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ABSTRACT 

Biomass is the fourth largest source of energy worldwide after coal, oil and natural gas.  

Among the various technologies encompassing biomass energy conversion, some may be 

considered to have reached a level of technological development which allows use on an 

industrial scale while others require further testing to increase yields and reduce costs of 

energy conversion and management. The thermochemic conversion of biomass (pyrolysis, 

gasification, combustion) represents the most promising technique for energy production. 

In this context fits the application of the process of slow pyrolysis of biomass in a rotary 

kiln reactor with an integrated gas burner of small size for a continuous production of 

syngas. The objectives of this work are: 

Å To run a micropyrolyser in a rotary kiln reactor which was out of use for several 

years 

Å To connect the micropyrolyser with a gas burner for determination of produced and 

exhaust gases 

Å To run the pyrolyser in a continuous way for continuous production of syngas. 

Å To determine biomass mass flow and mass and energy balance of the system 

Å To perform Proximate and Ultimate analyses of initial biomass and produced char 

and tar with a gas chromatographer to determine LHV of syngas 

Two tests were performed during the course of this thesis work: A drying test of biomass 

and a pyrolysis test with a direct combustion of the produced syngas inside a gas burner. 

An analyzed sample of a gas mixture indicated a lower calorific value of 2,86 MJ/kg of the 

syngas due to the intake of a considerable amount of ambient air and unintentional leaks 

and loose-fitting seals. Theoretically, if an anaerobic environment could be achieved inside 

the micropyrolyser, the produced syngas would have the calorific value of 12,79 MJ/kg, a 

figure that can also be found in literature. To increase the calorific value of continuously 

produced gas in a micropyrolyser, the sealing system should be improved. 

The work was conducted on a micropyrolyzer located in a pilot plant at the Department of 

Industrial Engineering, Faculty of Engineering at the University of Perugia, Italy. 
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SUMMARY 
 
Utilization of biomass energy is, so far, limited to large-scale energy production, while 

small-scale production tends to be technically immature with high installation costs. The 

construction of facilities for small-size production with high efficiency based on mass 

production integrated with a gas microturbine or an internal combustion engine could, 

from this point of view, represent a possible way of biomass energy convertion.   

Energy conversion on a small scale certainly has a smaller environmental impact because it 

can benefit from the local availability of biomass and decentralization of energy sources. 

With reduced energy losses along the distribution lines and in situ production of electricity, 

isolated communities could benefit from it. 

In this context, a demonstration plant with a micro pyrolyser was constructed in the 

Pyrolysis Laboratory at the Department of Industrial Engineering, Engineering Faculty at 

the University of Perugia in Italy. During my experimental work the plant was equipped 

with a syngas safety electric valve and basically all seals around the reactor, hopper, screw 

conveyor, discharge section, de-ashing device and at the water scrubber were replaced, 

tested, optimised and put in order. The pyrolyser and the gas burner were connected 

separately and in continuous order. Due to safety reasons the gas burner was tested first by 

burning gas of known gas compositions (butan-propan) and afterwards with produced 

syngas. The direct combustion of continuously produced syngas from a micropyrolyser in 

a gas burner has proven the combustibility of the syngas.  During a series of tests many 

issues were brought up and many solutions were conceived in order to achieve the 

ambitious goal. 

The work was developed through the implementation of two tests: a drying test of biomass 

and a pyrolysis test with a continuous production of syngas and combustion of produced 

syngas in the gas burner. 

During the first trial the thermal efficiency of the reactor was assessed and a series of 

improvements of the plant was carried out. The test was an opportunity to test the 

functionality and system management of the screw-coupled reactor, which ensured the 

continuous mass flow. 

The second test, pyrolysis, is important and unique for the progress of research in this field. 

Effective combustibility of the produced gas in a continuous way from the micropyrolyser 

was successful and it presents a starting point for the optimization of the plant. The results 

show weaknesess on which future actions should be focused. 

The syngas mixture sampled (caloric value of 2,86 MJ/kg - beech), which was diluted with 

ambient air, suggested an immediate reduction in the intake of the air blower. In parallel, a 

significant reduction of air infiltration inside the pyrolyser must be achieved to reach a 

calorific value of 12,79 MJ/kg. Security would also improve with reduced air infiltration 

and a warning for CO intoxication outside the safety box would be issued.  

Due to the scope of this thesis, mass and energy balance of the system should be carried 

out, but because of a time shortage and late laboratorical analysis reporst from the Biomass 

Research Center, that was executed only partially.   
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1 INTRODUCTION 

The world population (6,75 billion people in 2008) has doubled in the past four decades, and 

in the past three, the worldôs energy consumption has more than doubled. In the future we can 

expect a distended consumption of energy on a global scale if the world's population reaches 

nearly 9 billion by the year 2040, which it will according to some projections [1].  

The world economy requires enormous amounts of energy, most of which comes from fossil 

fuels (oil, natural gas, methane and coal).   

In particular, it is envisaged that in the coming three decades, this type of fuel will cover 85% 

of the energy needs. However, in relation to this view, two important concerns emerge: 

 

Å Accessibility of  resources and energy security with its price; 

Å Greenhouse gases emitted from the use of fossil fuels, changing the global climate 

system.   

 

The energy sector is most responsible for the production of so-called ñgreenhouse gasesò 

(GHG). Therefore, alternative energy sources need to be utilized to slow down the emission 

of these harmful gases. A series of parallel actions needs to be taken for improving energy 

efficiency in the relevant sectors of the economy:  

Å The increase in conversion efficiency;  

Å Protection and development of mechanisms for collection and removal of greenhouse 

gases; 

Å The promotion of sustainable forest management, afforestation and reforestation;  

Å The adoption of measures to limit and reduce greenhouse gas emissions in the 

transport sector; 

Å Limiting methane emissions through the recovery and use of gas in the area of waste 

management;  

Å Research, promotion, development and increased use of renewable energy 

technologies for capturing and isolating carbon dioxide and advanced technologies 

and innovative environment. 

Renewable sources of energy in context of the threat of the global climate change are one of 

the best means to resolve the issue of future energy demand and protection of environment. 

Renewable energy is generated from natural resources such as sunlight, wind, rain, tides and 

geothermal heat. Those sources are naturally replenished. Currently, various forms of 

financial incentives issued by the European Union, individual states or local authorities exist. 

Among the technologies for the conversion of renewable resources are hydro power, 

geothermal energy, wind and wave energy, photovoltaics and biomass. 

Biomass such as forest residues and agricultural crops can, under certain conditions, provide a 

viable renewable source for electricity generation and heat. It can supply local communities 

close to production areas or offer products (biodiesel, biogas) that can replace some of the 

current fuels used for heating and transportation. 

Particularly interesting in this context are energy crops, which are intended to provide 

biomass to produce electricity or heat. The modern techniques of cultivation (Short Rotation 
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Forestry) have maximized the yield per hectare by using fertilizers, pesticides and genetically 

modified tree species. The species used in energy production should have the important 

agronomic values of high growth rates and increased biological and climate resistance. 

Currently, electricity production from biomass is achieved through the technology of thermal 

incinerators and energy recovery from the flue gas of steam cycles. Higher efficiencies can be 

achieved through technologies such as gasification and pyrolysis. These technologies have not 

yet reached the industrial level of technological development needed for the production of 

synthetic gas of medium to low heat calorific value, which can used in internal combustion 

engines and gas turbines. An interesting perspective is that the use of syngas from biomass, 

given the optimal performance with minimal environmental impact, is based on the use of 

micro gas power in the range of 30-500 kW. 

A micropyrolyzer, as a pilot plant, was built (at the Department of Industrial Engineering at 

the University of Perugia, Italy) to reach a high degree of confidence against rotary kiln 

reactors in the field of small power in the range of 30-100kW. The main operating parameters 

of the process, such as yield, composition and energy content of products, size and initial 

moisture content of biomass, pyrolysis temperature, heating rate and residence time were 

investigated in order to determine the optimal process conditions. 

The purpose of this thesis work is to conduct a study on the working parameters which 

influence the process of pyrolysis. Various implementations and interventions were studied 

and tested in order to optimize the configuration of the micropyrolyzer and to obtain optimal 

test results in terms of the energy content of the products. 

The objective of this work is the experimental implementation of the pyrolysis process in a 

continuous production of syngas, with the final combustion in a gas burner, and a 

characterization and analysis of the end products. 

Chapter 2 of this work shows the world energy outlook according to future scenarios, and a 

quick renewable resources review. 

Chapter 3 is concerned, specifically, with the production of energy from biomass and other 

energy conversion technologies with a description of different processes and their resulting 

products. 

Chapter 4 describes in detail the pyrolysis process with the use of biomass products and the 

main process parameters that affect the complex reactions. The most common slow pyrolysis 

reactor ï the rotary kiln reactor- is also described 

The beginning of chapter 5 is devoted to a detailed description of the components of the 

laboratory micropyrolyzer. The second part of the chapter deals with the problems 

encountered at the beginning of this work and with the interventions carried out to  guarantee 

optimization at the end of the test pyrolysis to obtain results that are as satisfactory as 

possible. 

In Chapter 6 the experimental work of two types of tests conducted in the laboratory is 

described. The drying test was intended to verify the performance of the rotary kiln in 

producing heat transfer, in the test phase of drying, through the resolution of the thermal 

energy efficiency of the reactor. 

The second test pyrolysis was intended to succeed in carrying out this process and to analyze 

the products obtained in order to understand the composition and energy content with 

particular attention to pyrogas (syngas from pyrolysis) and its calorific value. For 

determination of LHV, a burner was attached to complete the reaction.  
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This thesis deals with the slow pyrolysis of biomass, a phenomenon inherent in the thermal 

conversion of wood. Slow pyrolysis of biomass in a rotary kiln reactor has the potential for 

energy (electricity) production in remote areas or as a transportational LHV biogas fuel. In 

order to achieve a continuous production of combustible syngas in a mycropyrolyzer, several 

technical improvements of the power plant were carried out prior to the experiment. 
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2 WORLD ENERGY OVERVIEW 

The energy market is crucial for the economies of developed and developing countries. The 

worldôs total energy consumption has increased twofold during the last 30 years, reaching 

over 11 000 Mtoe
1
 in 2006. [2]. 

The countriesô energy demand, supply, production, usage and the energy market are among 

the elements that characterize the economy of each country. They are, in fact, of strategic 

importance to business and affect mobility and overall quality of life. 

The energy market is also very complex and is strongly influenced, even at the local level, by 

the international political climate. 

Energy policy has three main functions: to ensure the security and continuity of energy 

supply, the economy and environmental compatibility. 

These three pillars, which sometimes contradict each other, are the criteria which direct the 

energy sector in the short run and in the long run. 

From an environmental point of view the issue of energy policy is related to the pollution of 

the environment, changing the biodiversity of ecosystems, and losing natural habitats as a 

result of anthropogenic added greenhouse gas emissions, which manifest themselves in global 

climate change.   

Between 2000 and 2030 it is expected that the demand for primary energy in the world will 

grow by 60%, reaching an equivalent of 16.5 billion tonnes of oil (Figure 1). 

Two-thirds of the increased world energy demands will stem from the economic growth of 

developing countries. 

Energy sources usually consist of fossil fuels, renewable energies and nuclear power. Figure 1 

shows the breakdown of the worldôs energy supply according to energy sources from 1971 to 

2004, together with the expected distribution until 2030. The world energy need is expected to 

increase in all energy sources by 2030, due to the increased energy consumption in 

developing countries. 

2.1 Fossil fuels 

Fossil fuels are defined by the European Environment Agency as ñcoal, natural gas and 

petroleum products, such as oil, formed from the decayed bodies of animals and plants that 

died millions of years agoò [3].  

Å Oil: 

Oil is and will remain the main energy source in the world for the coming decades. Its 

consumption will increase further, primarily due to transportation needs, where its 

consumption is unrivalled. The world crude oil production of 85.54 million bbl/day (in 2007) 

[4] will increase until it reaches the maximum rate of global petroleum extraction, known as 

Peak oil production. After that the rate of oil production will experience terminal decline. 

                                                 
1
 Million tonnes of oil equivalent 
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Different forecasts estimate that the peak will begin by 2020 or later, while some assume that 

the peak has already passed.  

  

 

Figure 1. World energy supply by energy source. Adapted from IEA, 2006 [5]  

 

Å Coal: 

Coal is mainly used for heat and power generation, with a share of 40% of the worldôs total 

electricity production. Coal is the most abundant fossil fuel. According to the International 

Energy Agency (2006) the proven reserves of coal are around 909 billion tonnes, which could 

sustain the current production rate for 155 years. That would results in competitive and stable 

prices compared to gas and oil [6]. 

Å Natural gas: 

Natural gas is coalôs main competitor for heat and power production, especially in developed 

countries where environmental regulations are more stringent. It is a cleaner fuel which 

requires less treatment to meet low-emission regulations and has lower capital costs. A natural 

gas power plant produces half the CO2 of a coal-fired plant, which is an important benefit for 

countries having ratified the Kyoto Protocol. 

2.2 Nuclear power 

Nuclear power contributes 16% to world electricity generation. Nuclear power is CO2 neutral, 

with the respect to greenhouse gases. Uranium is a fairly common element in the Earth's crust 

and is about 35 times more common than silver. By using various techniques uranium is 

enriched to contain a higher concentration of isotope U-235. That fuel is used in common 

light water reactors. With the use of fast breeder reactors that use uranium-238 (99.3% of all 

natural uranium) the estimated reserves will be available for at least 1000 years. 
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Nuclear powerôs reputation was tarnished by the Chernobyl disaster in 1986. Reprocessing 

can potentially recover up to 95% of the remaining uranium and plutonium in spent nuclear 

fuel, putting it into new mixed oxide fuel. Economically, the costs of construction, operation 

and decommissioning make nuclear power less attractive with the current liberalization of the 

electricity markets. There are no longer electricity monopolies which can secure a long-term 

return on the heavy investment required to build nuclear power plants. Electricity providers 

seek shorter returns, which favor technologies, such as natural gas, with lower capital costs. 

2.3 Renewable energy 

The International Energy Agency includes in the term ñrenewable energyò the following 

energy sources: combustible renewables and wastes (CRW), hydropower, wind, solar, 

geothermal and ocean energy [4]. 

Combustible renewables and wastes are in turn defined as: solid biomass, biogas, liquid 

biofuels and municipal wastes. 

 

Å Combustible renewables and wastes: 

CRW constitute the main part of todayôs renewable energy with a share of 11% of the worldôs 

energy supply. They are made up mainly of wood and charcoal used by poor populations for 

cooking and heating. It should be noted that for those populations, solid biomass is far from 

being the clean green energy used in developed countries. The World Health Organisation 

estimates that 1.5 million deaths per year are caused by indoor air pollution from cooking 

with solid biomass [5]. 

During the last few years, liquid biofuels have risen in popularity to supplement the use of 

fossil fuels in transportation. Brazil (from sugar cane) and United States (from maize) 

extensively use bioethanol to replace gasoline. In Europe, biodiesel (transesterification from 

vegetable oils) is used as a blend to common diesel. The European Union has an objective to 

substitute 20% of the traditional fuels in road transport with biofuels before 2020. 

 

Å Hydropower: 

Hydropower is the second largest renewable energy source, with a share of 2% of the worldôs 

total energy supply. It accounts for 16% of global electricity production. Hydropower has the 

particularity to be the only large scale means to store electricity through the collection of 

water into large reservoirs for later re-conversion into electricity. Hydropower growth is 

limited as the most viable sites are generally already in use. 

 

Å Wind, solar, geothermal and ocean energy sources: 

These alternative energy sources are still negligible in terms of energy production compared 

to classical energy sources. They represent less than 0.5% of the worldôs total energy supply 

and are not depicted in Figure 1. However, there is a real market for them, especially in 

developed countries. Wind power production has notably quadrupled worldwide since 1995 

and in some countries has become a significant part of electricity generation, as in Denmark, 

where it accounts for 23% of national energy production. Wind power can also be designed as 

an independent off grid system. 
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3 ENERGY-RELATED ISSUES 

3.1 Global warming 

During the 20
th
 century, the average global surface temperature on Earth has increased by 0,6 

± 0,2ÁC. There is a general agreement in the scientific community that ñmost of the observed 

warming over the last 50 years is likely to have been due to the increase in greenhouse gas 

concentrations ò [7, 8]. 

Greenhouse gases are H2O, CO2, CH4, N2O and halocarbons. CO2 is the main source of 

concern as it contributes to half of the greenhouse effect originating from human activities. 

CO2 emissions come from the combustion of fossil fuels, which are essential for modern 

countries as they represent 85% of the world primary energy consumption. Hence it is 

extremely difficult to significantly reduce CO2 emissions without affecting the development 

of nations. 

Models differ concerning the consequences of the global warming. Nevertheless, major 

upheavals for humans, animals and plants are expected to change in local weather patterns 

and the geography of shorelines. 

An international agreement on the reduction of greenhouse gas emission, the Kyoto Protocol 

[8], was signed in December 1997, and came into force in February 2005. The Kyoto Protocol 

divides countries into developed and developing nations. The developed nations which have 

ratified the protocol should cut their CO2 emissions by 5.2% from their 1990 levels over 

between 2008 and 2012. The developing nations are not bound to reduce their emissions. The 

Protocol promotes the trade of CO2 emission credits, which decreases the costs of emission 

reduction for countries heavily dependent on fossil fuels. In 2005, the trading scheme of the 

European Union included 12 000 heavy industrial and heat and power facilities. 

The Kyoto Protocol incites developed countries to invest in new technologies for energy 

conversion, such as the development of renewable energy and zero-emission technologies 

(ZET) with CO2 capture and storage. 

3.2 Energy dependence 

Energy is vital for all modern societies. The recent dispute between Ukraine and Russia about 

natural gas, when Russia cut off gas exports to Ukraine during the winter of 2008/2009 as 

well as in winter 2006, is a vivid example of the importance of energy supply diversification. 

Therefore, governments are trying to diversify their energy bases. Conversion technologies 

have been developed to gain more fuel independence. Here are some examples: 

 

Å Gasification of coal/wood/wastes to produce syngas (mixture of CO/H2). 

Å Fischer-Tropsch process to produce liquid biofuels from syngas. 

Å Fermentation of biomass to produce bioethanol as gasoline replacement. 

 

Meanwhile, there is a trend of making multi-fuel driven thermal conversion devices, such as 

coal/wood co-combustion power plants and bioethanol/gasoline driven car engines. Crude oil 

prices have been relatively stable after the two energy crises (1973, 1979) but started to 
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increase in 1999 and 2008, due to OPEC
2
 oil restrictions and geopolitical instability in the 

Middle East. The prices are expected to increase further with the growing demand in China 

and India. High oil prices burden the balance of trade for countries without local oil reserves 

and constitute another incitement to develop alternative energy.  

3.3 Wood 

3.3.1 Renewal of interest in wood in developed countries 

Wood as an energy source is the focus of a renewed interest in developed countries. In the 

European Union, wood energy shares grew from 3% to 3.2% of the total energy consumption 

in 2003 [9]. 

Wood cannot totally replace fossil fuels. However, it may be a partial answer to the problems 

of CO2 emissions and oil dependency. Wood is a CO2-neutral fuel, provided trees are grown 

as much as they are burned, and wood is available in almost all countries. 

Furthermore, harvesting, transforming and converting wood into thermal energy requires 

manpower. The development of the wood energy industry benefits local employment and 

contributes to sustaining social and economic activity in rural and forested areas.  

3.3.2 Wood compared to coal 

Table 1 presents a comparison between the physical properties of wood and its fossil 

counterpart, coal.  

 

Table 1. Typical properties of wood and coal [10]  

 
 

Wood is a cleaner fuel compared to coal. It has low sulphur content. There is usually no need 

for De-SOx
3
 treatment of the flue-gas in wood combustion [11]. The fuel-bound nitrogen is 

typically 1% in coal and the combustion temperature is also lower due to a lower HHV, which 

                                                 
2
 Organisation of the Petroleum Exporting Countries 

3
 denitrification 
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reduces the fuel and thermal NOx formation. However, a De-NOx installation might still be 

necessary. 

The product of HHV and density gives the energy density. Calculations from data in Table 1 

give an energy density for coal 3 to 5 times greater than for wood. 

Hence, for wood to be cost competitive, it is important to limit fuel transportation and storage 

needs. As a result, wood power plants are usually considered in forested areas. The volatile 

content in wood is much higher than in coal, typically 4 times. It is an important parameter in 

the design of combustion chambers as it is necessary to cope with the large release of 

combustible gas. Therefore wood combustion chambers are larger than coal combustion 

chambers. This is further amplified by the fibrous nature of wood which makes it hard to mill 

it into very small pieces. Larger particles need longer residential time to be totally combusted. 

As heat transfer and combustion intensity (ratio of energy output to chamber size) decrease 

when the size of a combustion chamber increases, fluidised beds are often preferred for wood 

power plants, as opposed to coal, for which pulverised combustion is the prevalent 

technology. Fluidised beds also feature good heat transfer from the fuel to the walls, and are 

tolerant to large particles and high moisture contents. For wood wastes and woody fuels with 

large irregular geometry moving grates are most commonly used. 

Coal power plants produce up to 1 000 MW, wood plants are usually of small-to-medium 

size, from small domestic burners - stoves to ~ 45MW facilities. Because of the low 

combustion intensity of the wood and the costly transport of bulky material, wood is limited 

to local harvesting range. Typical facilities that use wood systems are schools, colleges, 

hospitals, public buildings, hotels and motels, commercial buildings, greenhouses, large-scale 

agricultural operations and manufacturing plants [12]. 

3.3.3 Thermal conversion of wood 

When considering wood as fuel, the final goal is to convert the wood-contained chemical 

energy into heat, either for direct heating purposes or for later conversion into electricity or 

mechanical work. Maximum wood chemical energy is retrieved by combustion. It is the 

complete oxidation of wood by oxygen into carbon dioxide and water: 

 

Wood + O2 Ÿ H2O + CO2 + NO2 + SO2 

However, other thermal processes may be applied to wood prior to combustion in order to 

transform it into a different fuel. 

One of these processes is pyrolysis. Pyrolysis is thermal devolatilization of an organic 

material under an inert atmosphere [13]. Pyrolysis products are char
4
 and volatiles: 

inert atmosphere 

Wood   īīīīīīīīīīīīīŸ Char + Volatiles 

T>350 

 

Slow pyrolysis is commonly used to produce charcoal, a fuel for cooking and heating. 

Charcoal is popular in developing countries as it burns without either smoke or flame. 

Charcoal is also used in the metallurgical industry as a high-grade reducing agent for the 

conversion of silica into silicon [14]. Charcoal production is a long (~ 4ï12h) and inefficient 

process: only a third of the initial wood chemical energy is conserved in the charcoal. 

Therefore slow pyrolysis is economically limited to particular applications. 

                                                 
4
 Wood char is commonly called charcoal and coal char, coke. 
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On the contrary, fast - or flash - pyrolysis, is a more efficient process (~ 60% energy yield 

[15]) as most of the wood energy is kept in the final product. Flash pyrolysis turns wood into 

pyrolytic oils. It was the focus of intense research during the last two decades as pyrolytic oils 

were thought to be a replacement for petroleum oil in some applications. In flash pyrolysis, 

wood undergoes very fast heating (>1000°C/s) at relatively low temperature (~ 500°C) with a 

residential time, for the volatiles, of less than 2 seconds [16, 17]. The liquid oil that is formed 

is acetic with pH lower than 2.5. Oil has variable viscosity and, in the presence of char 

particles, requires special treatment or equipment before any use. The costs of these 

treatments are currently an obstacle to commercial use of flash pyrolysis. 

Another method for thermal conversion of wood is gasification. It converts wood into a 

combustible gas mixture. A general gasification process consists of: 

 

Å  Rapid pyrolysis of a wood particle: 

Wood Ÿ Char + Volatiles 

Å  Combustion of volatiles and char: 

Char + Volatiles + O2 Ÿ CO2 + H2O 

The quantity of fed oxygen is lower than that which is required to combust all the wood. 

Therefore, part of the volatiles and char remain unburned. 

Å  Some of the water and carbon dioxide resulting from the combustion are reduced to 

hydrogen and carbon monoxide by reacting with the remaining char and volatiles: 

Char + Volatiles + CO2 + H2O Ÿ CO + H2 

Å  The composition of the mixture of CO2, H2O, CO and H2 is fixed by a water-gas shift 

reaction: 

CO + H2O Ÿ CO2 + H2 

which is close to equilibrium at temperatures above 800°C. 

 

The description above is only schematic. Depending on the design of the gasifier, the 

reactions may take place in the same location, as in a fluidised bed gasifier for example, or 

occur in different stages, as in gasifiers with separate beds and indirect heating. Air or oxygen 

mixed with water may be used as a gasification agent. Air gasification produces a gas mixture 

with a lower heating value due to the presence of nitrogen. 

 

Air gasification is a candidate process for cogeneration and for converting wood into gas 

before co-combustion with pulverised coal. Oxygen-blown gasification is studied for 

producing syngas for chemical use (methanol production, Fischer-Tropsch process) [18]. 

 

Gasification is not limited to wood: coal gasification with oxygen followed by a water-gas 

shift is currently being utilized to produce a stream of carbon dioxide and hydrogen. Carbon 

dioxide is then separated from hydrogen and stored. The process should result in a clean fuel - 

hydrogen without any release of CO2 into the atmosphere.
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3.3.4 Thermal conversion of wood through pyrolysis  

Complex phenomena take place during combustion and gasification, including: 

 

Å  Turbulent reacting flows 

Å  Heat, momentum and mass transfer 

Å  Chemical reactions 

Å  Interactions between different phases 

Å  Pyrolysis 

 

The fact that pyrolysis is present in combustion and gasification, which are the processes 

occurring in oxidising atmospheres, might be surprising at first. However, the wood particle
5
 

is indeed isolated from the oxidising atmosphere: a particle submitted to the high temperatures 

of combustion or gasification (T>800°C) quickly starts to decompose into volatiles and char. 

The outgoing volatiles keep oxygen from entering the charring particle. Hence wood 

undergoes rapid heating under an inert atmosphere, i.e. pyrolysis conditions. When 

devolatilisation is over, oxygen diffuses toward the particle centre and heterogenous 

combustion of the remaining char takes place. 

Therefore, any attempt to understand wood combustion or gasification first requires a good 

understanding and description of wood pyrolysis. 

Pyrolysis itself is a complex phenomenon, not well understood, which involves heat transfer, 

drying, flows of liquids and gases, surface recession and a large number of chemical 

reactions. A set of non-linear algebraic partial differential equations is needed to describe 

pyrolysis in detail; the solution of these equations requires substantial computational efforts 

[10].  

 

                                                 
5
 In this context, a particle refers to a log, a pellet, a chip, etc. 
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4 PYROLYSIS  

4.1 Description of the process 

Thermochemical conversion of biomass (pyrolysis, gasification, combustion) represents the 

most promising technique for energy production (Figure  2 and Figure  3). Pyrolysis is the 

process of thermochemical decomposition of organic materials that occurs at temperatures 

between 400 and 800°C in complete absence of an oxidizing agent, or with a very small 

amount of oxygen that will not cause gasification (in the latter case, the process can be 

described as partial gasification). If the temperature is below 400°C, pyrolysis is defined as 

carbonization where charcoal, fuel gas and liquid fuels (heavy and light oils) are produced. 

When the temperature reaches 1000°C there is a complete gasification of biomass.   

 

 

Figure  2. Pyrolysis, gasification, and combustion in the flaming match [19]  
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Figure  3. Schematic reaction zones of wood pyrolysis [19]  

 

Through pyrolysis the material is transformed into liquid and gas fractions with low to 

medium calorific value (SYNGAS, consisting of CO, H2, CH4 and other low molecular 

weight hydrocarbons). The liquid fraction contains water and organic compounds at low to 

medium molecular weight (TAR) and a solid carbonaceous portion (CHAR).  

Pyrolysis offers a great opportunity from an environmental point of view since it allows the 

use of a wide variety of materials (wood, waste, tires, plastic) which produce low emissions of 

nitrogen oxides and sulphur in comparison with the current technologies that are used in the 

process of incineration. Moreover, while they provide energy recovery of 40%, the values 

reach up to 70% through pyrolysis [20]. 

Generally, the products of the pyrolysis reaction can be classified into three main groups:  

 

Å Syngas: composed primarily of hydrogen, carbon oxides (CO, CO2) and gaseous 

hydrocarbons such as methane, with a calorific value of around 13-15 MJ/Nm
3
. 

Å Tar:  the liquid produced by pyrolysis is a condensable organic (bio-oil) characterized by a 

complex chemical composition: carboxylic acids, aldehydes, alcohols, water vapour and tar. 

The oily liquid portion consists of two phases: an aqueous phase containing a wide variety of 

organic compounds containing oxygen with a low molecular weight and a non-aqueous phase 

containing insoluble organic compounds (especially aromatic) with a high molecular weight. 

Å Char:  the product is a solid carbon residue with a low content of ash and a relatively high 

PCI (30 MJ/kg), with a density of about 150-300 kg/m
3
. Char can be used as a fuel to power 

the pyrolysis process or for drying the biomass before putting it into the reactor. Char is more 

stable and complex for handling and does not degrade biologically. 

The degradation of biomass into these three products is a complex process accompanied by 

the formation of more than one hundred intermediates. The scheme of reactions known as the 

kinetic mechanism of Broido-Shafizadeh is shown in Figure  4.  

 

 

Figure  4. Schematic kinetic reaction pyrolysis [21]  

 

In the first stage, the heat supplied to the biomass triggers primary reactions, breaking the 

long chain of the organic polymer matrix. The depolymerisation occurs at lower temperatures 

and produces a fraction of volatiles (primary gas and tar) and a solid fraction (primary char).  

In the second stage, tar, primary at higher temperatures, changes to a secondary exothermic 
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reaction (char particles) and transforms into gas with a lower molecular weight through the 

cracking process.  

The pyrolysis process can be divided into four phases depending on the reached temperature 

and final products:   

 

Å Values for temperatures below 200°C form only non-combustible gases, especially water 

vapour, small concentrations of CO2, acetic acid and formic acid. At this stage, the 

vaporization absorbs much of the heat to the process of thermal degradation, so it is necessary 

that the water content of the biomass is below a certain percentage (< 50-60% by mass) so 

that the process evolves according to pyrolysis. 

Å Between 200 and 280ÁC devolatilisation begins, the components of the biomass react with 

each other to form CO and some intermediate compounds such as alcohol and acid. At this 

stage, the reactions are endothermic and the products are almost non-flammable. 

Å From 280 to 500ÁC exothermic reactions begin the second stage, causing a rise in the 

temperature, leading to the formation of combustible gases (CO, CH4 and H2) and highly 

flammable liquids in the form of tar. 

Å More than 500ÁC: the initial biomass is almost totally degraded and the reactions of the 

second stage are prevalent; the yield of tar, after reaching a maximum value, decreases 

significantly, transforming into gas (syngas), and to a lesser degree char, which continues to 

serve as a catalyst for secondary reactions. 

Depending on the temperature, different products can be obtained. Normally, an increase of 

the temperature leads to an increase in the final production of gas at the expense of solid 

product. Studies [22] show that for almost all types of biomass, the maximum liquid yields are 

obtained between 475 - 525°C if the residence time of the volatile components is between 0.2 

ï 0,6 seconds. Moreover, as the pyrolysis temperature increases, not only does the amount of 

syngas increase, but it also changes its chemical composition, increasing the proportion of 

hydrogen and carbon monoxide, while that of methane decreases, so the gas has a lower 

calorific value. 

4.2 Use of pyrolysis products  

The products of the pyrolysis process can have different performance or usage, according to 

their specific chemical and physical characteristics (Figure 5. and Figure  6.). 

Tar can be used directly as a fuel or can be transformed chemically (up-grading). In the first 

case it is used in industry (for heating a baking furnace for cement and lime, high efficiency) 

or in the processes of pyrolysis due to high energy content of some components such as 

methanol. In the latter case, the tar produced by pyrolysis can be used directly in combustion 

although it rarely reaches the standards required for fuels.  
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Figure 5. Use of pyrolysis products, lines indicate currently favoured options in research on 

energy[23]  

 

 

Figure  6. Pyrolysis product development model [24]  

  

 










































































































