-rich fuels like 

biomass. The exact composition is function of the temperature, heating rate, reaction time, 

pressure and fuel type [4]. 

Drying/pyrolysis (larger particles): for relative large fuel particles like wood chips 

used on a grate, the whole particle does not reach the same temperature during heating up. 

Instead, a temperature gradient is present within the particle. Moisture is evolved from the 

inside of the particle while volatiles are being driven out near the outer shell of the particle. 
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Devolatilization of the outer layer of the particle forces some of the moisture toward the 

centre of the particle where it condenses. Therefore, drying of a large particle involves 

inward migration of water vapor as well as an outward flow. The outer edge of the particle 

is first pyrolyzed and then the pyrolysis layer moves inwards releasing volatiles and 

forming char [36].   

Char combustion/Gasification: this is the final stage of combustion. Once 

devolatilization is completed, highly porous char remains. Accordingly, oxygen diffuses 

both in the particle boundaries and through the pores. The conversion rate of the char 

depends on the rates of the chemical reactions taking place. Carbon monoxide (CO) and 

hydrogen (H2) are the main compounds produced during char conversion. Lesser amounts 

of carbon dioxide (CO2), water (H2O), methane (CH4), nitrogen (N2) and higher 

hydrocarbons are also produced in this stage. In the case of combustion (oxygen-rich 

atmosphere), the oxidation of CO may rise the particle temperature above the surroundings 

whereas in the case of gasification (carbon monoxide or water vapor atmosphere) the 

particle temperature is lower than the surroundings due to endothermic reactions that take 

place [36].  

The nature of the combustion process is function of the feed stock quality, type of 

boiler/combustor and operating conditions, such as temperature, residence time, oxidizer 

characteristics and flow rates. In order to understand how these variables influence the 

biomass combustion behavior, certain laboratory techniques have been developed to have 

an insight of the thermochemical performance of fuels subjected to a hot surrounding. 

Single particle combustion is an experimental method that permits to investigate how a 

single biomass particle or pellet behaves during combustion and determine not only the 
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effect of the operating conditions but also size and shape influence on the combustion 

process. This technique may conducted by means of thermogravimetric analysis (TGA) for 

very small particles or small laboratory reactors where a larger particle (e.g. pellet) is 

combusted and the burning behavior is analyzed using pyrometry, mass loss data or video 

images [37, 38, 39] .   

Previous works have obtained relevant results by using this technique [40]. Ponzio 

et al. [41] analyzed the influence of oxygen concentration and temperature on the ignition 

mechanism through single coal pellet combustion experiments. The facility was coupled 

with an electronic scale and thermocouples to monitor temperature and mass loss during the 

experiments. The experimental conditions comprised temperatures of 873, 1073 and 1273 

K with varying the oxygen concentration from 10 to 100%. An inverse dependence of the 

mass lost at the moment of ignition on both oxygen concentration and oxidizer temperature 

was observed. Regarding the ignition time, a strong dependence on the temperature and 

oxygen concentration was detected, since it showed to be increased when the surrounding 

conditions were at high temperature and oxygen concentration. The qualitative (visual) 

analysis of the ignition phenomena combined with mass loss studies also helped to identify 

three different ignition mechanisms and developed a formula to predict the ignition time 

directly from the material and oxidizer temperature and oxygen concentration.  

Single pellet combustion was also applied to investigate the combustion phenomena 

of both coal and wood pellets under high temperature oxidizers (diluted and enriched 

conditions) in order to characterize the combustion behavior and its dependence on the 

surrounding environment. Mass loss rate resulted to be more influenced by oxygen 

concentration under enriched conditions and low oxidizer temperatures. In addition, 



 

17 

 

important differences related to the ignition characteristics between coal and wood pellets 

were visually identified [40]. 

Pelletized hard wood material was evaluated via single pellet combustion in order to 

determine its combustion characteristics (total conversion time and reactivity) [42]. These 

tests were part of a project that aimed to study the combustion properties and emission 

performance in typical residential appliances. Pellets with a length of 12±5 mm, diameter 

of 8 mm and a moisture content of 8.1% were tested in an electrically heated laboratory 

furnace coupled with an electronic scale to have a mass-loss-time historical data. The 

combustion process was recorded with a video camera. 2 different conditions were used: 

800°C, 10% O2 and 1000°C, 21% O2. Drying, pyrolysis and char conversion times were 

determined as well as pellets shrinkage, weight reduction, char yield and density after 

pyrolysis. 

Sugar cane bagasse pellets were studied in order to determine the effect of raw 

material, pellet origin, size of pellets and the treatment conditions on the rate of pyrolysis 

and char reactivity during combustion [43]. The diameters used were 6 and 12 mm whereas 

the length was varied between 10 and 13 mm. The device where the experiments were 

conducted was an electrically heated laboratory scale oven where the temperature was set 

to 600, 750 or 900°C with different oxygen concentrations of 5, 10 or 15%. There was an 

elevator device separated from the oven, whose function was to lower the sample into the 

oven and raise it once the experiment is finished. An observation glass was also located in 

the front side of the oven so that the combustion phenomena can be recorded by a video 

camera during the experiments. The results obtained pointed out that the origin of the 

material affects the combustion behavior significantly, since different ash-melting 
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properties were detected. The higher char yield of the 12 mm pellets compared to 6 mm 

pellets suggested that the char resulted from the larger pellets contained un-pyrolysed 

material when char combustion started. It was concluded that this may not be feasible for 

downdraft gasifiers, since the tars produced in pyrolysis generally crack with the gas 

combustion reactions but not later. Therefore, if some pyrolysis takes place in a zone of the 

downdraft gasifier after gas combustion, the un-reacted tar would increase tar content in the 

product gas. On the other hand, larger pellets showed increased conversion time and 

reactivity, but also a swelling effect.  

A comprehensive understanding of the combustion behavior of three different coal 

ranks and woody biomass residues was conducted by Levendis et al. [39]. Individual 

particles were injected in a bench-scale transparent drop tube furnace heated up about 

1400K where the changes undergone by the particles were observed by means of a high-

resolution high-speed cinematography coupled to the system. Combustion phenomena 

recording combined with three-color pyrometry and scanning electron microscopy provided 

significant results about ignition mechanism, flammability and char combustion 

characteristics. 

The biomass particle combustion process was analyzed by using a single-particle 

reactor to investigate the drying, devolatilization, and char oxidation/gasification 

phenomena of biomass particles with different shapes (cylinder and near-sphere) and sizes 

(3 to 15 mm) [44]. Mass loss and temperature data were collected and stored in a personal 

computer with an electronic scale and thermocouples respectively. An imaging system and 

optical pyrometer were also joined to the system to record the physical changes and surface 

temperature distribution of the biomass particle. The obtained results were used to validate 
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a combustion model by comparisons of particle surface temperature, internal temperature, 

and mass loss during drying, devolatilization, and char oxidation. 

1.2.2. Steam Explosion 

Steam explosion refers to a lignocellulosic biomass pretreatment to separate woody 

materials in its three main components: cellulose, hemicellulose and lignin through the use 

of saturated steam. After the steam treatment, the product is violently discharged where a 

fast pressure reduction takes place, so the plant cell wall structure is modified, and the 

cellulosic biomass is more accessible [24] as seen in Fig. 2.   

This pre-processing technique is mostly used when fermentation processes are 

involved afterwards in order to obtain biofuels like ethanol, since the biomass exposure to 

steam makes the material susceptible to bioprocesses, and there is an increment in the 

fermentability of lignocellulosic hydrolysates to fuels and chemicals [24]. 

 

Figure 2: Scheme of the steam explosion conversion for lignocellulosic materials [45]. 

 

Comparing to the raw material, steam exploded biomass shows changes in its 

chemical composition, color, hardness, texture, hygroscopicity, thermal behavior and 
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calorific value. Steam explosion causes partial hydrolysis of cellulose, other carbohydrates, 

lignin and volatile components. The effect of this process on biomass may be cleavage of 

some accessible glycosidic links, cleavage of b-ether linkages of lignin and cleavage of 

lignin-carbohydrate complex bonds. This fractionation may help to extract or isolate 

interesting chemical components to be used in pulp and paper, textile, composites or 

biofuel industry. For example, hemicelluloses (water soluble) and lignin (alkali soluble) are 

components that can be separated using water and alkali extractions [46].  

The color of steam exploded biomass usually changes with the steam pressure.  The 

higher the pressure is, the deeper the color is. This color changing is mainly caused by the 

chromophore groups of lignin, so when the steam explosion conditions get severe, lignin 

undergoes a lot of changes [47]. When temperatures above the range for lignin phase 

transition are reached, lignin combines into larger melted structures that migrate within and 

out of the cell wall and can be re-deposited on the surface of plant cell walls [48]. There is 

also a strong influence of the pretreatment severity on the particle size. The extreme the 

conditions (temperature and time), the smaller the mean particle size is. However, fiber 

agglomeration increases which can be attributed to lignin activation and its binding nature 

[Shao et al. 2009]. 

The enhanced natural binding characteristics of the treated biomass caused by the 

alteration of the lignocellulosic matrix are convenient for compaction processes, since no 

binders are needed and costs are consequently reduced. Moreover, the mean particle size of 

steam exploded biomass at any hammer mill is significantly smaller than the non-treated 

one due to the destruction of the lignocellulosic cell wall causing a lower shear strength and 



 

21 

 

an “easy to grind” material, which permits to have a proper particle size distribution in the 

pellet with lesser energy consumption [13].  

When steam explosion is combined with pelletizing, new characteristics can be 

found. For instance, the quality of the pellets made of ground softwood Douglas Fir 

pretreated by steam explosion was investigated by [49]. The raw material was treated with 

saturated steam at 200-220°C with varying the residence time from 5 to10 min. Certain 

differences were found in the pellets made of steam exploded material with respect to those 

made of the raw material, such as slightly higher high heating value (6%),  higher hardness, 

slower moisture sorption rate and lower equilibrium moisture. On the other hand, more 

compression energy was necessary to make pellets from the steam exploded material; 

however, these pellets were easier to take out from the die (3 orders of magnitude less 

energy than the compression energy). Regarding the pretreatment operating conditions, a 

volume decrease was seen after pellet relaxation from 0.03 to 0.79% depending on the 

pretreatment severity, which is opposite to the volume expansion of the untreated material 

after compaction. The influence of the severity of the pretreatment conditions on water 

sorption was not clear.    

Adapa et al. [12] also investigated the characteristics of biomass pellets treated and 

untreated by steam explosion to determine their durability. Pellets were made by using a 

single pellet apparatus and a pilot scale pellet mill. In the case of single pelleting test, it was 

observed that either applied pressure and pretreatment affect pellet density. Both single and 

pilot scale made pellets exhibited incremented durability when the hammer mill sizes 

decreased. 
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Biswas et al. [30] investigated the effect of steam explosion on biomass as a fuel for 

thermal application as well as pellet quality. Several pretreatment severity factors were 

used to analyze both the effect of steam explosion temperature and exposure time (time 

residence) on residue characteristics: 220°C-6min, 228°C-6min, 220°C-12min and 228°C-

12min. The proximate and ultimate analysis showed a significant deviation in steam 

exploded salix with respect to the raw material. The residue exhibited less ash content. A 

noticeable influence of the pretreatment severity increment on volatile content reduction 

was observed. Oxygen amount was decreased in function of the increment of steam 

explosion severity. On the other hand, carbon content tended to increase with the increase 

of pretreatment severity. Regarding pellet quality, the pretreatment process enhanced pellet 

abrasive resistance.  Higher pellet densities were obtained by applying lower pressure than 

the typical used for manufacturing conventional wood pellets. In order to study the 

thermochemical behavior, pellets were made with the steam exploded salix and pyrolyzed 

at 900°C under nitrogen atmosphere and then combusted at the same temperature but at an 

atmosphere of 21% oxygen. The pyrolysis time was almost similar for all the cases apart 

from one sample which had lower density. Char combustion time was increased with 

increase in severity of the pretreatment.  

The main motivation of this is work was the notable changes observed in steam-

exploded biomass during pyrolysis by [31]. Thermogravimetric analysis technique (TGA) 

was used to investigate pyrolysis characteristics of the untreated biomass and reactivity 

change of pre-treated biomass due to steam explosion during pyrolysis. Samples pretreated 

at various temperatures and residence times (205°C, 220°C, 225°C – 6 and 12 min) were 
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tested. Fig. 3 shows the DTG curves obtained after pyrolysis of the case pretreated at 205°C 

during 6, 9 and 12 min.  

 

Figure 3: Change of DTG distributions due to steam explosion (205°C; 6, 9 and 12 min) 
[31].  

The main peak observed at 643 K corresponds to cellulose decomposition. For all 

cases the main peak intensity decreases with respect to the untreated material which 

suggests that biomass become more resistant to thermal decomposition. The small shoulder 

located around 423 K before the cellulose peak is attributed to hemicellulose decomposition 

whereas the shoulder located at 943K represents lignin degradation. Fig. 4 shows the DTG 

curve for the case pretreated at 228°C for 6 and 12 min.  
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Figure 4: Change of DTG distributions due to steam explosion at (228°C; 6 and 12 min) 
[31]. 

In these cases the main peak intensity is higher with respect to the untreated sample. 

Thus, cellulose decomposition rate augments with respect to the raw material. Moreover, 

the peak intensity in this case is higher than the one observed in Fig. 3. Thus, increment in 

the pretreatment severity seems to produce more reactive biomass. The small shoulders 

observed before the cellulose peak in Fig. 3 are not notable in Fig. 4 which is attributed to 

further decomposition of some monomers produced during hemicellulose dehydration. The 

peak related to lignin decomposition shows lower intensity than the one corresponding to 

milder pretreatment conditions (Fig. 3) which is related to condensation reactions that 

produce Klason lignin.  

This thesis work used biomass steam-exploded by [31] in order to provide 

complementary information about thermochemical behavior of pellets under 21% O2 

atmosphere with varying the temperature. 
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1.3. Objectives 

The general objective of this thesis is to have a comprehensive understanding of the 

combustion behavior, in an atmosphere of 21% of oxygen (O2) and varying the reactor 

temperature, of steam-exploded biomass pellets. 

Specific objectives are to: 

• Experimentally study the impact of the reactor temperature and pretreatment 

conditions on the ignition mechanism, ignition time, devolatilization rate and mass 

conversion during combustion. 

• Investigate the main features of the combustion behavior of steam-exploded 

biomass pellets by combining picture and video study with mass loss data analysis. 
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2. Materials and Methods 

2.1. Feedstock Characteristics and Pelleting Process  

Pellets were made of steam-exploded salix. Details about the pretreatment process can be 

found in [30]. Pretreatment severity was defined by a “severity factor” (Ro) as done in 

previous studies [30, 50]. Ro is defined by Eq. 1, where t is the residence time in minutes 

and T is the operational temperature in °C. Table 1 shows the different cases considered for 

this thesis. 

 

logRo = log �t	exp �T − 100
14.75 �� Eq. 1 

 

Table 1: Biomass used in the experiments. 
Material: steam-exploded salix 

Case 

Pretreatment parameters 

Temperature 
[°C] 

 

Residence time 
[min] 

10 log Ro 
[-] 

1 205 6 3.87 

2 205 12 4.17 

3 228 12 4.84 

 

Fig. 5 shows a picture of the tested material, which exhibited a dark brown color and 

some agglomerates due to the lignin activation and its binding nature. Pellets were made 

with each case listed in Table 1, and their characteristics are shown in Table 2.  
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Figure 5: Steam-exploded biomass used in the experiments 

 

Table 2: Pellet characteristics. 
Average 
Weigh 

[g] 

Average height 
[mm] Particle size distribution 

2.49 13.13 

Sieve size 
[mm] 

3 

1.4 

1 

0.5 

<0.5 

Percentage retained in 
the sieve [%] 

5 

15 

30 

30 

20 

 

As seen in Table 2, a particle size distribution was followed in order to fulfill strength 

and durability standards for high quality pellet manufacturing [19]. The material was first 

sieved for particle classification and then compacted in a compression pelletizer by using a 

pressure of about 170 kPa. Fig. 6 shows a picture of the particles obtained after sieving and 

the produced pellets.  
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(a)                                                   (b) 

 

 
(c) 

Figure 6: Pellet dimensions: length (a) and diameter (b); (c) particle size distribution and 
manufactured pellet. 

 

3 mm 1.4  mm 

1  mm 0.5  mm 

 < 0.5  mm 
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The same manufacturing method was performed for every pellet to keep homogenous 

density and dimensions. Devolatilization may be affected by pellet density. For instance, 

less volatile release can be caused by lower pore size as a result of high density [51].  Fig. 7 

shows pellet height and density as a function of mass.  

 

 

Figure 7: (a) Pellet height and density as function of mass, (b) set of pellets. 

 

2.2. Test Facility 

The facility comprises a reactor working at a batch mode with a length of about 1 m 

and an inner diameter of 0.1 m, an online mass and temperature measurement equipment, 

where data is stored in a personal computer. A scheme of the test facility is shown in Fig. 8 

where the main parts can be described as follows.           
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 Figure 8: Scheme of the test facility used for the test bench. 

 
• Nozzles (1 and 2) to feed the fuel and oxidant in the burner (3). 

• A combustion chamber (4).  

• A ceramic honeycomb (5) which stores heat of flue gases. 

• A reaction chamber (reactor) (6).  

• An exhaust gases nozzle (7).  

• A lid (8)  

• An electronic scale (9) for mass measurement. 

• A cooling chamber (10) to quench the reactions taking place at the sample. 

• A nitrogen nozzle (11). 

• A glass window (12) through which the sample changes due to combustion are seen 

and recorded. 

• A thermocouple (13) 



 

31 

 

2.3. Experimental Procedure  

The experimental procedure consisted of preheating, flow adjustment and testing phase. 

During preheating, the fuel and oxidant were fed to the burner (3) through (1) and (2). 

Preheating lasted until the desired temperature was attained in the reaction chamber 

(reactor) (6). The function of the ceramic honeycomb (5) was to keep the heat produced 

during preheating. The planned temperatures to test each case at were 500, 700 and 900°C. 

Once the desired temperature was reached, the preheating was finished and the burner 

switched off.  Afterwards, oxygen and nitrogen were fed by (1) and (2), and the oxygen 

concentration (21%) was set by adjusting the flow rates. The oxidizer temperature (T1) was 

measured by a thermocouple and recorded by a personal computer. Once the oxygen 

concentration was fixed in the oxidizer flow and the temperature T1 set in the range 

desired, the sample, which was previously weighed, was manually inserted in the reaction 

chamber to begin the experiment itself (testing phase). The combustion phenomenon was 

recorded by a video camera to see the changes undergone. The ignition mechanism was 

qualitatively analyzed by watching the video recorded. The influence of the pretreatment 

conditions and reactor temperature on biomass burning characteristics was studied by 

means of mass loss data and video picture analyzing.  Ignition time was defined from the 

recorded video when the first visible sign of sustained combustion appears since the sample 

is inserted in the reactor [40, 41]: smoldering or glowing before flame development or a 

small flame. Devolatilization time; on the other hand, was defined from the mass loss 

curves, which corresponds to the time since the pellet enters the reactor until the turning 

point when the mass loss tends to be constant. Finally, char combustion was considered 
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started immediately devolatilization finishes [16, 36, 52]. The experiments lasted until no 

significant mass loss was observed.  

For simplicity, the nomenclature listed in Table 3 was used when a case was referred 

to during result discussion. Cases were ordered in function of pretreatment severity, from 

the less to the most severe. 

Table 3: Sample nomenclature 

Oxidizer Temperaturea [°C] 

Case 1 Case 2 Case 3 

Pretreatment conditions 

205°C, 6 min 

Ro= 3.87 

205°C, 12 min 

Ro= 4.17 

228°C, 12 min 

Ro= 4.84 

Abbreviation 

500 C15 C25 C35 

700 C17 C27 C37 

900 C19 C29 C39 

a planned reactor temperature 

 

In the pre-heating phase once the desired temperature in the reactor was reached, the 

burner was switched off and the experiment started. Accordingly, temperature was slightly 

decreased due to cooling. Table 4 shows the minimum, maximum and average of the actual 

temperatures in the reactor until ignition (since the pellet was introduced until ignition), 

devolatilization and end of the experiment as well as the standard deviation of the 

temperature at each stage.         
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Table 4: Variation of reactor temperature during experiments  

C 
A 
S 
E 
S 

  

Until ignition Until the end of devolatilization Until the end of experiment 

Av. 
Temp. 
[°C] 

Max 
Temp. 
[°C] 

Min 
Temp. 
[°C] 

Std. 
dev. 

Av. 
Temp. 
[°C] 

Max 
Temp. 
[°C] 

Min 
Temp. 
[°C] 

Std. 
dev. 

Av. 
Temp. 
[°C] 

Max 
Temp. 
[°C] 

Min 
Temp. 
[°C] 

Std. 
dev. 

C15 501.16 501.50 500.84 0.19 505.95 511.83 500.70 4.68 493.67 511.83 470.25 12.30 

C17 698.91 701.57 500.70 1.69 701.18 703.55 696.75 2.15 667.13 703.55 619.18 25.07 

C19 900.30 900.38 900.22 - 896.78 903.75 883.09 7.98 861.31 903.75 815.05 26.09 

C25 483.22 485.73 480.87 1.50 482.35 485.73 478.66 1.78 455.01 485.73 425.30 19.27 

C27 699.40 701.16 701.16 1.08 700.25 701.59 697.50 1.16 664.68 701.59 622.79 25.45 

C29 904.19 904.19 904.19 - 907.39 909.11 904.19 1.51 876.47 909.11 829.97 22.48 

C35 489.50 499.31 481.77 5.13 489.50 499.31 481.77 5.13 450.12 499.31 414.76 23.53 

C37 717.47 717.70 717.37 0.13 716.54 718.62 716.86 2.47 671.56 718.62 622.74 30.31 

C39 902.00 902.08 901.91 - 903.60 904.76 901.12 1.07 842.35 904.76 767.86 23.14 

 

 

3. Results and Discussion 

3.1. Ignition Behavior 

Fig. 9 shows pictures of pellet ignition which are ordered in function of reactor 

temperature (from left to right) and pretreatment severity (from top to bottom).  
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C15 
Average T 
501.16°C 

C17 
Average T 
698.91°C 

C19 
Average T 
900.30°C 

   
C25 
Average T 
483.22°C 

C27 
Average T 
699.40°C 

C29 
Average T 
904.19°C 

   
C35 
Average T 
489.50°C 

C37 
Average T 
717.47°C 

C39 
Average T 
902.00°C 

   

Figure 9: Ignition behavior in function of reactor temperature and pretreatment severity 

 

At temperatures near 500°C, the ignition behavior was a small orange glowing 

appeared on the down pellet surface facing the oxidizer. The small orange glowing 

observed may be attributed to heterogeneous ignition which is characterized by a direct 

attack of oxidizer on solid matter. Bright high temperature points appear at the particle 

surface, and in the course of time the number of hot spots increases [53]. When the 

experiments were conducted at temperatures near 700 and 900°C, the first sign of ignition 
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was a small flame. Flame was evolved either from the bottom of the pellet or the top. Flame 

development is related to homogeneous ignition where chemical reactions take place in a 

gaseous vapor-oxidizer mixture formed in the vicinity of the particle due to devolatilization 

of the biomass material [53]. Fig. 10 illustrates the combustion behavior in function of 

time.  

C 
A 
S 
E 
S 

T I M E 

Ignition 
 

C15 

     
+58s 58.125s 58.250s 58.500s 58.625s 

C25 

    
+79s 79.125s 79.250s 79.250s 79.250s 

C35 

  
+205s 235s 265s 295s 325s 

C17 

   
+10s 11s 12s 13s 14s 
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C27 

  
+34s 35s 36s 37s 38s 

C37 

   
+11s 12s 13s 14s 15s 

C19 

    
+4s 5s 6s 7s 8s 

C29 

     
+1s 2s 3s 4s 5s 

C39 

     
+3s 4s 5s 6s 7s 

Figure 10: Ignition behavior in function of time 

 

For cases C15 and C25, flame was developed immediately after the orange glowing 

appeared (after 0.125s) where explosive ignition was observed. Therefore, this ignition 

behavior can be defined as a “multistage” process, since it involves a primary 

heterogeneous ignition of solid material with a subsequent homogeneous ignition and 
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combustion of volatiles in the gaseous flame enveloping the particle [49]. Similar behavior 

was seen by [40, 41] during combustion of coal and wood pellets. In the case C35 no flame 

was developed during the combustion process. Only char combustion was observed after 

3min-25s since the pellet was introduced in the reactor. For cases C17, C27 and C37 once 

the small flame appeared increased its size in the gas flow direction. For case C27 flame 

developed through explosive ignition. Likewise, for cases C19, C29 flame size augmented 

with the time, but without showing explosive behavior.  

Table 5 shows the ignition time, flame duration and devolatilization time. Ignition 

time and flame duration were defined by using the recorded video, whilst devolatilization 

time was selected from the mass loss curves.  

Table 5: Ignition time, flame duration and devolatilization time. 

Cases 

Severity 
factor  

10 log Ro 
[-] 

Ignition 
Flame 

duration 
Devolatilization duration 

Average 
temperature [°C] 

Time 
[s] 

Time 
[min] 

Average 
temperature [°C] 

Time 
[min] 

C15 3.87 501.16 58 3.78 505.95 4.25 

C25 4.17 483.22 79 3.58 482.35 5.2 

C35 4.84 - NDa - 

489.50 6.2 

C17 3.87 698.91 10 2.38 701.18 3.9 

C27 4.17 699.40 34 2.43 700.25 3.8 

C37 4.84 717.47 11 2.13 716.54 3.8 

C19 3.87 900.30 4 2.05 896.78 3 

C29 4.17 904.19 1 1.88 907.39 3 

C39 4.84 902.00 3 2.00 903.60 3 

a No detectable 
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For temperatures near 900°C the ignition time as well as the devolatilization time is 

shifted to almost the same value. Likewise, flame duration is almost similar for the three 

cases. Thus, pretreatment severity has almost no influence on the ignition time, flame 

duration and devolatilization time.  

At temperatures near 700°C ignition time varies incoherently: case C27 (Ro=4.17) 

shows a time delay to ignition with respect to case C17 (Ro=3.87), whilst case C37 

(Ro=4.84) ignites faster than case C17 (Ro=3.87). The average temperatures until ignition 

for cases C15 and C25 were 501.16 and 483.22°C respectively. The temperature difference 

between cases C15 and C25 (~20°C) may be the reason that causes the time delay to 

ignition. Since the heat transfer is a strong exponential function of temperature; radiative 

heat flow which is proportional to the temperature to the fourth power; even a slight 

increase in temperature can greatly affect the ignition time [36]. Devolatilization time 

equals to almost the same value whereas flame duration decreases with the increment of 

Ro.  

At low temperatures (~500°C) there is a noticeable influence of the pretreatment 

severity on the ignition time, since it increases with the increment of Ro. Flame duration is 

quite similar for cases C15 (Ro=3.87) and C25 (Ro=4.17). Devolatilization lasts longer 

when Ro increases which may be related to the low devolatilization rate. For case C35 only 

char smoldering was distinguished during the whole experiment. Thus, for this case 

ignition is considered no detectable. The possible reason to explain the behavior observed 

at low temperatures is discussed based on mass conversion in section 3.3.  
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Fig. 11 shows the measured ignition time (from the recorded video) in function of the 

actual reactor temperature where the tendency described above is distinguished (Case C35 

is not included in the graph).  

 

 

Figure 11: Measured Ignition time vs. reactor temperature  

 

Fig. 12 shows the devolatilization time in function of the reactor temperature.  The 

effect of both temperature and pretreatment can be seen. Devolatilization lasts less when 

the temperature increases, which may be attributed to a more rapid internal heat transfer 

that increase the rate of devolatilization reactions [54]. On the other hand, the effect of 

pretreatment conditions is more pronounced at lower temperatures (480-502°C) as 

explained before.  
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Figure 12: Devolatilization time vs. reactor temperature  

 

3.2. Mass conversion 

Fig. 13 shows the residual mass in function of time since the pellet entered the reactor 

until the end of the experiment. Residual mass was calculated by using Eq. 1, where m is 

the actual mass and m0 is the initial mass.  

��������	���� = �
� 

 Eq. 1 
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(a) 

 
(b) 
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(c) 

Figure 13: Residual mass in function of time: all cases combusted near (a) 500°C, (b) 
700°C, (c) 900°C 

 

In the three graphs two stages are differentiated. The first stage named 

devolatilization starts when the pellet enters the reactor until the turning point when the 

residual mass tends to be constant. This stage comprises flame devolatilization due to 

volatile combustion and flameless devolatilization. The second stage is considered as char 

combustion and starts immediately after devolatilization ends where almost no significant 

decrease in the residual mass is distinguished. In general mass decomposition is faster with 

the increment of reactor temperature. For instance, the time needed to reach a residual mass 

of 70% is about 3min near 500°C as illustrated (a), whilst 1.3min near 700°C as seen in (b) 
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and 1min near 900°C as shown in (c). The enhanced heat transfer speeds up the kinetics of 

the process [55].  

The char combustion stage is found to be affected by the pretreatment severity, 

since the final residual mass is evidently changed as seen in (a) and (c). Near 700°C very 

small differences among residual mass values are detected as shown in (b). Near 500°C the 

residual mass is 9%, 8% and 5% for cases C35, C15 and C25 respectively. Near 900°C the 

residual mass is 15% for case C35, whilst 7% and 5% for cases C25 and C15 respectively. 

Case 1 corresponds to Ro=3.87 whereas case 2 and case 3 to Ro=4.17 and Ro=4.84 

respectively. Thus, a high pretreatment severity (high Ro) seems to reduce char reactivity 

of the steam-exploded biomass which is more noticeable at high temperatures (~900°C). 

Steam explosion causes degradation of both cellulose and hemicellulose, so lignin content 

increases. Lignin is a complex polymeric structure that is thermally more stable than 

cellulose and hemicellulose. Moreover, at high temperatures a diversity of lignin monomers 

are formed which above 700°C decompose and enter the vapor phase blocking the pores of 

char [55]. Another explanation for the weakened char reactivity might be that steam-

exploded lignin is quite extensively modified during pretreatment through mechanisms like 

condensation [56]. Part of the condensed by-products remains within the steam-exploded 

fiber (lignin coating of fiber surface) which can block the pores by melting and 

carbonization during devolatilization [57].     
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3.3. Reaction Rate 

Mass conversion was stated as the mass lost with respect to the initial mass, as 

illustrated in Eq. 2, where m0 is the initial mass and m is the actual mass. Reaction rate was 

defined as the variation of mass conversion with respect to the time (dx/dt). 

! = � −�
� 

 Eq. 2 

Fig. 14 shows residual mass (left vertical axis) and reaction rate (right vertical axis) in 

function of time for the three combusted cases at (a) near 500°C, (b) near 700°C and (c) 

near 900°C. The graphs illustrate the curves in the time where the most significant mass 

loss was recorded, which corresponds to the devolatilization process and the beginning of 

char combustion. 

 

(a) 
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(b) 

 
(c) 

Figure 14: Residual mass and reaction rate in function of time for all cases combusted near 
(a) 500°C, (b) 700°C and (c) 900°C. 
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In general, in the reaction rate curve an intense peak is distinguished, which 

corresponds to the highest devolatilization rate. The highest devolatilization rate is 

observed sometime after ignition. By comparing graphs (a), (b) and (c), it is noticed that at 

temperatures near 900°C, the main peak reaches almost the same intensity, and shifts to the 

same range of time (0.5-1min) which is lesser than the observed for 700°C (1-1.5min) and 

500°C (2.5-3.5min). Moreover, the main peak intensity in (c) is higher than the ones for (a) 

and (b). Near 900°C the residual mass is about 80% when the highest reaction rate is 

reached, which is higher than the ones for temperatures near 700 and 500°C. This behavior 

was expected, since the enhanced heat transfer as a result of the hotter surrounding at high 

temperatures accelerates the reaction rate of the process. However, pretreatment seems to 

influence the devolatilization stage, since some differences are noticed among the main 

peak intensities. The main peak intensity for case C25 (Ro=4.17) is higher than the one for 

case C15 (Ro=3.87), as seen in (a), and the same relationship is observed for cases C27- 

C17 and cases C29-C19 as shown in (b) and (c) respectively. Thus, steam explosion seems 

to produce more reactive biomass within the mid-range of pretreatment severities (when Ro 

is in the range of 3.87-4.17). In a previous work [31] enhanced biomass reactivity was 

detected during pyrolysis when the pretreatment severity increased, as discussed in section 

1.2.2 by using Figs. 3 and 4. However, for case 3 (Ro= 4.87) at temperatures near 700 or 

900°C the main peak intensity is higher than case 1 but lower than case 2 as seen in (b) and 

(c), which suggests that when biomass is further steam-exploded, its reactivity is lowered 

which is more noticeable at high temperatures (700 or 900°C). More drastic pretreatment 

conditions yield high amounts of acid-insoluble lignin (Klason lignin) via condensation 

reactions [56]. Lignin modification can be detected in the DTG curves (Figs. 3 and 4), since 
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the intensity of the peak observed at 943°C in Fig. 4 is lowered with respect to the one 

observed in Fig. 3. Thus, Klason lignin may be responsible for the weakened reactivity, 

since this acid-insoluble polymeric structure exhibits high activation energy [58].   

At temperatures near 500°C there is a noticeable influence of the pretreatment on the 

devolatilization rate as shown in (a). At low temperatures devolatilization rate is controlled 

by both kinetics and heat transfer [53], which may be the explanation for the significant 

differences observed. The main peak intensity for case C25 (Ro=4.17) is higher than for the 

case C15 (Ro=3.87), which may be due to the enhanced reactivity caused by the increment 

of the pretreatment severity as discussed above. For these two cases the highest 

devolatilization rate is attained after 2.5min, whilst for case C35 (Ro=4.87) it takes longer 

to reach the highest value of devolatilization rate. The low temperature and the slower 

devolatilization rate of case C35 might be responsible for the flameless devolatilization 

observed in Fig. 10. In order to create spontaneous ignition, the particle boundaries must 

contain a sufficiently large volatile volume and the heat generation rate, which depends on 

the radiative flow, must exceed the heat lost by the particle [36]. However, since cases C15 

and C25 did devolatilize via volatile combustion (flame appearance), pretreatment may be 

the main reason for a flameless devolatilization in case C35 instead of the low temperature. 

More drastic pretreatment conditions may cause further decomposition of monomerized D-

xylose which may be still present in the material steam-exploded at milder conditions [56]. 

This is detected by looking at the DTG curves (Figs. 3 and 4). The small shoulder located 

around 423 K attributed to the D-xylose polymerization (Fig. 3) is not notable in Fig. 4. 

Thus, the monomerized D-xylose might be the source of flame for cases C15 and C25. 
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4. Conclusions 

Steam-exploded biomass was influenced by both pretreatment severity and 

temperature during combustion. At low temperatures (~500°C) the burning behavior is 

characterized by a smoldering/glowing (homogenous ignition) with a subsequent flame 

development (homogenous combustion), and char combustion once the flame extinguishes, 

whilst at high temperatures (700-900°C) the ignition mechanism occurs via flame 

development which precedes char combustion once flame is extinguished. 

Ignition time tended to be independent of the pretreatment at low (~500°C) and high 

temperatures (~900°C).  

Near 500°C devolatilization rate noticeably increased with the increment of 

pretreatment severity within the mid-range of pretreatment conditions (3.87<Ro<4.17), 

whilst near 900°C devolatilization rate tended to be similar and almost independent of the 

pretreatment severity. On the other hand, the most severe steam explosion conditions 

decreased the devolatilization rate.   

Char reactivity was weakened with the increment of steam explosion severity due to 

lignin chemical transformation. 
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