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Abstract 

 

The knowledge of kinetics of pyrolysis is important. It is also challenging to find parameters for kinetic 

which can be applied at different sizes of biomass. Many researchers have been investigating the pyrolysis 

behavior of wood powders due to heat and mass transfer limitations. They have also been focusing on 

determining the effects of feedstock characterization, residence time, gas environment, heating rate and 

the final temperature as well as the arrangement of the pyrolysis reactor and modeling of the kinetics. This 

project presenting a qualitative understanding of the pyrolysis process based on data from slow heating 

rates. Samples of spruce chips at different masses; 4 mg, 200 mg, 500 mg and 800 mg and also 4 mg 

powder have been used in experiments with thermogravimetric analysis to understand the mass loss 

behavior. Furthermore, kinetic parameters for biomass are taken from literature and have been used in 

modeling to understand to which extent these parameters are different for different particle sizes. The 

kinetic model that is chosen to investigate in this project is where each component of biomass shows 

different characteristics during the thermal decomposition.  

 

The experimental results on wood chips at different sample masses show same behavior for all of them 

and there is no heat and mass transfer limitations. The results from experiments on powders shows 

different behavior than for chips at the end of the mass loss curve only. This means less char is produced 

for powders than it is for the chips. The results from modeling show that kinetic parameters such as 

activation energy and the prefactor are the same for both powders and chips. The only parameter that is 

different is the pre-determined char yield for hemicellulose second reaction. The kinetic model and the 

kinetic parameters used in this report are in good agreement to the experimental results. The model used, 

where each component show different behavior during its thermal decomposition and the final products 

are volatiles and char is a reliable model to describe the mass loss behavior of biomass. The difference in 

the experimental results between powders and chips can be explained by the modeling. It can be stated 

that the difference is in the char yield from thermal decomposition of hemicellulose. 
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Sammanfattning  

 

 

Kunskap om kinetiken för pyrolysprocessen är viktig. Det är även en utmaning att finna parametrar för 

kinetiken som kan tillämpas till olika massor och storlekar av biomassa. Många forskare har undersökt 

pyrolys beteenden på bara träpulver på grund av värme- och massöverföring begränsningar. De har också 

fokuserat på att undersöka effekterna av råvara karakterisering, uppehållstid, gasmiljö, 

uppvärmningshastighet och den slutliga temperaturen samt arrangemanget av pyrolysreaktorn och 

modellering av kinetiken. I detta projekt presenteras en kvalitativ förståelse av pyrolysprocessen baserad 

på data från långsamma uppvärmningshastigheter. Prover av granflis vid olika massor; 4 mg, 200 mg, 500 

mg och 800 mg och även 4 mg pulver har använts i experimenten med thermogravimetric analys för att 

förstå massförlust uppträdandet. Dessutom har kinetiska parametrar för biomassa tagits från litteratur och 

har använts i modelleringen för att förstå i vilken utsträckning dessa parametrar skiljer sig åt för pulver 

och flis. Den kinetiska modellen som har valts att undersökas i detta projekt är den där varje komponent 

av biomassa visar separata och olika egenskaper under termisk nedbrytning.  

De experimentella resultat på flis vid olika provmassorna uppvisar samma beteende för dem alla och det 

finns ingen värme- och massöverföringsbegränsningar. Resultaten från experiment på pulver visar 

annorluna beteende än för träflis endast i slutet av massförlust kurvan. Detta innebär att mindre kol 

produceras för pulver än vad det gör för flis. Resultaten från modelleringen visar att kinetiska parametrar 

såsom aktiveringsenergin och prefactor är densamma för båda pulver och flis. Den enda parameter som 

skiljer sig är den förutbestämda utbytet av kol för hemicellulosa’s andra reaktion. Den kinetiska modellen 

och kinetiska parametrar som används i denna rapport är i god överensstämmelse med de experimentella 

resultaten. Denna modell som används, där varje komponent visar enskilt beteende under dess termisk 

nedbrytning och slutprodukterna är bara gaser och kol, är en pålitlig modell för att beskriva beteendet för 

massförlust av biomassa. Skillnaden i de experimentella resultaten mellan pulver och flis kan förklaras av 

modelleringen. Det kan konstateras att skillnaden är i kol utbytet från sönderdelningen av hemicellulosa.  
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NOMENCLATURE  
 

Symbols  

A pre-exponential constant  s-1 

D particle diameter   mm 

E activation energy   kJ/mol 

f initial cellulose mass fraction 

k reaction rate    s-1 

m mass fraction 

R universal gas constant   J/mol K 

t time     s 

T temperature    K 

TPeak peak temperature   K 

 

Greek Letters 

𝛾 char yield fraction 

ω cellulose mass fraction 

 

Subscripts  

HC hemicellulose 

is intermediate solid 

ClA cellulose reaction A 

ClB cellulose reaction B 

l lignin 

C char 
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1. Introduction 
 

Biomass is considered as one of the most essential renewable energy sources and the feedstock comes 

from living organisms or forest wastes (Grieco & Baldi, 2011). Wood is included in the category biomass 

together with animal and plant wastes. Biomass is the only petroleum replacement that is renewable 

(Demirbas & Arin, 2002). Energy is decisive for the economy of established and developing countries 

(Bellais, 2007). Conversion of biomass into gas or liquid is an interesting topic due to some operative key 

factors such as renewable, environmental and sociopolitical benefits. The fact that biomass grows back 

i.e., is renewable, is the most important driving force for using it for energy production. The usage of 

biomass as fuel provides carbon neutral energy as well as avoiding greenhouse gas release. The net 

addition of CO2 emissions to the atmosphere is considered to be zero (Basu, 2010).  

 

Electricity and heat are two principal forms of energy resulting from biomass. The heat is currently the 

largest source of human energy consumption and according to Basu (2010), more than 90% of the global 

heat consumption is from biomass (Basu, 2010). Biomass is providing heat for cooking and warmth in 

many places but especially in rural areas. Pellet heaters and long-fired fireplaces are a direct source of 

warmth in many cold-climate countries. Likewise, district or industrial heating is produced by steam 

generated in biomass fired boilers (Basu, 2010).  

 

The energy recovery from biomass is obtained by direct combustion, pyrolysis, gasification and 

liquefaction (Williams & Besler, 1996). Thermal conversion of biomass by combustion is the most 

practiced process at industrial level allowing generating heat or electricity. Another method is gasification 

which is a process where the conversion of biomass produces synthesis that is being used in engine or 

turbine combustion (Rengel, 2007). Pyrolysis is the thermochemical decomposition of biomass into 

varieties useful products (Basu, 2010).  Pyrolysis of biomass has gained major interest since the outcome 

includes liquid products which have a high energy density that can be used in electricity generating 

applications. The liquid products can also be used as petroleum refinery feedstocks, for extraction of high-

value chemicals or for upgrading to refined high quality fuels. The production of liquid products has many 

useful advantages for handling, storage and transport and also, it does not necessarily have to be used near 

the biomass pyrolysis plant. In addition to the liquid product, the by-products gas and char are also 

outcome of the pyrolysis process where char can be used as fuel (Williams & Besler, 1996).  

 

Pyrolysis unlike combustion and gasification takes place in absence of oxidizing agent. The conversion 

paths of pyrolysis and combustion differ in reaction temperature: combustion involves high temperature 

conversion in excess of an oxidizing agent such as air while pyrolysis takes place at low temperature in 

absence of an oxidizing agent. Furthermore, gasification of biomass is mainly performed by partial 

oxidation of the carbon at high temperature with controlled amount of an oxidant, which is typically air, 

oxygen or steam. Liquefaction is a process where large solid molecules decompose into a liquid 

comprised of smaller molecules, in presence of a catalyst at low temperature (Rengel, 2007). 

 

Currently many research groups have been researching on pyrolysis behavior of biomass. Optimization of 

the process parameters and maximize the yield that are desired need reliable knowledge. Many authors are 

focusing on determining the effects of feedstock characterization, residence time, gas environment, 

heating rate and the final temperature as well as the arrangement of the pyrolysis reactor and modeling of 
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the kinetics. The knowledge of kinetics of pyrolysis is important but also very difficult to obtain reliable 

data. It is challenging to find data of kinetic rate parameters which can be used for different heating rates 

and for a wide range of biomass and at different sizes. This project aims at obtaining a quantitative 

understanding of the pyrolysis process based on data from slow heating rates. 

 

1.1  Aim and scope  
There are many studies aiming at discovering the pyrolysis kinetics of biomass. These studies have been 

focusing on wood powders in order to minimize the heat and mass transfer limitations. This project aims 

at explaining the effect of particle size on the pyrolysis of wood. Thermogravimetric analysis (which is 

also known for its abbreviation TGA) experiments of wood chips at different sizes will be investigated at 

fixed heating rate. The obtained mass loss data is analysed by means of a numerical model implemented 

into Matlab. The model is based on a reaction mechanism proposed in the literature. By fitting the model 

parameters to each particle size separately, conclusions regarding the influence of the particle size on the 

pyrolysis reaction can be drawn. 

1.2  Limitations  
The present work studies on the pyrolysis of spruce wood chips, which is the most common tree in 

Sweden. Experiments are done in an analytical TGA apparatus at KTH. The sample masses are chosen to 

be 4 mg, 200 mg, 500 mg and 800 mg. The heating rate is fixed to 20 K/min for all the runs. The dynamic 

temperature profile is the same for all the runs except for the biggest wood chips, 800 mg, where an 

isothermal period of 2 minutes at 110°C were programmed in order to let the chips dry completely before 

decomposition process starts. The investigation and comparison of the experimental results is based on the 

variation in sample masses. 
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2. Principles of Biomass Gasification 

2.1 Composition of biomass 
Biomass is composed of 88% to 99.9% of organic compounds. The composition based on dry weight is: 

hemicellulose 20% in softwood and 15-35% in hardwood; cellulose 40-45% (approximately the same for 

hardwood and softwood); lignin 25-35% in softwood (where extractives vary from 1 to 10%) and 17-25% 

in hardwood (Vigouroux, 2001) (Encinar, et al., 1998). Exact number for some typical biomasses are 

given in table 1. 

Table 1. Composition of different biomass species. (Vigouroux, 2001) 

Species Hemicellulose Cellulose Lignin Extractives Ash 

Softwood1 (average)  24.4 45.8 28.0 n.a. 0.3 

Hardwood1 (average) 31.3 45.2 21.7 n.a. 2.7 

Scandinavian Birch1 39.0 40.0 21.0 n.a. 0.3 

Scandinavian pine2 28.5 40.0 27.7 3.5 n.a. 

Wood bark1 29.8 24.8 43.8 n.a. 1.6 

Bagasse2 22.6 41.3 18.3 13.7 2.9 

Coconut shell2 25.1 36.3 28.7 8.3 0.7 

Corn stalks2 23.6 42.7 17.5 9.8 6.8 

Olive husk1 23.6 24.0 48.4 n.a. 4.0 

Wheat straw2 28.9 30.5 16.4 2.4 11.2-6.6 

Rice husk2 24.3 31.3 14.3 8.4 23.5 

Rice straw2 22.7 37.0 2.6 2.1 19.8-16.1 
1wt% dry and extractive free basis,    2wt% dry basis,   n.a.: not analysed 

 

Extractives are compounds with different chemical composition and can be removed from the biomass by 

extraction with neutral solvents. Typical extractives are fats, sugars, gums, oils, resins, starches, tannins 

and alkaloids. The composition varies according to table 1 to species as well as from heartwood to 

sapwood in particular species. These extractives are giving the characteristic color and odour to numbers 

of species and in some biomasses are these, resistance to insect attack and decay (Vigouroux, 2001). 

The inorganic part is generally very small and is made of alkali such as Na, K; earth alkali Mg, Ca and 

other compounds such as S, Cl, N, P, Si, Al; heavy metals Cd, Zn, As, Pb, Cu, Hg. There are some other 

impurities such as earth, stones and sand, which basically enter the biomass feedstock during the 

harvesting process. After combustion there are some inorganic parts left which is called ash and the 

fraction of these varies from 0.1 to 12%. Forest biomass as can be seen in table 1 contains less inorganic 

substances than straws and cereals (Vigouroux, 2001). 

Among all these impurities there are some more harmful than others and special consideration must be 

given to the alkali where these play a main role in ash formation, hot corrosion, particle emissions and bed 

agglomeration. Cl and S may bring corrosion problems and poisoning of the SCR catalysts used in the 
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downstream process. Heavy metals must also be taken into consideration for an approach to the 

environmental issues elevated by the process (Vigouroux, 2001). 

The reactivity of most biomass is relatively high and it has very excessive advantages as a gasification and 

combustion feedstock. The produced volatile fractions and char are large after devolatilization and the ash 

content has a tendency to vary between different biomass fuels (Vigouroux, 2001). 

Biomass in comparison with fossil fuels, on the other hand, has several minor disadvantages which are 

presented below (Vigouroux, 2001): 

 Biomass has higher moisture content which will affect the storage issue and also causes 

significant energy loss in combustion. 

 The low bulk density of biomass, makes the usage of rather large equipment for storage and 

handling and burning necessary.  

 Biomass has lower thermal content compared to the fossil fuels. 

 The physical form of biomass is not homogeneous  

2.2 Conversion of biomass 
The conversion process of biomass normally involves first reduction of the water content in the material 

which will result in instantaneous increase in its thermal value. Biomass conversion can occur in different 

ways; biological and thermal. The biological processes are hydrolysis, anaerobic digestion and 

fermentation. The leading thermal processes are combustion, gasification, pyrolysis and liquefaction.   

 

Biological conversion process is when biomass molecules break down into smaller molecules by enzymes 

or bacteria. No external energy requires and this process is greatly slower than thermal conversion (Basu, 

2010). 

 

Thermal conversion includes combustion, which is a provider of heat for the steam production and 

henceforth electricity generation. The other process is gasification that provides fuel gas that can be 

combusted i.e. to generate heat or be used in a turbine for electricity generation or in an engine. The 

produced sysnthesis gas can further be treated towards methanol or liquid hydrocarbons by Fisher-Tropsch 

synthesis (Vigouroux, 2001). Another way of thermal conversion is pyrolysis. There are three types of 

pyrolysis: fast, slow and mild pyrolysis (Basu, 2010). The outcome of these types of pyrolysis depends on 

several factors such as heating rate, vapor residence time and final temperature. The product of fast 

pyrolysis is a liquid fuel which can stand-in for fuel oil in any heating or electricity generation application. 

Slow pyrolysis is a well known and well established process for the production of charcoal (Vigouroux, 

2001). Mild pyrolysis, also called Torrefaction, is a process where the chemical structure of the wood is 

transformed and the products are carbon dioxide, carbon monoxide, acetic acid, methanol and water 

(Basu, 2010). The last type of thermal conversion is liquefaction which is a catalytic process where the 

feedstock is converted into liquid at relatively low temperatures (250-500°C) and high pressures (5-35 

MPa) (Vigouroux, 2001). 
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2.3 Pyrolysis  
Pyrolysis is typically performed by heating the solid biomass in an inert atmosphere to produce liquid 

products (high molecular hydrocarbons, tars and water) gaseous products (mainly CO2, CO, H2, CH4, 

C2H2, C2H4, C2H6, benzene, etc.) and the solid product i.e. char (Basu, 2010) (Vigouroux, 2001). The 

properties of the products can be modified by a number of factors including final temperature and heating 

rate (Basu, 2010). 

 

Pyrolysis is also an important prestep in a gasifier which occurs relatively fast. The main pyrolysis 

reaction can be written as (Basu, 2010): 

 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 → 𝐶ℎ𝑎𝑟 + 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 

 

2.3.1 Slow Pyrolysis  
Slow pyrolysis has char as the primary product. The biomass is heated slowly to a temperature around 

400°C in absence of oxygen. The temperature is kept over a comprehensive period of time to maximize 

the char formation. Production of char is possible in two ways: carbonization and conventional (Basu, 

2010). 

2.3.1.1 Carbonization 
Carbonization pyrolysis allows for sufficient residence time for the vapors in the oven in order to convert 

condensable vapors into char and noncondensable gases. At the bottom of the oven, which is a well-

insulated closed chamber, a small fire is provided for the required heat (Basu, 2010). 

2.3.1.2 Conventional 
Carbonization pyrolysis allows for the biomass to be heated up with a moderate heating rate to a moderate 

final temperature which is approx. 600°C. The process involves all three types of pyrolysis products; 

liquid, gas and char. The residence time for the vapor products is in the order of minutes (Basu, 2010). 

 

2.3.2 Fast Pyrolysis 
Fast pyrolysis produces primarily liquid fuel, well known as bio-oil, or as it is also called, biocrude. Bio-

oil is a black tarry fluid containing up to 20% water and phenolic compounds. The biomass is heated so 

rapidly that it reaches pyrolysis temperature before the biomass decomposes. The heating rate can be as 

much as 1000 to 10 000 K/s but the pyrolysis temperature might be below 650°C. The liquid yield has a 

lower heating value (LHV) in the range of 13-18 MJ/kg on a wet basis. The product is produced by 

instantaneously and rapidly depolymerizing and fragmenting of the components of biomass which are 

hemicellulose, cellulose and lignin. The temperature of biomass is rapidly increased followed by 

immediate quenching to freeze the intermediate pyrolysis products. To prevent further degradation, 

cleavage or reaction with other molecules, rapid quenching is of great important. The typically content of 
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bio-oil is molecular fragments of cellulose, hemicellulose and lignin polymers and the compounds found 

in it are i.e., Hydroxyaldehydes, sugars and dehydrosugars, hydroxyketones, phenolic compounds, and 

carboxylic acids.  

To obtain very high yield, the reaction temperature is recommended to be within the range of 425 to 

600°C, vapor residence time in the reactor should be under 3 seconds and have a very high heating rate 

and rapid quenching of the product. Fast pyrolysis includes two types of processes called flash and ultra-

rapid pyrolysis that will be described in the upcoming subsections (Basu, 2010) (Bridgwater & Peacocke, 

2000). 

2.3.2.1 Flash Pyrolysis 
The flash pyrolysis process occurs in absence of oxygen. The biomass is heated up rapidly to a 

temperature in the range of 450 to 600°C. The product contains both condensable and noncondensable 

gases which leave the pyrolyzer within a short residence time between 30 to 1500 ms. The condensable 

vapor is then condensed into bio-oil during the cooling process. This flash pyrolysis process increases the 

yield of bio-oil while decreasing the char product. The yield of the bio-oil is normally 70-75% of the total 

pyrolysis product (Basu, 2010). 

 

2.3.2.2 Ultra-Rapid Pyrolysis  
Ultra-rapid pyrolysis is the process where the biomass feedstock is mixed with the heat carrier extremely 

fast resulting in fast heat transfer and henceforth heating rate. In the reactor occurs a rapid quenching of 

the primary products and a separator will separate the hot heat carrier solid from primary product vapors 

and noncondensable gases. The hot heat carrier thereafter can be used again but is first heated up in a 

separate combustor and transported to the mixer with a nonoxidizing gas. The residence time is important 

to be controlled short and in order to maximize the product yield of gas, the pyrolysis temperature should 

be around 1000°C (Basu, 2010). 

 

2.3.3 Pyrolysis in the Presence of a Medium 
There is a special type of pyrolysis that is conducted in a medium such as water or hydrogen, unlike a 

typical pyrolysis process. If the thermal decomposition of biomass occurs in a high-pressure hydrogen 

atmosphere, it is called hydropyrolysis. This process can increase the yield of volatiles which are qualified 

for hydrogenation of free-radical fragments and stabilizes them before repolymerization occurs to form 

char (Basu, 2010). 

On the other hand, if the thermal conversion of biomass is in presence of high-temperature water, the 

products are chemicals or fertilizers. This process is called hydrous pyrolysis and is carried out in two-

stage processes. The first stage takes place in water under pressure having a temperature around 200-

300°C; in the second stage the hydrocarbons that are produced are cracked into lighter hydrocarbons at 

500°C (Basu, 2010). 
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2.3.4 Mild / Torrefaction Pyrolysis 
Mild pyrolysis, also called torrefaction, is currently considered being effective for biomass application 

where the biomass is heated to about 230°C to 300°C without presence of oxygen. During this process, the 

biomass dries when H2O and CO2 are removed from the biomass and the ratio of O/C and H/C decreases 

resulting in reduction of thermodynamic losses. The relative carbon content in the biomass also increases. 

Torrefaction increases the energy density of the biomass and produces carbon dioxide, water, carbon 

monoxide, methanol and acetic acid. It also significantly reduces its weight by reducing the oxygen-to-

carbon (O/C) ratio as well as its hygroscopic nature which improves the commercial usage of wood for 

energy production by reducing the transportation cost. There are numerous advantages of torrefied wood 

compared to native wood when it comes to combustion and gasification. Advantages are listed below: 

 Reduced power requirements for size reduction which improves the handling 

 Increased O/C ratio of the wood leads to improvement of gasification efficiency 

 Giving arise to cleaner burning fuel with small amount of acid in the smoke 

 Torrefied wood absorbs less moisture when is stored 

 Production of superior-quality biomass pellets increases with higher volumetric energy density 

 Through gasification can a fuel gas with improved heating value be obtained 

With these features in consideration, torrefied biomass is allowed to be used in gasification and 

combustion (Basu, 2010). 

 

2.4 Parameters Influencing the Pyrolysis Process 
The pyrolysis process depends on several different factors that regulate the characteristic of the final 

products. The desire to obtain large quantity of products having very high quality makes it important to 

study each of these factors and more important the influence of them on the process. Researchers have 

been investigating the influence of parameters through numbers of experiments. Some of the parameters 

which are relevant for this project will be described in the subsections below. 

2.4.1 Feedstock Composition and Preparation 

 
The composition of the feedstock, which is the main variable determining the characteristic of the final 

product, has important role. The preparation of it may affect the reaction and therefore the yield (Rengel, 

2007). The ratio of the hydrogen-to-carbon (H/C) has likewise an important role on the pyrolysis yield. 

The main components in the feedstock are hemicellulose, cellulose, lignin and water content. Each of 

these constituents has its preferred decomposition temperature range (Basu, 2010) (Rengel, 2007). There 

have been numerous studies and experiments on several selected biomasses employing from TGA and 

also differential thermogravimetry (DTG) to confirm following temperature range (Basu, 2010): 

 Hemicellulose: 150-350°C 
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 Cellulose: 275-350°C 

 Lignin: 250-500°C 

The three main constituents undergo pyrolysis differently and each contributes differently to the yield. The 

main sources of volatiles are hemicellulose and cellulose and the latter constitute is the primary source of 

condensable vapor (Basu, 2010). Cellulose releases much more tar than hemicellulose which on the other 

hand yields more of noncondensable gases (Reed, 2002). The main contribution to the char yield is lignin 

which decomposes very slowly (Basu, 2010).  

As written before cellulose decomposes over a narrow range of temperature and in the absence of a 

catalyst it pyrolyzes primarily to a monomer called levoglucosan. The levoglucosan vaporizes above 

500°C which leads to an insignificant char yield but mainly contribute to oil and gas yield (Diebold, 

1997). Hemicellulose is the most unstable constitute in the wood since the structure has lack of 

crystallinity (Reed, 2002). Lignin on the other hand, unlike cellulose and hemicellulose decomposes over 

a broad range of temperature. Lignin in comparison to cellulose produces more aromatics and char, for 

about 40% of its weight under a slow heating rate (Klass, 1998). Lignin produces also some liquid yield 

which stands for approx. 35% and contains tar with some aqueous components (Mohan, et al., 2006).  

2.4.1.1 Particle size 
There are different standpoints regarding the consequences of the feedstock particle sizes. Basu (2010) 

concludes the heating rate gets influenced by different sizes of feedstock. Basu argues that finer biomass 

particles are less resistance to escape of condensable gases. This means the condensable gases can escape 

relatively easy to the surroundings and leave before secondary cracking occurs. Higher liquid yield is a 

consequence of this process. On the contrary, larger particles will undergo secondary cracking as a result 

of higher resistance to escape of the primary pyrolysis products (Basu, 2010). 

On the other hand, there are authors claiming that particle size has no significant effect on the products of 

pyrolysis process. These authors are Encinar, et al., 1996 and Pütün, et al., 2004 where the latter one has 

studied two experiments with rice straw and soybean cake, respectively, with a fixed bed reactor. In the 

first study Pütün, et al., 2004 noticed only minor change in the yield of bio-oil under a heating rate of 

5K/min with a final temperature of 823 K (550°C). Pütün, et al., 2004 performed the experiments with rice 

straw with six different particle sizes and the minor changes in the product distribution can be seen in 

figure 1 (Pütün, et al., 2004). 

 

Figure 1. Product yields of rice straw at different particle sizes.   
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*1: Dp > 1.800 mm;  2: 1.250 < Dp < 1.800 mm;  3: 0.850 < Dp < 1.250 mm;  4: 0.425 < Dp < 0.850 mm;  5: 0.224 < Dp < 0.425 mm; 
6: Dp < 0.224 mm (Pütün, et al., 2004) 

In the other experiment of Pütün, et al., 2002 with soybean cake, no significant change in oil yields were 

observed as a result of variation in particle size. The experiments were performed under heating rate of 

5°C/min at 550°C without sweeping gas atmosphere. The particle size varied from 0.425<Dp<0.850 mm 

to Dp>1.800 mm. As can be seen in the figure 2, when the particle size were increased from 

0.224<Dp<0.425 to 0.850<Dp<1.250 mm the oil yield were increased from 26.74% to 30.23%. The oil 

yield were increased likewise when the particle size were decreased from Dp<1.800 mm to 

0.850<Dp<1.250 mm (Pütün, et al., 2002). 

 

 

Figure 2. Product yields of soybean cake at different particle sizes (Pütün, et al., 2002) 

 

Encinar, et al., 1996, did pyrolysis experiments with grape and olive bagasse under nitrogen atmosphere at 

temperature 500°C. Likewise to Pütün, et al., 2002, they observed no significant influence on the yield of 

liquids and solids when changing the particle size. Encinar, et al., 1996 stated that there were no 

temperature gradients that would lead to limiting the heat transfer inside the used particles with a diameter 

up to 2 mm (Encinar, et al., 1996). 

 

The conflicting conclusions might be related to differences in conditions carried out in the experiments, 

such as residence time, reactor type and heating rate. Truly, the particle size influence will become more 

important when the heating rate is higher. Furthermore, the particle sizes depend on the design of the 

reactor. In the process of rotating cone reactor for example, it is demanded a particle size of less than 200 

mm while circulating or transported fluidized demand particle sizes less than 6 mm. In the ablative 

reactors, the mechanism of heat transfer is different and for this reason it can utilize the whole wood chips. 

But on the other hand, in most of the experimental studies, grinded feedstock around 1 mm has been used 

(Bridgwater & Peacocke, 2000). 

 

2.4.2 Heating rate 
The heating rate is of great importance in order to influence the yield and the composition of the product. 

Slower heating of the biomass to an adequate temperature of 400-600°C produces more char, whereas 
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faster or rapid heating produces higher yield of condensable volatiles and henceforth more liquid (Basu, 

2010). In one experiment, Uzun, et al., 2006 noticed that with higher heating rates the pyrolysis 

conversion increased. The heating rate of the experiments varied from 5 to 700°C/min and the obtained 

yields were increased with 23.36% in bio-oil products. With a heating rate 700°C/min at a pyrolysis 

temperature of 550°C, a maximum bio-oil yield of 42.8% was reached. Even an increase in the pyrolysis 

conversion with 5.8% was observed. Uzun, et al., 2006 also gained a higher yield of gases with increase of 

heating rate that can be seen in Figure 3 (Uzun, et al., 2006).  

 

Figure 3. Effect of heating rate in soybean cake (Uzun, et al., 2006) 

However, the heating rate by itself does not specify the product but the product residence time is also 

playing an important role. During slow heating, the volatiles will slowly escape from the reactor and in 

meanwhile a secondary reaction will occur between volatiles and char particles. This will result in 

secondary char formation (Basu, 2010). 

The functioning parameters of a pyrolyzer are in sync in order to meet the requirements of the interest in 

the final product. Working design standards for heating in a pyrolyzer taking in account of the following 

facts (Basu, 2010): 

 In order to maximize the char production, slow heating rate (<0.01-2.0°C/s), a slow final 

temperature with a long gas residence time should be practiced. 

 In order to maximize the yield of the liquid, high heating rate, a reasonable final temperature 

around 450-600°C with a short gas residence time should be practiced. 

 In order to maximize the production of gas, slow heating rate, a high final temperature around 

700-900°C with a long gas residence time should be practiced. 



20 
 

The first norm is useful for the production of char through carbonization and the second norm is useful for 

the liquid yield maximization. The last one is used to maximize the gas production (Basu, 2010). 

 

2.4.3 Vapors Residence Time 
As mentioned in previous section, a short residence time (approx. 1 to 5 seconds) of gases is of great favor 

for production of liquid. This is necessary in order to be able to avoid the secondary reactions that might 

be affecting or reducing the final liquid product. Short gas residence time might also lead to an 

undesirable result of incomplete depolymerisation of lignin which leads to less production of homogenous 

liquid as a consequence. On the other hand, condensation reactions could occur when having a 

combination of long vapor residence time and a low temperature (<400°C). This results in formation of 

liquids having low molecular weight that also can react further. Having the knowledge about these facts is 

useful for optimizing the pyrolysis process (Bridgwater, et al., 1999). 

2.4.4 Gas environment and gas flow rate 
Researches have been studying the effect of sweeping gas during pyrolysis and it has been noticed that the 

presence of it results in increase of the production of bio-oil and reduces gas and char products. The 

sweeping gas or protecting gas as it is also called, removes the primary pyrolysis gases during the process 

which avoids the secondary reaction that is undesirable. The most used gases in the experimental studies 

are helium, nitrogen, argon and steam (Bridgwater, et al., 1999). 

Onay & Kockar, 2006 has studied the influence of different nitrogen flow rates on the final products in the 

experiments of rapeseed pyrolysis. The author’s outcome is that there is an optimum flow rate of nitrogen 

which is 100 cm3/min where the bio-oil yield is about 74.9% (see table 2) (Onay & Kockar, 2006). 

Table 2. Pyrolysis products at different nitrogen flow rates (Onay & Kockar, 2006) 

 

Pütün et al. 2004 noted in the experiments that the highest bio-oil produced was around 30.23% when 

using nitrogen with a flow rate of 200 cm3/min. A comparison in bio-oil yield has also been done with 

usage of different gases; nitrogen and steam, where the yield of char decreases with use of steam instead 

of nitrogen. The bio-oil yield was higher in steam environment. The author also stated that when steam 
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flow was increased, the yield of bio-oil was increased which only confirms the theory about secondary 

reactions are prevented when higher flow rate is used. (Pütün, et al., 2004). 

2.4.5 Final temperature 
A typical pyrolysis process starts with heating of the feedstock with a defined rate from ambient 

temperature to a maximum temperature which is called pyrolysis temperature. The latter has an affect on 

both composition and the yield of the product. During the pyrolysis of the biomass, the formation of 

several product gases will change with different temperatures. As can be seen in figure 4, the formation 

rates for different gaseous constituents vary broadly (Mohan, et al., 2006). 

 

Figure 4. Release of gases at different temperatures during pyrolysis (Basu, 2010) 

The char yield varies also by the different final temperatures. More char is produced at low temperatures 

while less char is produced at high temperatures. Figure 5 shows char yield from pyrolysis process of 

birch wood particle with different masses. As can be seen char yield decreases with increase of 

temperature (Basu, 2010). 
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Figure 5. Char yield decreases with increase of temperature. Data for two different masses (Basu, 2010) 

2.5 Heat Transfer 
During the pyrolysis process, transportation of heat to the particle’s surface is made by radiation and 

convection. Afterwards, the heat is transported to the center of the particle by conduction and pore 

convection. In the process of pyrolysis are the following ways of heat transfer involved (Babu & 

Chaurasia, 2004): 

 Convection and radiation from the particle surface 

 Convection inside the particle pores 

 Conduction inside the particle 

Heat transfer into the center of the biomass particle is mostly done by thermal conduction and the thermal 

conductivity of biomass is low (approx. 0.1 W/m.K). This is restraining to the rapid heating of its center 

and even the heating rate of the surface is as high as 10,000  ̊C/s, the center heats up at substantially 

slower rate for a heavy particle. For this reason the secondary reaction inside the particle becomes 

gradually important as size of the particle increases and the yield of liquid reduces (Basu, 2010). Shen, et 

al., 2009 investigated the effect of particle size and noted a decreased yield of oil when changing the 

particle size from 0.3 to 1.5 mm. On the other hand, Shen, et al., 2009 did not note any effect on the oil 

yield when increased the size to 3.5 mm (Shen, et al., 2009). Another author, Seebauer et al. 1997 

confirmed with the experimental results that there is no significant effect of particle size on the biomass 

yield (Seebauer, et al., 1997).  
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3. Experimental 

3.1  Preparation of samples 
Samples of wood, as homogenous as possible, of type Norway spruce were sawed down into small wood 

chips of different sizes and masses. Powder of Norway spruce, where chips have been milled down in a 

ball mill was also used. Wood chips and powders were stored in a plastic bag and a plastic bottle, 

respectively, to prevent the contact with air moisture. Wood powder and four different wood chips (with 

different masses and sizes) were used and each experiment with its respective mass was performed in 

several repetitions. Wood chips (see figure 6) were directly put on the plate crucible while the powder was 

put on the plate as a pile. Cleaning of the used plates after each run was performed with a burner to burn 

off the formed tar and ashes. Table 3 shows the list of experimental samples and number of repetitions. 

The size of the 4 mg chips was of the order of 1 mm. As it could not be measured accurately, the size of 

the 4 mg chips is omitted from table 3. 

Table 3. List of Sample masses used in experiments 

Sample Mass [mg] Size [mm] Repetitions 

Powder 4 - 3 

Chips 4 - 3 

Chips 200 12 x 8 x 3 3 

Chips 500 18 x 14 x 4 5 

Chips 800 16 x 10 x 9 3 

 

 

Figure 6. Wood chips, 800 mg 

3.2 Measurement methods 
Pyrolysis of wood chips and powders were performed using the thermogravimetric equipment Netzsch 

STA 449 F1 Jupiter that runs under Proteus® software. Vertical TG/DSC holder was used and in order to 

achieve pyrolysis conditions, argon atmosphere was used. Argon was used as protective gas which also 

was used as protective for the micro balance against pollutants and it was the only gas which was used. 

The volumetric flow of argon was set to 70 ml/min and due to the buoyancy effect, correction 

measurements were performed. The thermogravimetric measurements for the slow pyrolysis were carried 

out at one heating rate; 𝛽 = 20 K/min and with a dynamic heating from ambient temperature 𝑇0 = 298 𝐾 
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up to a final temperature of 1173 K. The used furnace was Silicon carbide furnace (SiC) and the crucible 

used was a Al2O2 plate. Argon was purged for 10 minutes before start of the heating program to establish 

an inert environment and remove all the oxygen. Before the start of the program, the actual initial mass 

was noted and during the heating, mass loss was recorded and monitored by the software. A type S 

thermocouple was used. Thermocouple was used in the equipment directly under and in contact with the 

crucible for measuring the actual sample temperature during the experiments. Figure 7 shows the typical 

thermogravimetric behavior of wood mass loss. 

 

4. Experimental results 
 

The experiments start with a drying session where the adsorbed water and moisture releases at approx. 

150°C and which is why values below it are excluded. The mass of moisture is subtracted from the overall 

mass of the sample and the initial dry sample mass (m1) is noted. The normalized mass loss of wood chips 

from thermogravimetric experiments are collected in figure 7. It can be stated, from the figure, that the 

leading decomposition process is in the range of 450 K to 770 K. At temperatures above 770 K there is 

only a small and continuously drop of mass. Most of the hemicellulose and cellulose in the wood 

decomposes in the first stage region which is called active pyrolysis. Lignin decomposes through the 

whole temperature range having a low decomposition rate. 

Normalized mass loss for both powders and the different wood chips masses; 4 mg, 200 mg, 500 mg and 

800 mg can be seen in figure 7. The red curves are the thermogravimetric results for the 4mg powders 

which can be noticed having different pattern at the end of the curve. On the other hand, it can be seen a 

clear trend for all the wood chips, the curves overlapping each other and it can be stated that the mass loss 

rate for all the chips are having exactly the same pattern. There is one curve (blue line) in the figure 7, 

which belongs to the run with 4 mg wood chips that is out of range with no explanation. The experimental 

results of repetitions with each sample mass can be found in the Appendix A.  

The reason that the powder results are not following the same trend as the chips, might be that biomass 

powder having finer particles which results in having less resistance for condensable gases to escape. The 

condensable gases can leave easily before secondary reaction occurs to produce more char. As a logic 

consequence, wood chips undergo secondary reaction due to higher resistance to let condensable gases 

leave. More char will be produced for the chips than for the powder and it can be seen in the figure 7 

below. The heat transfer into the wood particles is not the limiting factor as can be seen in the figures. 

There is no shift to the right in the curves for bigger particles, which would be the expected outcome if 

there was significant heat transfer resistance for the larger chips. This means there is no significant effect 

of heat transfer and it is as fast in small particles as it is in the bigger ones.  
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Figure 7. Normalized mass loss curve as a function of sample temperature for all the masses and repetitions; Powder 4 mg (x3 
Red) and Chips; 4 mg (x3 Blue), 200 mg (x3 Green), 500 mg (x5 Yellow), 800 mg (x3 Purple). The heating rate was 20 K/min. 

 

The experimental results show both powders and all the chips having a temperature (approx. 600 - 630 K), 

at 50% conversion, very close to each other as can be seen in the figure 8 and 9. The only difference 

between powder and chips is in the char yield which is a result of secondary reaction that occurs in the 

wood chips. Hemicellulose and cellulose decompose at lower temperatures below 600 K and lignin 

decomposes at a wide range of temperature. Secondary reaction happens at temperature approx. 600 K 

which is when mass loss has reached 50% (figure 8).  
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Figure 8. Normalized mass loss rate as a function of sample temperature for all the masses and repetitions; Powder 4 mg (x3 
Red) and Chips; 4 mg (x3 Blue), 200 mg (x3 Green), 500 mg (x5 Yellow), 800 mg (x3 Purple) 

 

Figure 9. Temperature at 50% mass-loss for all samples with all repetitions. m1 is initial dry sample mass. From left; Powder 4 
mg (x3 Red) and Chips; 4 mg (x3 Blue), 200 mg (x3 Green), 500 mg (x5 Yellow), 800 mg (x3 Purple) 
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Figure 10. Peak temperatures as a function of initial dry sample mass (m1). From left; Powder 4 mg (x3 Red) and Chips; 4 mg 
(x3 Blue), 200 mg (x3 Green), 500 mg (x5 Yellow), 800 mg (x3 Purple) 

 

The peak temperature (TPeak) is defined as a temperature where the mass loss rate is at its maximum and 

figure 10 shows the TPeak as a function of initial dry sample mass (m1) at fixed heating rate, 20K/min. All 

the runs are plotted in the same figure to show the influence of the initial sample mass. It confirms the 

earlier statement that all the runs are having the same mass loss rate but the difference between chips and 

powder is in the char yield. Peak temperature for all the runs is indeed approx. 600 K. Here, char yield is 

defined as the sample mass at the find temperature 1173 K. 

Figure 11 shows the char yield for all the runs. As mentioned before there is significant difference in yield 

between powders and chips. On the other hand, there is no significant difference in char yield between 

different sample masses of wood chips. The experimental results are in agreement to the observations of 

Pütün et al. 2002 who found no influence on the yield when changing the particle size. The authors also 

observed that there were no temperature gradients that would have led to limiting the heat transfer inside 

the particles. 
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Figure 11. Char yield (m2) as a function of initial dry sample mass, m1. From left; Powder 4 mg (x3 Red) and Chips; 4 mg (x3 
Blue), 200 mg (x3 Green), 500 mg (x5 Yellow), 800 mg (x3 Purple) 

 

5. Kinetics 
Kinetics is important to study particularly when it provides important information for design engineering 

of a pyrolyzer or a gasifier. It also helps to understand and to be able to explain the pyrolysis process and 

how different changes affect the product yields and composition. The major influencing processes on the 

pyrolysis rate are; heat transfer, mass transfer and chemical kinetics. In this section both physical and 

chemical aspects will be described.  

5.1 Physical Aspects 
The pyrolysis process can from the thermal point of view be divided into four periods which are divided 

by temperature and they always overlap. These periods are presented below (Basu, 2010): 

 Drying (~ 100°C) – this is the initial phase where the free moisture and some removable bounded 

water is released and heat transfers into the biomass interior.  

 Initial stage (100-300°C) – exothermic dehydration of biomass comes about and water with other 

low molecular weight gases such as CO2 and CO releases in this stage. 

 Intermediate stage (>200°C) – in this stage, primary pyrolysis occurs and most of the vapor or 

precursor to bio-oil is produced. The temperature range in this stage is between 200 to 600°C. 
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Biomass particles decompose to condensable gases (vapors and precursors of the liquid yield), 

noncondensable gases and primary char. 

 Final stage (~ 300-900°C) – If the primary volatiles stay in the biomass long enough, condensable 

high molecular weight gases can crack into additional char (secondary char) and gases. The 

temperature in this stage is normally above 300°C.  

As mentioned earlier, temperature has a big influence on the pyrolysis products. For example is the yield 

of carbon dioxide high when temperature is low and as temperature increases, the yield decreases. Overlap 

of the above mentioned stages to some extend is normal, for example, considering the low thermal 

conductivity (approx. 0.1 W/m.K) the large wood might be burning on the surface but be still at the drying 

phase at the center (Basu, 2010). 

 

5.2 Chemical Aspects 
Biomass has three main components as mentioned earlier and these three; cellulose, hemicellulose and 

lignin have different decomposition rates and also preferred temperature ranges. The mechanism of each 

of the compositions will therefore be different and these are explained below. 

5.2.1 Cellulose Mechanism 
There have been several models proposed to explain the mechanism of cellulose which is a complex 

process but the model of Broido-Shafizadeh is the best known model that can be applied (Onay & Kockar, 

2006). According to the model of Broido-Shafizadeh (figure 12), the cellulose process involves an 

intermediate prereaction (Ι) which is followed by two parallel contending reactions of first-order. Reaction 

(Ι) forms an intermediate product called active cellulose which is very short-lived and at the reaction 

temperature it is liquid but at the ambient temperature it is solid (Bradbury, et al., 1979).  

 

Figure 12. Model of cellulose according to Broido-Shafizadeh (Basu, 2010) 
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Reaction (ΙΙ): involves dehydration, decarboxylation and carbonization through a series of steps to 

produce gases such as water vapor, carbon monoxide and carbon dioxide and also char. In this reaction, 

low temperature, less than 300°C with slow heating rate is favored (Bradbury, et al., 1979). 

Reaction (ΙΙΙ): this reaction involves depolymerization and cleavage which results in formation of vapors 

that includes tar and condensable gases. A very important intermediate product, levoglucosan, which is 

also produced, is favored at higher temperatures over 300°C with faster heating rates (Reed, 2002). 

The formed condensable vapors can escape the reactor fast and condense to bio-oil or tar but if it stays 

longer in contact with the biomass, secondary reaction can take place, reaction (ΙV). Additional formation 

of char, tar and gases is the result of it (Bradbury, et al., 1979) (Bridgwater, et al., 2001). 

There are some discussions about the existence of reaction (Ι), whether this unstable species exists or not 

as it has not been seen in the final product in most pyrolysis processes. In one pyrolysis process which is 

called ablative pyrolysis where the wood is dragged over a hot metal surface, there has been seen this 

smooth lubrication and it is because of the existence of the intermediate liquid product, this active 

cellulose (Bridgwater, et al., 2001). 

The activation energies are higher for the depolymerisation (reaction ΙΙΙ) than it is for dehydration 

(reaction ΙΙ). Considering the high activation energy, fast heating rates and high temperatures are in favor 

for reaction (ΙΙΙ). With adequate temperatures and short vapor residence time results in avoidance of 

secondary cracking. This leads to production of condensable vapors that are mainly bio-oil (Basu, 2010). 

Depending on the heating rate different reaction paths occurs. If the wood is heated slowly, slow 

pyrolysis, reaction (ΙΙ) dominates with appearance of glowing ignition which leads to producing mostly 

char. If the wood is heated faster (fast pyrolysis) it will burn with a yellow flame because reaction (ΙΙΙ) 

dominates at higher heating rates. It produces more vapors or tar (Basu, 2010). 

 

5.2.2 Hemicellulose Mechanism 
There are not many studies on hemicellulose available but according to Demirbas (2000) the pyrolysis 

process of hemicellulose begins at 150 to 260°C with the most degradation occurring above 200°C. 

Hemicellulose reactions form more gas and less tar and char in comparison to cellulose reactions but it 

forms same quantity of aqueous product of pyroligneous acid. Thermal decomposition of hemicellulose 

starts at lower temperatures than it does for cellulose or lignin but the reaction undertakes very rapid. In 

comparison of combined moisture content to lignin, hemicellulose contains more and the softening point 

is lower. It has also its exothermic peak at lower temperature (Demirbas, 2000). 

 

5.2.3 Lignin Mechanism 
The lignin decomposition process starts at 280 ̊C and it continuous to 450-500 ̊C with having a peak rate at 

350 to 450 ̊C. The lignin pyrolysis process produces normally 55% char, 15% tar, about 20% aqueous 

components and 12% of gases. To dehydrate lignin is more difficult than it is for cellulose and 
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hemicellulose. The tar produced contains a mixture of phenolic compounds and the aqueous portion 

consists of acetic acid, acetone, methanol and water (Basu, 2010) (Mohan, et al., 2006). 

 

5.3 Model description 
The whole process of pyrolysis can be described into primary and secondary stages. When biomass is 

heated up in an inert atmosphere, the heat is first transferred to the surface of the particle by radiation and 

convection. The heat continuous to the center of the particle and the temperature increases which leads to 

removal of the moist present in the biomass. Main pyrolysis occurs and due to chemical reactions 

happening, heat changes gives arise to temperature gradient as a function of time. The produced volatiles 

and gases flow through the pores inside the particle and the reactions progress depending on the heating 

rate and temperature.  

The pyrolysis reaction can be modelled as it is described by Park, et al., 2010 shown in Table 4. The 

scheme indicates that the biomass components, each show different behavior during its thermal 

decomposition and the final products are volatiles and char. The volatiles and gases may furthermore react 

with the char in secondary reaction and produce additional volatiles, gases and char. This kinetic model is 

the one that has been studied in this work and is described in Table 4. 

Hemicellulose degradation is modeled as a two-step reaction. In the first reaction, hemicellulose 

decomposes to volatiles and intermediate solid, where the intermediate solid reacts in the following 

reaction and decomposes to volatiles and char. The kinetic parameters taken from Park, et al., 2010 can be 

seen in table 5. 

Cellulose degradation is modeled by two reactions occurring parallel. The paths of these reactions depend 

on the heating rate. If the biomass is heated slowly (slow pyrolysis), reaction A dominates while in fast 

pyrolysis, reaction B dominates (Basu, 2010). The kinetic parameters of cellulose are presented in Table 5. 

Lignin decomposition is modeled by a single reaction that produces volatiles and char. The kinetic 

parameters of lignin are presented in Table 5. 
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Table 4. Kinetic model (Park, et al., 2010) 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 
𝑘1
→ 

(1 − 𝛾1) 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠
+

𝛾1 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒  
𝑘2
→

𝑠𝑜𝑙𝑖𝑑
  

 
 (1 − 𝛾2) 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛾2 𝑐ℎ𝑎𝑟   [1] 

𝐴: 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 
𝑘𝐴
→  (1 − 𝛾𝐴) 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛾𝐴 𝑐ℎ𝑎𝑟       [2] 

𝐵: 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 
𝑘𝐵
→  (1 − 𝛾𝐵) 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛾𝐵 𝑐ℎ𝑎𝑟       [3] 

𝐿𝑖𝑔𝑛𝑖𝑛 
𝑘𝑙
→ (1 − 𝛾𝑙)  𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛾𝑙  𝑐ℎ𝑎𝑟       [4] 

 

Governing equations: 

𝑘𝑖 = 𝐴𝑖𝑒
−
𝐸𝑖
𝑅𝑇           [5] 

𝑅 = 8.314 (𝐽/𝑚𝑜𝑙 𝐾)          [6] 

Hemicellulose  

𝑑𝑚𝐻𝐶

𝑑𝑡
= −𝑘1𝑚𝐻𝐶          [7] 

𝑑𝑚𝑖𝑠

𝑑𝑡
= 𝛾1𝑘1𝑚𝐻𝐶  − 𝑘2𝑚𝑖𝑠         [8] 

Cellulose  

𝑑𝑚𝐶𝑙𝐴

𝑑𝑡
= −𝑘𝐴𝑚𝐶𝑙𝐴

𝑛𝑖 (1 − 0.99𝑚𝐶𝑙𝐴)
𝑚𝑖        [9] 

𝑑𝑚𝐶𝑙𝐵

𝑑𝑡
= −𝑘𝐵𝑚𝐶𝑙𝐵

𝑛𝑖 (1 − 0.99𝑚𝐶𝑙𝐵)
𝑚𝑖         [10] 

Lignin  

𝑑𝑚𝑙

𝑑𝑡
= −𝑘𝑙𝑚𝑙            [11] 

Char  

𝑑𝑚𝐶

𝑑𝑡
= 𝛾2𝑘2𝑚𝑖𝑠 + 𝛾𝐴

𝑑𝑚𝐶𝑙𝐴

𝑑𝑡
+ 𝛾𝐵

𝑑𝑚𝐶𝑙𝐵

𝑑𝑡
+ 𝛾𝑙

𝑑𝑚𝑙

𝑑𝑡
      [12] 

Wood 

𝑑𝑚𝑤𝑜𝑜𝑑

𝑑𝑡
=
𝑑𝑚𝐻𝐶

𝑑𝑡
+
𝑑𝑚𝑖𝑠

𝑑𝑡
+
𝑑𝑚𝐶𝑙𝐴

𝑑𝑡
+
𝑑𝑚𝐶𝑙𝐵

𝑑𝑡
+
𝑑𝑚𝑙

𝑑𝑡
+
𝑑𝑚𝐶

𝑑𝑡
     [13] 
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Each reaction rate above is assumed to follow Arrhenius law (equation 5) and the kinetic parameters are 

taken from the literature which are listed in Table 5. The kinetic parameters have been kept as fixed 

parameters in modeling of both powders and chips. The mass fractions for hemicellulose, cellulose and 

lignin are 30%, 43.6% and 26.4% respectively. Cellulose is assumed to consist of 82.1% cellulose A and 

17.9% cellulose B. These mass fractions are used to define the initial conditions to equations [7]-[13]. 

Hence initial conditions read as:  

𝑎𝑡 𝑡𝑖𝑚𝑒, 𝑡 = 0           [13] 

𝑚𝐻𝐶 = 0.30𝑚0           [14] 

𝑚𝑖𝑠 = 0           [15] 

𝑚𝐶𝑙𝐴 = 0.821 ∗ 0.436 ∗ 𝑚0         [16] 

𝑚𝐶𝑙𝐵 = 0.179 ∗ 0.436 ∗ 𝑚0         [17] 

𝑚𝑙 = 0.264𝑚0           [18] 

Where 𝑚0 is the initial mass fraction of wood. The kinetic parameters can be seen in Table 5. The char 

yields 𝛾𝑖, 𝑖 =1, 2, A, B, and l, are found by fitting with the experimental measurements for both powders 

and chips and are listed in Table 6. H is this parameter that accounts for the differences between chips and 

powder dynamics. 

 

Table 5. Kinetic parameters used for both powder and chips (Park, et al., 2010) 

Reaction 1 2 A B l 

𝐴𝑖  (𝑠
−1) 7.94 ∗ 1016 1.26 ∗ 107 7.94 ∗ 1016 1.26 ∗ 107 5.09 ∗ 105 

𝐸𝑖  (𝑘𝐽/𝑚𝑜𝑙) 195 96 218 255 95 

𝑛𝑖 - - 1 22 - 

𝑚𝑖 - - 0.481 1 - 

 

Table 6. Char yield used in modeling for powders and chips. The values have been found by fitting with the experimental 
measurements 

Reaction 𝛾𝒊 

Powder Chips 

1 0.70 0.70 

2 0.70 0.90 

A 0.040 0.040 

B 0.040 0.040 

l 0.20 0.20 
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From the model that is presented in Table 4, mass loss as a function of temperature can be obtained which 

here allows for comparing the model to the experimental data shown in section 4. Basically, the mass loss 

m(t) is given by the char mass mC(t). The time (t) can easily be converted into temperature by using 𝑇 =

 𝑇0 + 𝛽𝑡 where 𝛽 = 20 𝐾/𝑚𝑖𝑛 is the heating rate and 𝑇0 = 298 𝐾 is the initial temperature. 

  



35 
 

6. Kinetic results 
 

Modeling results for powder and chips can be seen in figures 13 and 14 respectively. Figure 13 shows the 

comparison between the mass loss curve for powder and modeling curve. Figure 14 shows comparison 

between the mass loss curve for chips and modeling curve. The kinetic model with the kinetic parameters 

is fitting the experimental curves well. The lignin decomposition as mentioned earlier is responsible for 

the exothermic thermal behavior in the final stage of wood pyrolysis process. The pre-determined ratios 

for char yield are used for the pyrolysis models of all three components but do not describe the final char 

yield of the mass loss.  

 As can be seen in the Table 5 and 6, the kinetic parameters for modeling of both powder and chips are the 

same except for the pre-determined char yield of hemicellulose reaction 2. This ratio is higher for the 

chips than it is for the powders. Figure 15 shows the modeling curves of char for powder and chips. As 

can be seen in the figures, the char yield fraction is different for these two curves. The char yield for the 

chips, approx. 0.12, is higher than it is for the powder. This is a result of a higher pre-determined char 

yield ratio for the hemicellulose reaction 2 which is determining the char yield and also shows where the 

difference between powder and chips are. In the modeling of chips, reaction 1 produces 70% intermediate 

solid in the primary pyrolysis process which is exactly the same for the powders. In the appendix, 

intermediate solid curves for powder and chips can be seen in the figures 28 and 35 respectively. This 

intermediate solid reacts further in the second reaction and produces 90% char which is higher than it is 

for the powder. This leads to that more char is produced for the chips than it is produced for the powders. 

The reason for this might be that the volatiles that are trapped inside the chips cannot easily leave the 

particle which leads to that secondary reaction occurs. In the case of the powder, when intermediate solid 

is produced from the first reaction, it does not react further in the secondary reaction due to the escape of 

volatiles through the particle pores.  This proves the theory about secondary pyrolysis might be occurring 

inside big particles. This is the reason for the different behavior of powders and chips. 
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Figure 13. Mass loss comparison between proposed model (red line) and experiment (blue line) for powder sample mass 4 
mg. 

 

Figure 14. Mass loss comparison between proposed model (red line) and experiment (blue line) for chips sample mass 4 mg. 
Since the different chips give a similar mass-loss curve only one sample mass was fitted to the model. 
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Figure 15. The modeling results of char fraction as a function of time for powder (red line) and chips (blue line). It can be seen 
a clear difference in yields, that more char is produced for chips than it is for powder. 
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7. Conclusion  
Pyrolysis is an important process for producing useful products that have great value for industries. Many 

investigations have been done on the pyrolysis process. This has led to the conclusion that pyrolysis is 

strongly dependent on the process conditions. These conditions are, in particular feedstock composition 

and preparation, vapor residence time, heating rate and final temperatures. For example, different heating 

rates can affect the final products. Slow heating rates produces more char and fast heating rates produces 

more oil. There have also been discussions among researches whether particle sizes affect the final yields 

or not. For this reason, it is important to have knowledge about pyrolysis kinetics. 

In this report, slow pyrolysis of spruce powder and chips has been studied both experimentally and 

theoretically. Experiments have been performed on spruce powder and spruce chips with masses 4 mg, 

200 mg, 500 mg and 800 mg. The experimental results for the chips show the same pattern which means 

they all are having the same behavior and mass loss rate. This indicates the fact that there is no significant 

difference in mass loss rates with different sizes of chips. Experimental results for 4 mg powders show the 

same pattern as for the chips up to approx. 600 K. Above 600K, which is at 50% conversion, secondary 

pyrolysis reaction occurs in the chips particles which produces more char yield. The difference between 

powders and chips is above 600 K and in the char yield. This behavior is stated in the modeling part where 

the kinetic parameters are kept constant for both powders and chips, except for the pre-determined char 

yield for hemicellulose second reaction. The first reaction of hemicellulose produces the same percentage 

of intermediate solid in both cases, but as has been discussed earlier, the volatiles produced in the first 

pyrolysis reaction react with the solid in the second reaction in the chips. The volatiles produced in the 

first pyrolysis reaction cannot escape through the pores inside the particle easily which leads to longer 

vapor residence time that can easily interact with the solid and produce more char. In the case of the 

powders, the volatiles can easily leave through the particle pores and avoid the interactions with the solid 

that can lead to secondary reactions. For this reason, less char is formed for the powders.  

The kinetic model and the kinetic parameters used in this report are in good agreement to the experimental 

results. This model, where each component shows different behavior during its thermal decomposition and 

the final products are volatiles and char is a reliable model to describe the mass loss behavior of biomass. 

The difference in the experimental results between powders and chips can be explained by the modeling. 

As has been discussed earlier, the difference is in the char yield from thermal decomposition of 

hemicellulose. 
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Appendix A 

Experimental results 

The experimental repetitions with 4 mg powder are collected in figure 16 where normalized mass loss is a 

function of temperature. The char yield for all repetitions is shown in figure 17. 

 

Figure 16. Normalized mass loss as a function of temperature for 4 mg wood powder for all 3 repetitions 

 

Figure 17. Char yield (m2) as a function of initial dry sample mass, m1 for 4 mg wood powder 
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The experimental repetitions with 4 mg wood chips are collected in figure 18 where normalized mass loss 

is a function of temperature. The char yield for all repetitions is shown in figure 19. 

 

Figure 18. Normalized mass loss as a function of temperature for 4 mg wood chips for all 3 repetitions 

 

Figure 19. Char yield (m2) as a function of initial dry sample mass, m1 for 4 mg wood chips 
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The experimental repetitions with 200 mg wood chips are collected in figure 20 where normalized mass 

loss is a function of temperature. The char yield for all repetitions is shown in figure 21. 

 

Figure 20. Normalized mass loss as a function of temperature for 200 mg wood chips for all 3 repetitions 

 

Figure 21. Char yield (m2) as a function of initial dry sample mass, m1 for 200 mg wood chips 
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The experimental repetitions with 500 mg wood chips are collected in figure 22 where normalized mass 

loss is a function of temperature. The char yield for all repetitions is shown in figure 23. 

 

Figure 22. Normalized mass loss as a function of temperature for 500 mg wood chips for all 5 repetitions 

 

Figure 23. Char yield (m2) as a function of initial dry sample mass, m1 for 500 mg wood chips 
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The experimental repetitions with 200 mg wood chips are collected in figure 24 where normalized mass 

loss is a function of temperature. The char yield for all repetitions is shown in figure 25. 

 

Figure 24. Normalized mass loss as a function of temperature for 800 mg wood chips for all 3 repetitions 

 

Figure 25. Char yield (m2) as a function of initial dry sample mass, m1 for 800 mg wood chips 
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The modeling results for powder 

 

Figure 26. The modeling result for decomposition of hemicellulose as a function of time 

 

Figure 27. The modeling result for thermal behavior of the intermediate solid as a function of time 
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Figure 28. The modeling result for decomposition of cellulose A as a function of time 

 

Figure 29. The modeling result for decomposition of cellulose B as a function of time 
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Figure 30. The modeling result for thermal behavior of lignin as a function of time 

 

Figure 31. Temperature profile which is assumed to be linear as a function of time 
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Figure 32. Shows DTG curves for the three main components in biomass; Hemicellulose (HC), Cellulose reaction A (clA) and 
Lignin (L) 

The modeling results for chips 

 

Figure 33. The modeling result for decomposition of hemicellulose as a function of time 
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Figure 34. The modeling result for thermal behavior of the intermediate solid as a function of time 

 

Figure 35. The modeling result for decomposition of cellulose A as a function of time 
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Figure 36.The modeling result for decomposition of cellulose B as a function of time 

 

Figure 37. The modeling result for thermal behavior of lignin as a function of time 
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Figure 38. Temperature profile which is assumed to be linear as a function of time 

 

 

Figure 39. Shows DTG curves for the three main components in biomass; Hemicellulose (HC), Cellulose reaction A (clA) and 
Lignin (L) 
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Appendix B 

 

Matlab code for the kinetic model 

%% Initial conditions 

 

A1=4.7640e+18;     %pre-factor for hemicellulose [/min] 
A2=756000000;      %pre-factor for intermediate solid 
Aa=4.7640e+18;     %pre-factor for cellulose, reaction A 
Ab=756000000;      %pre-factor for cellulose, reaction B 
AL=30540000;       %pre-factor for lignin 

 

E1=195000;     % activation energy for hemicellulose [J/mol] 
E2=96000;      % activation energy for intermediate solid 
Ea=218000;     % activation energy for cellulose, reaction A 
Eb=255000;     % activation energy for cellulose, reaction B 
EL=95000;      % activation energy for lignin 

 

%% powder 

y1=0.70;       % char yield fraction for hemicellulose 
y2=0.70;       % char yield fraction for intermediate solid 
ya=0.040;      % char yield fraction for cellulose, reaction A 
yb=0.087;      % char yield fraction for cellulose, reaction B 
yL=0.20;       % char yield fraction for lignin 

 

 
%% chips 

y1=0.70;       % char yield fraction for hemicellulose 
y2=0.90;       % char yield fraction for intermediate solid 
ya=0.040;      % char yield fraction for cellulose, reaction A 
yb=0.087;      % char yield fraction for cellulose, reaction B 
yL=0.20;       % char yield fraction for lignin 

 
 

w_HC=0.30;              %mass fraction for hemicellulose 
w_clA=0.436 * 0.821;    %mass fraction for cellulose, reaction A 
w_clB=0.436 * 0.179;    %mass fraction for cellulose, reaction B 
w_L=0.264;              %mass fraction for lignin 
 

T_init=273+25;      % temperature [K] 

  
tspan=[0:1:45];    %time span [min] 
m0=[w_HC, 0, w_clA, w_clB, w_L, 0, 1, T_init];     % initial mass fractions 

  
[t,m]=ode15s('model2_func',tspan,m0); 
 

 

 

%% Governing equations for kinetic model 

 

function dm=model2_func(t,m) 
dm=zeros(8,1); 
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k1=A1*exp(-E1/(R.*m(8)));   %Reaction rate for hemicellulose 
k2=A2*exp(-E2/(R.*m(8)));   %Reaction rate for intermediate solid 
ka=Aa*exp(-Ea/(R.*m(8)));   %Reaction rate for cellulose, reaction A 
kb=Ab*exp(-Eb/(R.*m(8)));   %Reaction rate for cellulose, reaction B 
kL=AL*exp(-EL/(R.*m(8)));   %Reaction rate for lignin 

  
% Hemicellulose 
dm(1)=-(k1.*m(1));      %First reaction 
dm(2)=(y1.*k1.*m(1)) - (k2*m(2));   %Second reaction 

  
% Cellulose 
dm(3)=-ka.*m(3).*( (1-(0.99*m(3))).^0.481 );    %Reaction A 
dm(4)=-kb.*(m(4).^22).* (1-(0.99.*m(4)));       %Reaction B 

  
% Lignin 
dm(5)=-kL.*m(5); 

  
% Char 
dm(6)=((y2.*k2.*m(2)) + (ya.*dm(3)) + (yb.*dm(4)) + (yL.*dm(5))); 

  
% Solids: Mass loss equation for wood 
dm(7)=dm(1)+ dm(2)+ dm(3)+ dm(4)+ dm(5)+ dm(6); 

  
% Temperature ramp 
dm(8)=20;  

 
end 

 


