
 

TALLINN UNIVERSITY OF TECHNOLOGY 

SCHOOL OF ENGINEERING 

Department of Materials and Environmental technology  

 

 

 

 

COMPOSITION OF THE PRODUCER GAS 

OBTAINED FROM THE GASIFICATION OF WOOD 

SPECIES  

ERINEVATE PUULIIKIDE GAASISTAMISEL SAADAVA 

GAASI KOOSTISE MÄÄRAMINE 

MASTER THESIS 

 

 

Üliõpilane: Alejandro Lyons Cerón. 

  

Üliõpilaskood: 184644KAYM 

Juhendaja: Alar Konist, Professor 

  

 

 

Tallinn 2020 



2 

 

AUTHOR’S DECLARATION 

 

 

Hereby I declare, that I have written this thesis independently. 

No academic degree has been applied for based on this material. All works, major 

viewpoints and data of the other authors used in this thesis have been referenced. 

 

 

 

Tallinn, May 26th 2020. 

 

Author: .............................. 

 

 

 

 

Thesis is in accordance with terms and requirements 

 

Tallinn, May 26th 2020. 

 

Supervisor: …......................... 

 

 

 

Accepted for defense 

 

Tallinn, May 26th 2020. 

 

Chairman of theses defense commission: ................................................. 

        

 

 

 

 

 



3 

 

TalTech Department of Materials and Environmental technology 

THESIS TASK 

Student: Alejandro Lyons Cerón 

Study program, KAYM09/18 - Materials and Processes for Sustainable Energetics, 

main specialty: 2 - processes for sustainable energetics 

Supervisor(s): Alar Konist, Professor 

Consultants:  Oliver Järvik, Senior Researcher 

Thesis topic: 

(in English) Composition of the producer gas obtained from the gasification of wood 

species  

(in Estonian) Erinevate puuliikide gaasistamisel saadava gaasi koostise määramine 

Thesis main objectives:  

 1. Study the Estonian biomass context, in Estonia and for thermochemical conversion 

processes, specifically for biomass gasification. 

 2. Study the physical and chemical properties of spruce, alder and pine as biomass 

resources.  

 3. Fine-tune a prototype batch reactor to operate it in biomass gasification 

experiments at different operational conditions. 

 4. Determine and analyze the composition and energy value of the producer gas 

product of the gasification of spruce, alder and pine in a fixed bed reactor. 

Thesis tasks and time schedule: 

No Task description Deadline 

1. Literature overview 24.05.19 

2. Equipment preparation and set up 13.07.19 

3. Execution of experiments 13.09.19 

4. Results and analysis 06.12.19 

5.  Writing and review of the thesis document 01.05.20 

 

Language: English, Deadline for submission of thesis: May 26, 2020 

 

Student: Alejandro Lyons Cerón                    ......................Tallinn, May 26th 2020 

   

Supervisor: Alar Konist                              ......................Tallinn, May 26th 2020 

                                       

Consultant: Oliver Järvik                              ......................Tallinn, May 26th 2020 

 

Head of study Programme: Sergei Bereznev  .......................Tallinn, May 26th 2020 



4 

 

  



5 

 

CONTENTS 

PREFACE ......................................................................................................... 8 

List of abbreviations and symbols .................................................................. 9 

INTRODUCTION ............................................................................................ 10 

1. LITERATURE OVERVIEW ......................................................................... 12 

1.1. Thermochemical conversion in Estonia ............................................. 12 

1.2. Biomass gasification......................................................................... 14 

1.2.1. Thermochemical gasification ......................................................... 14 

1.2.2. Gasification zones and chemical reactions .................................... 15 

1.2.2.1. Drying ..................................................................................... 16 

1.2.2.2. Pyrolysis ................................................................................. 16 

1.2.2.3. Combustion ............................................................................. 17 

1.2.2.4. Reduction ................................................................................ 17 

1.2.3. Gasification parameters ................................................................ 19 

1.2.3.1. Effect of temperature .............................................................. 19 

1.2.3.2. Effect of gasifying agent ......................................................... 20 

1.2.3.3. Equivalence ratio .................................................................... 20 

1.2.3.4. Pressure .................................................................................. 21 

1.2.3.5. Superficial velocity and residence time ................................... 21 

1.2.3.6. Particle size............................................................................. 22 

1.2.4. Indicators ...................................................................................... 23 

1.2.5. Types of gasifiers .......................................................................... 23 

1.2.5.1. Fixed bed ................................................................................ 24 

1.2.5.2. Fluidized bed ........................................................................... 26 

1.2.5.3. Entrained flow ......................................................................... 28 

1.2.6. Challenges ..................................................................................... 29 

1.2.6.1. Technology and economic barriers; ......................................... 29 

1.2.6.2. Biomass moisture .................................................................... 29 

1.2.6.3. Particulate matter ................................................................... 29 

1.2.6.4. Tar .......................................................................................... 30 



6 

 

1.2.6.5. Other impurities ...................................................................... 30 

1.3. Biomass Characterization ................................................................. 31 

1.3.1. Physical properties ........................................................................ 31 

1.3.2. Chemical properties ...................................................................... 31 

1.3.3. Calorific value ............................................................................... 32 

1.4. Wood species available for thermochemical conversion ................... 32 

2. MATERIALS AND METHODS..................................................................... 34 

2.1. Biomass characterization ................................................................. 34 

2.2. Batch reactor set up ......................................................................... 35 

2.2.1. Batch reactor ................................................................................. 35 

2.2.1.1. Reactor ................................................................................... 36 

2.2.1.2. Controlling .............................................................................. 37 

2.2.1.3. Gas cleaning and cooling; ........................................................ 38 

2.2.1.4. Gas analysis system; ............................................................... 38 

2.2.2. Maintenance and set up ................................................................ 39 

2.2.3. Gas analysis and calibration .......................................................... 40 

2.3. Biomass gasification experiments .................................................... 41 

2.3.1. Air to fuel ratio, equivalence ratio and gas composition ................ 41 

2.3.1.1. Air to fuel ratio and equivalence ratio ..................................... 41 

2.3.1.2. Tedlar gas samples composition ............................................. 43 

2.3.2. Experiment parameters and methodology ..................................... 44 

2.3.2.1. Parameters ............................................................................. 44 

2.3.2.2. Methodology ........................................................................... 44 

3. RESULTS AND ANALYSIS ........................................................................ 46 

3.1. Gas composition ............................................................................... 46 

3.1.1. Gas chromatography readings ....................................................... 46 

3.1.2. Producer gas composition at different temperatures .................... 47 

3.1.2.1. Spruce ..................................................................................... 48 

3.1.2.2. Alder ....................................................................................... 49 

3.1.2.3. Pine ......................................................................................... 50 



7 

 

3.1.2.4. Comparison between biomass species .................................... 51 

3.1.3. Gas composition at different gas agent ratios ............................... 54 

3.1.4. Total organic Carbon ..................................................................... 56 

3.2. Ashes and unburned char ................................................................. 57 

4. CONCLUSIONS ........................................................................................ 59 

5. SUMMARY ............................................................................................... 62 

6. REFERENCES ........................................................................................... 63 

 



8 

 

PREFACE 

The following thesis was developed and based as a part of the research done by the 

School of Engineering: Department of Energy Technology: Research Group of sustainable 

Energy and fuels at the Tallinn University of Technology, under the supervision of 

Professor Alar Konist, with the consultancy of Oliver Järvik, Senior Researcher at the 

university, and assistance of other members of the Department of Energy Technology at 

the university. The research group provided all the required technical and theoretical 

assistance and guidance, as well as the required equipment to execute the research. The 

characterization of the biomass wood species samples was made by other members of 

the research group. 

The thesis consisted of gasification experiments of different biomass wood species, 

including spruce, alder and pine, under different operational conditions, such as 

temperature and gasifying agent mass flow. The experiments were carried out in a 

prototype batch fixed bed reactor from the laboratories at the Department of Energy 

Technologies at the Tallinn University of Technology. The research consisted of four main 

stages; first a theoretical and literature overview of gasification and thermochemical 

conversion processes, second a set up and preparation of the experimental and 

measurement equipment, third the execution of the gasification experiments for spruce 

alder and pine under different temperature conditions, and fourth, gas measurement 

(using FTIR and gas chromatography), interpretation and analysis of the producer gas 

composition. All experimental results were analyzed and compared to understand the 

effect of gasification temperature in the composition of the producer gas, especially the 

composition of the main combustible gases, hydrogen, methane and carbon monoxide. 

Keywords: Alder, biomass, fixed bed reactor, gasification, pine, spruce.  
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List of abbreviations and symbols 

 

CCE 

 

Carbon Conversion Efficiency 

CGE Cold Gas Efficiency 

CHP Combined heat and power 

ER Equivalence ratio 

FTIR Fourier Transform infrared Spectroscopy 

GC Gas Chromatography 

HHV High heating value 

LHV Low heating value 

Mtoe Millions of tons of oil equivalent 

n.d. Not detected 

SGP Specific Gas Production 

SV Superficial velocity 

TOC Total Organic Carbon 

TPES Total Primary Energy Supply 

LPM Liters per minute 

SLPM Standard liters per minute 
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INTRODUCTION 

The planet and its population is going through a growing consumption of energy for 

domestic and industrial applications, combined with the scarcity of natural resources, 

population growth and a global environmental crisis, caused among other factors by 

fossil fuel emissions, which have contributed to climate change. All these global issues 

have encouraged the research of efficient and cleaner energy solutions, through the 

development of generation technologies using renewable energy resources [1], [2].  

Countries such as Estonia largely depend on fossil fuels for its energy consumption 

needs, where the use of oil shale contributes to carbon dioxide emissions [3]. Estonia has 

committed to shift into efficient, renewable and sustainable energy solutions, planning to 

produce 50 % of the country’s electricity from renewable sources by 2030, limiting the 

emission of pollutants and keeping emissions of greenhouse gases below 11 % by 2020, 

and achieving 10 % of energy from renewable sources in the transport sector by 2020. 

Evidence of this is the National Renewable Energy Action Plan, where Estonia aimed and 

achieved to produce 25 % of the total energy from renewable sources [4].  

For Estonia and other countries characterized with having a large percentage of its area 

covered in forest, biomass as a renewable energy source is possibly one of the most 

economic and technologically feasible alternatives to shift into renewable energies, and 

combined with efficient and clean methods of transforming oil shale into energy, will lead 

the path to decrease carbon dioxide emissions, without compromising the country’s 

economic growth. In Estonia the shift into sustainability has already started, where 

currently around 54 % of the heat generation and 7 % of electricity generation are being 

produced using biomass resources, such as wood and wood residues [3]. 

Different methods to use biomass to produce heat and electricity include pyrolysis, 

combustion and gasification, each one presents its advantages and its specific field of 

application in the energy sector. The current research studies biomass gasification, as an 

alternative method for thermochemical conversion of biomass, into producer gas, used 

for different energy generation applications such as transportation and as a resource for 

chemicals production. Gasification uses low cost biomass and wood residues, to produce 

a gas rich in hydrogen, methane and carbon monoxide, obtained through the controlled 

reaction of a gasifying agent and biomass feedstock. 

The present research uses Scots Pine, Grey Alder and Norway Spruce samples from 

Estonian forests, considering that from all the wood resources in the country, around 

32.57 % are pines, 29.97 % birch, 17.35 % spruce, 5.78 % aspen, 3.50 % Common 

Alder and 9.15 % Grey Alder [5]. The gasification experiments are done using a 
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prototype batch fixed bed reactor, with a constant flow of gasifying agent (oxygen plus 

nitrogen) at different gasification temperatures (750, 850 and 950 °C). Gas analyzing 

equipment is used to determine the composition of the producer gas at different 

gasification temperatures and for the three biomass species (alder, spruce and pine), the 

results are compared and analyzed, taking into special consideration the concentration of 

hydrogen, carbon monoxide and methane in the composition of the producer gas. The 

research analyzes the effect of different biomass species in the production of producer 

gas, as well as the effect of gasification temperature and flow rate of gasifying agent in 

the production of producer gas.  

The document consists of three main parts; first, an overview of biomass and 

thermochemical conversion and its context in Estonia. The overview also describes all the 

relevant studies and experiments to characterize biomass, an overview of biomass 

gasification, including gasification processes, parameters, indicators and challenges, and 

an overview of the biomass species used during the experiments (spruce, alder and 

pine). 

The second part of this document includes the results of the characterization of the 

spruce, alder and pine biomass samples, including results of the ultimate and proximate 

analysis, and the calorific value. Moreover, this chapter describes all the procedures used 

to fine tune and operate the batch reactor that was used for the experiments, including 

maintenance, calibration of gas analysis equipment, and set up of the system. This 

section also describes the calculations used to determine the proper air to fuel ratio 

needed to achieve gasification at the required temperatures with the required amount of 

gasifying agent.   

The third part of this document includes all the results from the experimental gasification 

of spruce, alder and pine at different gasification temperatures and gasifying agent 

ratios, describing and analyzing the gas chromatography readings, the producer gas 

composition, the total organic carbon, and the gasification residues. This section 

compares and analyzes the gasification experiments at different temperatures of the 

three biomass species, comparing specially the concentration of hydrogen, methane and 

carbon dioxide in the producer gas. 
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1. LITERATURE OVERVIEW 

The world is facing a large scale transition in the energy sector in the latest years, with a 

growing energy demand and an increasing production of greenhouse gases. The total 

energy demand in the world is higher than ever before and carbon dioxide emissions are 

expected to increase to up to 35000 Mt by the year 2040 [6]. At the moment from the 

total electricity generation, over 65 % of the world’s electricity generation is produced by 

conventional resources, such as Coal, gas and oil, and less than 25 % of the electricity 

being generated from renewable energies. Nevertheless, the continuous efforts to create 

and incorporate renewable and clean energy policies worldwide will contribute to 

increasing the share of electricity produced by renewable energies to 37 % when 

incorporating existing energy policies or 60 % when achieving internationally agreed 

objectives on climate change [7]. 

The European Union has targeted to decarbonize the energy system, prioritize energy 

efficiency, secure energy supply, and interconnect the energy market. Among the 

European Union goals for the year 2030, the top priority goals for the energy framework 

are to cut 40 % in greenhouse gas emissions compared to 1990 levels, produce at least 

32 % of the energy demand from renewable energies, and increase energy efficiency by 

at least 32.5 % [8]. For transportation the European Union has goals to shift toward 

sustainable mobility, by reducing greenhouse gas emissions in transport by 90 % [9], 

including air, road, railway and sea transport, by increasing the use of clean vehicles, and 

vehicles using alternative fuels, improving efficiency in the transport system, 

implementing multimodal transport and improving public transport in cities among other 

measures [10].  

1.1. Thermochemical conversion in Estonia 

The energy sector in Estonia is unique among other countries in the world, mostly due to 

the large dependence of the country on fossil fuels, more specifically in oil shale used in 

power plants, consuming over 12 million tons of oil shale per year and producing over 90 

% of the electric power demand, and over 70 % of the energy demand [11]. Biofuels and 

waste are the second largest energy source, with about 13 % of the Total Primary Energy 

Supply (TPES) [12]. At the moment the energy demand in Estonia is greatly affected by 

the need of liquid fuels, especially for transportation, requiring one third of the overall 

energy demand in liquid fuels. Solid and gaseous fuels make almost one fourth of the 

energy demand (24 %), while the requirements for heating and electricity are over 45 % 

(23 % for heating and 22 % for electricity) [13]. 
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Estonia has reduced carbon monoxide emissions by 50 % compared to the emissions in 

the year 1990 [14]. To mitigate pollution and emissions and to increase energy 

efficiency, the country has set different goals such as [3], [15]: 

 Ensuring fuel and energy supply and local generating power, with a power network 

modernized every 30 years. 

 Preserving the competitiveness of the domestic market, especially for oil shale 

production, while increasing the efficiency and reducing environmental harms. 

 Limiting the emission of pollutants such as sulfur dioxide, nitrogen oxide and volatile 

organic compounds, and keeping emissions of greenhouse gases below 11 % by 

2020.  

 Achieving 10 % of energy from renewable sources in the transport sector by 2020. 

 Ensuring a 20 % energy share produced from CHP by 2020.  

 50 % of electricity generated from renewable sources by 2030. 

 A transition to 80 % renewable energies in electricity and heat by 2030. 

The main renewable energy resource in Estonia is biomass in the form of wood, bio 

residues and biofuels, having more than 54 % of the heat generation produced from 

biofuels in boiler houses and distributed through district heating, and 7 % of electricity 

produced from biofuels and biomass. Wood resources from forest are the most used and 

available type of biomass resource in Estonia, with around 2.3 million Ha of forest in the 

country, covering over 50 % of Estonia’s territory [16], with pine, spruce, birch, aspen 

and alders among the most common type of tree species in Estonia (Figure 1). These 

tree species are not only wide available, but are increasing on average 55 m3/ha per year 

[16].  

 

Figure 1. Forest resources in Estonia, most common types of tree species (Adapted from [17]) 

Estonia has used thermochemical conversion processes for energy generation since the 

early 20th century, as oil shale has been the main energy source through combustion, 

since 1923 Estonia has built oil shale combustion power plants. Other than oil shale, 

biomass is seen as an alternative fuel for thermochemical conversion processes in 

Estonia, considering its potential and availability and considering that at the current 
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consumption the active supplies of Estonian oil shale will last for about 10 years or less 

and the total supplies will not last more than 60 years [18].  

Alternative technologies such as wood gasification, combustion or cogeneration present a 

potential role in supplying energy to the Estonian energy market, especially biomass 

thermochemical conversion processes. At the moment district heating provides most of 

the heat demand of the country (more than 70 % [19]), through thermochemical 

conversion processes using central boiler plants or combined heat and power stations. 

Thermochemical conversion processes such as biomass gasification are presented as one 

of the relevant technologies to be researched and implemented in Estonia, to provide 

cleaner and renewable solutions for energy production for transportation and heat and 

power generation.  

1.2. Biomass gasification 

Biomass conversion technologies are divided in four main categories; direct combustion, 

agrochemical processes, biochemical processes and thermochemical processes [20]. 

Thermochemical conversion processes such as pyrolysis and gasification use low 

moisture biomass and biowaste to produce electricity, heavy oil or gas fuels [21]. This 

overview is focused on thermochemical conversion processes, specifically gasification.  

Gasification is a low oxygen environment thermochemical conversion process for the 

production of syngas or producer gas, by converting organic stock such as carbon 

biomass, coal, natural gas, petroleum and industrial waste into flammable and 

combustible gas. Gasification is carried out at temperatures ranging from 500 to 1400 

°C, in pressurized or atmospheric reactors, with a gasifying agent flow [21]. In the 

chemical industry gasification processes are used for the syntheses of chemicals and 

fuels like methanol and ammonia. In the energy generation industry gasification 

processes are used for the generation of combustible gases, especially for the generation 

of hydrogen, carbon monoxide and methane, used for energy generation in internal 

combustion engines, gas engines, gas turbines and fuel cells [22]. Gasification is chosen 

as the technology to study due to its high potential of producing producer gas with 

hydrogen and carbon monoxide concentration and its applications for alternative energy 

generation solutions, especially in transportation and combined heat and power. 

1.2.1. Thermochemical gasification 

Among the different thermochemical conversion processes for solid biomass, biomass 

gasification is a process that transforms solid organic materials into producer or syngas 

by using controlled environment, high temperature reaction processes in the presence of 

a limited supply of oxidants as a gasifying agent. The producer gas product of gasification 
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usually consists of hydrogen (12 - 20 %), carbon monoxide (17 - 22 %), methane (2 - 3 

%), carbon dioxide (9 - 15 %), water vapor, nitrogen and different impurities [23], the 

composition of the produced gas depends on the type of fuel used, the gasifier type and 

design, the gasifying agent and the operational conditions. Biomass gasification has 

different applications for CHP, especially for small to medium scale generation (up to 10 

MW), having biomass to power efficiency potential between 35 – 40 %  [24]. The 

produced gas is considered a renewable energy source if obtained from biomass, and 

presents several applications, such as fueling internal combustion engines and gas 

turbines, providing heating for CHP applications or using it to produce methanol or 

hydrogen [25]. 

Gasification as a thermochemical conversion process was first discovered at the end of 

the 18th century in countries such as France and England, and was implemented over half 

a decade later, using gas produced from coal gasification for district and housing lighting. 

The combustible fuel product of biomass gasification was actively used in the 19th century 

and early 20th century, where in countries such as the United States, cities were supplied 

with gas produced from gasification for cooking and lightning applications. France played 

a major role in the development of gasification systems, and contributed to the 

implementation of coal and peat gasification in European gas systems, before liquid fuels 

took over the market [26]. During the Second World War, the oil crisis re-introduced 

gasification, using producer gas as transportation and industry fuel. Likewise, gasifiers 

were installed during the 1973 oil crisis, while in the last decades the awareness of 

climate change led to a new stage of biomass gasification technologies, being mostly 

developed by Sweden, Finland, Estonia, China, Germany and the United States [23]. 

1.2.2. Gasification zones and chemical reactions 

Biomass thermochemical gasification occurs through a set of stages where different 

thermochemical reactions take place, starting from the drying of the biomass raw 

feedstock, followed by the pyrolysis where biomass is transformed into char and 

volatiles, a partial oxidation or combustion where exothermic reactions take place, 

generating heat and different gaseous species, and followed by reduction, the last stage 

where gases and char are transformed into producer gas. During gasification different 

stages occur at the same time, and therefore interact with each other through heat 

transfer (See Figure 2).  
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Figure 2. Gasification stages occurring in an updraft fixed bed reactor. (Taken from [23]) 

1.2.2.1. Drying 

Biomass that presents average moisture content from 5 % up to 35 % [23] is used in 

gasification processes, biomass with moisture contents above 35 % and up to 60 % is 

not suitable for gasification as the energy losses are greater and the efficiency is severely 

decreased [27]. As biomass is fed into a gasifier, the heat transfer from the partial 

combustion raises the drying stage temperature to about 100 °C – 200 °C, thus reducing 

the moisture content and producing water vapor (Equation 1). Pretreatment of biomass 

(pre-drying to reduce moisture content to 10 % - 20 % and densification) [21] increases 

the efficiency of the gasification process and improves the quality of the producer gas, as 

the latent heat of vaporization requires a substantial amount of energy that affects the 

efficiency of the gasification process. During the drying stage biomass does not 

experience thermal decomposition of volatiles but rather loss of moisture content.  

                               
    [28] Equation 1 

1.2.2.2. Pyrolysis 

Biomass is expressed by its main elements that compose it (           , and once the 

gasifier reaches temperatures over 200 °C, pyrolysis stage occurs at temperatures from 

200 °C to 700 °C in the absence of air. During pyrolysis, organic compounds such as 

cellulose, hemicellulose and lignin break into char and gas molecules such as hydrogen, 

carbon dioxide, carbon monoxide and methane among others (Equation 2).  At 300 °C 

cellulose forms into carbonyl and carboxyl radicals, at temperatures over 300 °C cellulose 

gets decomposed into chars, tar and different gas species, and at temperatures between 

300 °C to 500 °C lignin is decomposed to form methanol, water and acetone [26]. During 

pyrolysis, the reactions with temperatures lower than 300 °C are exothermic, therefore 

to convert biomass into char with pyrolysis at temperatures lower than 300 °C external 

heating is not required. On the other hand for pyrolysis at temperatures over 300 °C 
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external heating is used as the reactions are endothermic. For biomass pyrolysis in 

gasification, external heating is used, to reach higher temperatures and achieve a higher 

production of gases.  

                                               
    [23] Equation 2 

1.2.2.3. Combustion 

The combustion stage occurs when tars, char, gaseous molecules react in exothermic 

reactions with the gasifying agent of the process. The combustion stage reaches high 

temperatures starting from 900 °C and reaching 1500 °C or even up to 1800 °C 

depending on the gasifier conditions. The combustion stage is relevant to determine the 

type and quality of the producer gas and to determine different parameters such as 

internal pressure and temperature, type of gasifying agent and type of reactor. These 

parameters also affect the output producer gas. The main oxidation reactions in the 

combustion stage are shown in the following Equations 3, 4, 5, 6 and 7[29]. 

          Equation 3 

  
 

 
       Equation 4 

   
 

 
        Equation 5 

   
 

 
        Equation 6 

                  Equation 7 

The oxidation reactions produce mostly carbon dioxide, carbon monoxide and water 

vapor, during combustion heterogeneous and homogeneous reactions occur, exothermic 

heterogeneous reactions occur within the char produced during pyrolysis and oxygen 

present in the process to produce carbon dioxide and heat. Both heterogeneous and 

homogeneous reactions are all exothermic and produce a significant amount of heat that 

is used as a heat source in other gasification stages such as drying, pyrolysis and 

reduction [26]. During combustion, a steam atmosphere increases the production of light 

gases such as hydrogen and carbon monoxide, therefore steam has been considered one 

of most best options to be implemented as a gasifying/oxidation agent as it contributes 

the most to the gas reforming process in the combustion reactions [30]. 

1.2.2.4. Reduction 

The reduction zone, also known as the gasification stage, is the stage where all the gas 

species that compose the producer gas are produced, during this stage, carbon dioxide 

and water vapor are  transformed into carbon monoxide and hydrogen, as the sensible 

heat of different gas species and char produced during pyrolysis and combustion is 
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transformed into producer gas with high chemical energy properties [23]. The gasifying 

agent such as steam and carbon dioxide is also present and relevant during the reduction 

reactions; this agent reacts with char, gases and tars. On the other hand, if the gasifying 

agent is oxygen, this agent reacts within the combustion stage [31]. The main reduction 

reactions are shown in Equations 8, 9, 10, 11 and 12 [21], [28], [29], [32]:  

Methane formation            (-75 MJ/kmol) Equation 8 

Water-gas shift                 (-41 MJ/kmol) Equation 9 

Boudouard            (+172 MJ/kmol)  Equation 10 

Methane reforming                (+206 MJ/kmol) Equation 11 

Char reforming             (+131 MJ/kmol) Equation 12 

The reduction reactions produce mostly methane, hydrogen, carbon monoxide, and 

carbon dioxide. The main reduction reactions are Boudouard and char reforming 

reactions [23]. At low gasification temperatures (above 700 °C and below 1000 °C) the 

Boudouard reaction is the controlling reaction in the reduction stage, with the 

heterogeneous reaction of char and carbon dioxide, producing the most significant 

amount of carbon monoxide [33]. The Boudouard and char reforming endothermic 

reactions together are responsible of the production of hydrogen at high temperatures 

(also produced by the water gas shift reaction) and carbon monoxide, and the decrease 

of the producer gas temperature during the reduction process. The water-gas shift 

reaction increases the H2/CO ratio but does not affect directly the heating value of the 

producer gas [31]. 

Nevertheless, the overall gasification process also produces by-products such as nitrous 

oxides, sulfur dioxide and tars. Tar is the highest obstacle in biomass gasification and its 

utilization for energy generation applications, as tar particles in the producer gas reduces 

the gasification process efficiency. Tar formation can be controlled or reduced with an 

adequate temperature operating conditions; temperatures of 900 °C in the reduction 

zone reduce the production of tar particles [26] 

The reactions stated above are the main reactions that produce the most significant 

amount of carbon monoxide, carbon dioxide, methane and hydrogen, however, there are 

more than fifty gasification reactions in a gasification process due presence of other 

species and elements in the raw biomass and the gasifying agent, such as nitrous oxides, 

sulfur oxides, considering that nitrous and sulfur oxides are strong air pollutants [34]. 
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1.2.3. Gasification parameters 

Biomass gasification and the properties and quality of the produced gas highly depends 

on the operational conditions of the gasification process, the main parameters that affect 

the gasification process are; the type and characteristics of the biomass, gasification 

temperature, gasifying agent, equivalence ratio, reactors pressure, particle size and 

superficial velocity [23]. 

1.2.3.1. Effect of temperature 

Temperature affects the production rate of char, tar, and gases in the gasification 

process, as temperature directly affects the equilibrium reactions, it has been shown that 

an increase in the gasification temperature increases the producer gas yield and 

decreases the tar production [22]. Taking into account the impact of the gasification 

temperature in the producer gas, the first requirement to take into account is an 

accurate control to keep a constant and stable gasification temperature during the whole 

process [35]. 

Lower or higher gasification temperatures have different inputs in the gasification 

process, if the objective of the process is to reach higher efficiency, lower temperatures 

(600 – 700 °C) favor the systems efficiency, but high temperatures favor the gas yield 

(increasing mostly the hydrogen production) and reduce the tar and char production. 

Increasing the systems temperature favors the products in the endothermic reactions 

(Boudouard, Methane reforming, Char reforming), resulting in a higher production of 

hydrogen and carbon monoxide [31]. 

Gasification with air at temperatures from 700 °C to 900 °C promote hydrogen and 

carbon monoxide production and decrease methane and carbon dioxide production, 

biomass gasification with steam at temperatures from 700 °C to 850 °C increase the 

hydrogen and carbon dioxide yield [36], while decreasing the carbon monoxide and 

heating value of the producer gas. Air-steam gasification has shown in some researches 

a decrease in the gas heating value when temperature is increased over 800 °C [23] and 

below 1000 °C. The H2/CO increases for air steam gasification, while the CO/CO2 ratio 

decreases. Compared to gasification at temperatures higher than 1000 °C, at lower 

temperatures the reaction rate is slower and the residence time is longer [31], while at 

the same time tar and volatiles may condense and deposit and clog in the pipelines [37].  

Different research has shown that increasing the gasification temperature to 1000 °C 

increases the hydrogen, carbon monoxide and methane concentration, hydrogen 

increased from 10 vol% to up to 38 vol%, methane increased from 5 vol% to up to 14 

vol% and carbon dioxide decreased [21]. As endothermic reactions products increase 
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with temperature, carbon monoxide and hydrogen production keeps increasing while 

thermal cracking and steam reforming decrease tar production [37]. At temperatures 

higher than 1200 °C gasification produces almost no methane and the reactions shift to 

combustion reactions. 

1.2.3.2. Effect of gasifying agent 

The most common gasifying agents used in gasification are air, oxygen, steam, carbon 

dioxide and mixtures, which directly affect the heating value of the producer gas. From 

all the gasifying agents, air is the most widely used, as it is the less expensive and does 

not produce high concentrations of tars and chars, nevertheless, the heating value is 

considerable low (4 – 7 MJ/kg) and the producer gas has a high concentration of nitrogen 

(over 50 vol%) and therefore lower concentration of the other species (hydrogen 11-17 

vol%, carbon monoxide 21-24 vol%, up to 13 vol% of carbon dioxide and up to 3 vol% 

of methane [22], [38], [39] .   

Steam is also often used as a gasifying agent, contributing to three of the most relevant 

reduction reactions and to a higher production of hydrogen and a high heating value 

producer gas (10 – 18 MJ/kg). Gasification with steam requires an external heat supply 

(or to be mixed with oxygen) and can increase the production of tars.  

Using pure oxygen as the gasifying agent is rather expensive and requires higher safety 

precautions, even though this gasifying agent achieves higher temperature gasification 

and a high heating value producer gas (12 – 28 MJ/kg). Using carbon dioxide produces 

high concentrations of hydrogen and carbon monoxide but also requires an external heat 

supply [23]. 

It has been observed that gasification with gasifying agent mixtures such as air and 

steam can significantly increase the concentration of hydrogen and carbon monoxide in 

the producer gas, reaching from 63-72 % of H2 and CO with air- steam gasification, 

compared to 52-63 % with only air [40]. Even though steam contributes to the 

production of hydrogen and carbon monoxide in the producer gas, an excessive supply of 

steam can produce losses in energy due to external heating requirements and lower the 

reaction temperatures, favoring the reactants in the main endothermic reduction 

reactions [21]. 

1.2.3.3. Equivalence ratio  

The equivalence ratio (ER) is one of the most important parameters in gasification, which 

affects the gasification performance, the producer gas composition, heating value and 

efficiency. The equivalence ratio represents the ratio between gasifying agent and 

biomass under the gasifier operation conditions compared to the same ratio under 



21 

 

stoichiometric conditions (complete combustion). The equivalence ratio determines the 

temperature of the system, the availability of oxygen, the producer gas yield and the tar 

content. A high equivalence ratio results in a higher gas production yield and a lower low 

heating value in the producer gas [22], making it necessary to search for the most 

adequate equivalence ratio for each gasification system, as the gas production and the 

heating low value are inversely affect by the equivalence ratio. An equivalence ratio close 

to 1 is closer to a combustion process and produces then a product with high carbon 

dioxide concentration, while a low equivalence (lower than 0.1) is similar to a pyrolysis 

process and produces hydrogen and carbon monoxide and char and a low gas yield [23]. 

Increasing the equivalence ratio decreases the system’s efficiency, as more gasifying 

agent will be used for the same amount of fuel [41]. 

The equivalence ratio ER is expressed as (Equation 13 and Equation 14): 

   
          (            

          (                                   
 [35] Equation 13 

          
                      

           
 [35] Equation 14 

The equivalence ratio has been proved to affect the char and tar production. When 

increasing the ER in air gasification, the hydrogen concentration increases, while the 

production of methane and carbon monoxide decreases and the total gas production 

increases [21].  

1.2.3.4. Pressure 

Gasification can be operated at atmospheric pressure or as a pressurized system. The 

reaction rate and the composition of the producer gas are affected by the gasifiers’ 

operational pressure. While high pressure reduces tar formation and favors the 

production of some gas species such as methane, the gasification cost is negatively 

affected [23]. Having a pressurized gasification allows having a pressurized producer gas 

which favors future energy production applications in internal combustion equipment 

such as gas engines and turbines [35]. Some research has found that gasification with 

pressurized cycles combined with producer gas cleaning record efficiencies higher than 

40 %, which makes the technology commercially competitive compared to other energy 

conversion technologies [42]. 

1.2.3.5. Superficial velocity and residence time 

Superficial velocity directly affects the time for reactions to occur, the producer gas 

energy content, the biomass consumption and the yield of producer gas and other 

products (tar, char) [23]. Superficial velocity can be defined as the producer gas flow 

rate divided by the internal cross sectional area of the reactor (Equation 15). 
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Low superficial velocity values in biomass gasification result in a slow pyrolysis process 

and thus a high production of unburned chars and tars. On the other hand, high 

superficial velocities produce a fast pyrolysis which decreases the residence time of the 

producer gas in the reactor and affect the tar cracking process [22].  

The reactor’s superficial velocity and residence time measure the same parameter, which 

is the period of time that the biomass particles stay in the gasifier. The residence time is 

related with the superficial velocity and the reactor’s height (internal height where the 

reactions occur). The residence time must assure that the gasification reactions occur, 

which depends on the type of gasifier, considering fixed bed gasifiers the ones with the 

longest residence times, while entrained flow gasifiers have the shortest residence times 

(1-2 s) [35].  

1.2.3.6. Particle size 

Biomass samples to be gasified must be within the proper size to achieve the fullest 

reactions possible and maintain a constant consumption rate in the reactor. The biomass 

particle size affects the producer gas composition and quality. Biomass with considerably 

small particle size (<0.3 mm) can cause blockage in the reactor’s feeder, moreover, 

small particles have higher heat transfer with the reactor, causing faster reactions with 

lower temperatures [22]. Bigger size particles present slower reactions increasing the 

reaction time and requiring higher temperature reactions. The sphericity parameter has 

been used in biomass gasification to describe the shape of the biomass particles, 

considering spheres of the same volume of the particle and its similarity to a perfect 

sphere. Particles with similar shapes to spheres have the greatest heating transfer with 

the reactor. Some studies have found ratios of particle size and reactor internal diameter, 

such as Dogru [43], which considers a particle size of one eight of the reactor’s internal 

diameter.  

Some studies [44] have shown that small particle sizes produce more carbon monoxide, 

hydrogen and methane. The hydrogen yield has shown a decrease when particle size 

increases (>0.5 mm), causing a decrease higher than 20 vol% in hydrogen production. 

Nevertheless the relationship between low heating value (LHV) of the producer gas and 

particle size is not certain, as the highest LHV have not been correlated to particle size in 

all studies, some show a greater heating value with medium particle size (0,3-0,5 mm) 

while others found an increase in the LHV when increasing the particle size [45].  Smaller 

particles have a greater contact area with the gasifying agent and produce higher 

producer gas yields and lower char and tar production [21]. Large particles produce more 
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char and tar, as the surface temperature of the particle is higher than the core 

temperature affecting the gasification reactions.  

1.2.4. Indicators 

The efficiency of a gasifier and a gasification process depends on the conversion of 

biomass to producer gas. To evaluate a gasifier and the biomass conversion process 

there are different parameters to take into account, including the Specific Gas Production 

(SGP), the Carbon Conversion Efficiency (CCE) and the Cold Gas Efficiency (CGE) [22].  

The SGP rates the syngas flow (Qgas) at wet gas, dry gas or dry ash free gas and the 

biomass fed to the reactor as following (Equation 16): 
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 [22] Equation 16 

The CCE rates the gas species containing carbon leaving the gasifier (CO, CO2, CH4, etc.) 

and the carbon entering the system (Equation 17), where xi is the mole fraction of 

products containing carbon and yc is the carbon mass fraction of the biomass. 

     
         

   

           
 [22] Equation 17 

The CGE is used to express the chemical energy leaving the reactor and the chemical 

energy entering the system. The energy content of the producer gas (energy leaving the 

system) is expressed with the low heating value (LVH), while the energy entering the 

system is related to the biomass LHV (Equation 18). 

     
           

                   
 [22] Equation 18 

An important indicator is the contaminants present in the producer gas, such as tars, 

heavy metals, particulate matter and other gases such as hydrogen sulfide, sulfur 

dioxide, nitrogen oxides and hydrogen chloride.  

1.2.5. Types of gasifiers  

There are different ways to classify gasifiers (Figure 3) based on parameters such as 

gasifying agent, heat source, design and pressure. Based on the gasifying agent, a 

gasifier is classified by the type of gas species that uses in the different stages, the main 

gasifying agents are mentioned before. Auto-thermal gasifiers involve exothermic 

chemical reaction as heat sources for the process, while Allo-thermal gasifiers involve 

heat transfer from an external source to the reactor.  Based on design, there are fixed 

bed, fluidized bed and entrained flow gasifiers, each type having subtypes of designs. 

Gasifiers are also classified on the operational pressure conditions inside the reactor, 

having atmospheric of pressurized gasifiers [22]. 
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Figure 3. Classification of biomass gasification technologies based on gasifying agent, heat source, 
design and pressure (Based on [22]) 

1.2.5.1. Fixed bed 

Fixed bed gasifiers are the most simple in design and among the most common used 

type of gasifiers, operating at temperatures of 1000 °C or lower. The simple design of 

fixed bed gasifiers consists of a bed of solid fuel particles reacting with a fed-in gasifying 

agent, an exhaust outlet for producer gas, and a unit for ash collection and filtering 

systems for the producer gas. Fixed bed gasifiers operate at atmospheric or pressurized 

conditions (2.5-3.0 MPa), have the most simple construction, made of concrete or steel, 

operate at low superficial velocities, therefore with long residence times, but produce a 

high carbon conversion. Nevertheless, fixed bed gasifiers produce high amounts of tars 

and are more suitable for small scale power generation. There are three types of fixed 

bed gasifiers, downdraft, updraft and sidedraft [23], [26] .  

Updraft gasifiers (Figure 4), also known as countercurrent gasifiers are among the oldest 

design used in gasification reactors. In these types of reactors the biomass is fed from 

the top of the reactor and the gasifying is fed at the bottom of the reactor through a 

grate. Biomass and gasifying agent interact in a countercurrent direction. Biomass (as 

tar, ashes and char) reaches the bottom of the gasifier and is held by a grate (grill), 

where due to the reaction with the gasifying agent, biomass is ignited and generates an 

increase of temperature, this is considered as the combustion or oxidation zone. The 

gasifying agent moves updraft transferring heat from the combustion zone and 

interacting with biomass in a way that the biomass entering the reactor gets dried 

(drying zone), the devolatilized (pyrolysis zone) and then reduced (reduction zone). 

Updraft gasifiers accept biomass with considerably high moisture content (up to 60 %) 

and high ash contents (up to 25 %).  

In updraft gasifiers the producer gas comes out of the gasifier at a low temperature and 

therefore does not take much heat from the process, increasing the efficiency of these 

reactors, moreover, updraft gasifiers present a small pressure drop. Nevertheless as it is 

a fixed bed reactor the tar production is high, the moisture content is high, the startup 
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time is high, and it can present a poor reaction capability. These types of gasifiers are 

suitable for applications where high flame temperature is required and a moderate 

amount of dust in the producer gas is allowed [23], [26], [22], [35], [46].  

Downdraft gasifiers (Figure 4), also known as co-current gasifiers are gasifiers in which 

the gasifying agent and the solid fuel interact in the same direction. There are two types 

of downdraft gasifiers, open and close top design. Open top gasifiers or stratified 

gasifiers present an open top where air is forced to move downwards with a 

homogeneous air flow through the reactor, increasing the thermochemical conversion 

efficiency. Open top gasifiers are convenient for small particle size and low density solid 

materials. Closed top gasifiers have either a straight cylindrical reactor or a throated 

section in the reactor core. In straight cylindrical closed top gasifiers all the reactor zones 

present the same internal diameters, while for throated closed top gasifiers, the throat 

located in the combustion zone presents nozzles around its smaller diameter where the 

gasifying agent is supplied. Throated gasifiers present the advantage of decreasing tar 

production and are suitable in small scale applications, as for larger scales the 

temperature and flow is not uniform in these gasifiers [23], [22], [35], [47].  

Downdraft gasifiers produce producer gas at high temperature (between 900 °C and 

1000°C) which reduces the thermal efficiency of the process. Moreover, the suitable 

types of biomass for downdraft gasifiers must contain 25 % of moisture or lower, 

likewise for ash contents, as downdraft gasifiers operate with difficulties with high ash 

content solid fuels [23]. In small scale generation applications, the gases obtained 

present low particulate and tar content, as the main gas species produced are  carbon 

dioxide, water, carbon monoxide and hydrogen [26]. An advantage of downdraft gasifiers 

is the possibility of eliminating up to 90 % of the tars produced and removing ashes and 

dust with the unreacted char located in the lower end of the reactor [46].  Downdraft 

gasifiers present shorter residence times as particles move faster due to gravity, but a 

lower carbon conversion is achieved compared to updraft gasifiers [31]. 

Sidedraft gasifiers (Figure 4), also known as cross-flow or crossdraft gasifiers have a 

different configuration from downdraft and updraft gasifiers, as biomass is introduced at 

the top of the gasifier and falls downwards, while the gasifying agent enters from one 

side and the producer gas exits form the opposite side. This special arrangement causes 

the gasification zones to be in a different configuration, where drying occurs the on the 

side, partial combustion occurs in front of the gasifying agent feed area, while pyrolysis 

occurs around the combustion zone and reduction occurs after the combustion zone, 

close to the producer gas exit area. Partial combustion occurs at considerably higher 

temperatures (>1500 °C) than combustion in downdraft and updraft gasifiers. Sidedraft 
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gasifiers present optimal operation conditions, producing high temperatures in small 

volumes, with low ash content solid fuels and low tar producer gas, present a fast 

response, meaning a short start up time. Nevertheless, in sidedraft gasifiers the producer 

gas exits at temperatures between 800 °C and 900 °C, reducing the thermal efficiency, 

while the gasifier is not capable of operating with small particle side solid fuels. These 

types of gasifiers have few applications and are not commonly used [23], [26], [22]. 

 

Figure 4. Fixed bed gasifiers; (Left) Updraft, (Center) Downdraft, (Right) Sidedraft. (Taken from 
[23]) 

1.2.5.2. Fluidized bed 

Fluidized bed gasifiers are used in biomass and coal gasification, operating based on the 

principle of fluidization, where the solid fuel and a bed made of an inert solid behave as a 

fluid when the gasifying agent is forced through the solid particles inside the reactor and 

gets mixed with the feedstock particles, suspending the bed and fuel particles as the 

gasifying agent flows from the bottom of the reactor. The fluidization and the high 

temperature of the inert bed enhances the heat transfer between the fuel particles and 

the reactor, rapidly increasing the temperature of the solid fuel and enabling the 

gasification process to operate at isothermal conditions for medium to large scale 

generation, having operating temperatures from 800 °C to 900 °C [21], [23], [26], [48]. 

The relatively low operating temperature and short residence time cause gasification 

reactions to not achieve chemical equilibrium, decreasing the hydrocarbon production, 

but having up to 95 % carbon conversion. Silica, sand, and glass beads are the most 

commonly used inert beds in fluidized bed gasifiers. Nevertheless the inert particles are 

likely to react with inorganic components of the solid fuel and form adhesive layers that 

bind the fuel particles and causes agglomerates which stop the fluidization process. 

Moreover, char and tar reduce the quality of the producer gas and leads to 

malfunctioning of the reactor. There are three main types of fluidized bed reactors, 

bubbling bed gasifier, circulating bed gasifier, and twin bed gasifier [35], [46].  
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Bubbling bed gasifiers (Figure 5) present solid fuel gasification under high pressure with 

fluidized gasifying agents as a medium, which pass through the reactor and its inert bed. 

There are two different phases present in this type of reactors, a dense phase in the 

bottom of the reactor, consisting of a high solid content (inert bed and solid fuel), and a 

dilute phase in the top of the reactor. The solid fuel particles are fed, and at a certain 

point the friction between the particles and the gasifying agent counterbalances the 

solids weight causing bubbling of particles, the solid fuel goes through drying, pyrolysis, 

partial combustion and reduction stages rapidly and simultaneously, having short 

residence times and low temperatures (700-900 °C). This type of reactors present a 

lower carbon conversion efficiency than circulating bed gasifiers, as the particles tend to 

stick and oxygen is trapped in the bubbles and reduces the gasifiers efficiency. Bubbling 

fluidized bed reactors have cyclones attached at the exit of the reactor to recycle the 

inert bed material particles and collect char and ashes  [2], [23], [6], [11], [14], [27].  

Circulating fluidized bed gasifiers (Figure 5) are a modification of the bubbling fluidized 

bed gasifiers, where the solids (inert bed + char) and a high velocity gasifying agent are 

recycled back to the reactor through a cyclone, which separates them from ashes and 

tars, which are extracted from the reactor. Circulating bed gasifiers operate at higher gas 

velocities in a turbulent fluidization mode, reaching operation temperatures from 800 °C 

to 1000 °C. Compared to bubbling bed reactors, circulating bed reactors have a higher 

energy throughput, higher carbon conversion efficiency and a higher feed capacity. 

Moreover, there is no formation of bubbles, thus not trapping oxygen and having a 

higher efficiency than bubbling bed reactors. The exhaust gas temperature is as high as 

the bed temperature avoiding a high tar production, but the operational difficulty is 

related to low temperatures applications, such as biomass gasification, as the biomass’ 

ashes melt at temperatures below 1000 °C, causing slagging in the reactor [21]–[23], 

[26], [31], [35].   

Twin-bed gasification consists of two fluidized bed reactors, where solid fuels enter the 

first reactor and all the gasification stages occur (drying, pyrolysis, partial combustion 

and reduction), and the remaining unburned char is transported to a second reactor, 

where it reacts with air to produce heat, which is transported to the first reactor. Twin 

bed reactors (Figure 5) are usually composed by a bubbling bed reactor, where the main 

gasification takes places and a circulating fluidized bed reactor known as combustor, 

where unburned char is transformed into heat and supplied to the bubbling bed reactor. 

The heat carrier is the inert bed material, which circulates between the circulating bed 

and bubbling bed reactors. The gasifying agent for the bubbling bed is preheated steam 

at 700 °C to 900 °C, while the circulating bed reactor uses air as the gasifying agent. 
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These types of reactors produce a higher heat of calorific value producer gas, with 

negligible contents of tar and nitrogen, but with higher dust content. 

 

Figure 5. Fluidized bed gasifiers; (Left) Bubbling bed, (Center) Circulating bed, (Right) Twin bed. 
(Taken from [23]) 

1.2.5.3. Entrained flow 

Entrained flow gasifiers (Figure 6) are reactors with large scale generation capacities, 

operating mostly at high pressures (2–10 MPa), using oxygen as the gasifying agent, co-

currently fed with small size particles of solid fuel (<0.1-0.4 mm, or even less than 75 

μm), at high temperature operation conditions (1200–1600 °C) [23]. As fuel and 

gasifying agent are fed co-currently, the gasifying agent entrains the fine solid particles, 

making a dense cloud flow through the gasifier. The high velocity of the gasifying agent 

entrains the particles at turbulent flows, increasing the heat transfer and rate of reactions 

and thus increasing the fuel to producer gas conversion rate and allowing very short 

residence times (of the order of a few seconds).  

The high velocities, small particle size, and high temperatures produce high carbon 

conversion efficiencies (98-99.5 %). For these types of gasifiers, ashes and tar 

production are considerably low, as tars oils and other devolatilization liquids are 

decomposed into hydrogen and as the reactions reach temperatures above the melting 

point of ashes. Concerning the producer gas, it presents almost no methane or other 

hydrocarbons, while having high hydrogen and carbon monoxide concentrations, but low 

thermal efficiencies, as the producer gas exits at high temperatures. At the moment 

entrained flow gasifiers are most widely used especially for coal gasification, as these 

reactors don’t operate properly with biomass solid fuels, considering the difficulty of 

preparing such small size particles for fibrous woods [31], [22], [35].  
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Figure 6. Entrained flow gasifier structure. (Taken from [23]) 

1.2.6. Challenges  

Even though biomass and solid fuel gasification is well-known and used for industrial 

purposes, there are still some challenges required to optimize the process, decrease 

losses, clean the producer gas from contaminants and prevent environmental pollution. 

The most relevant challenges are technological barriers, producer gas impurities, biomass 

pretreatment and secondary equipment. 

1.2.6.1. Technology and economic barriers; 

Despite the existence of different types of gasifiers suitable for different solid fuels and 

energy requirements, more efficient gasification methods are required to increase the 

commercialization of the technology for industrial applications. The advantage of low cost 

fuel might be countered by the high initial investments, the few amount of gasification 

technology users, lack of standardization and proper infrastructure for the process, and 

lack of government policies and promotion of the technology [26]. The progress of 

biomass gasification and the technology related to the process depends considerably on 

the gasification parameters, and the characteristics and handling of the solid fuel. 

1.2.6.2. Biomass moisture 

Solid fuel moisture content directly affects the gasification process and the quality and 

composition of the producer gas. Removing excess moisture in solid fuels, especially 

biomass, requires a considerable amount of energy from the whole gasification process, 

requiring in some cases to pre-dry the fuel, which implies a reduction in the process 

efficiency and an increase in operation costs. Regarding the quality and composition of 

the producer gas, the carbon monoxide content is higher in drier biomass, while the 

carbon dioxide content increases with higher moisture content biomass. Biomass with 

higher moisture content produce a gas with a lower LHV [50].   

1.2.6.3. Particulate matter 

Solid fuels and biomass contain different minerals, some of these minerals are converted 

into micron size ash during gasification, and some unburned char is also converted into 
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micron sizes. The fineness of these particles makes the separation process of producer 

gas and impurities more difficult, as conventional cyclones might not be able to separate 

particles with such a small size. Particles that are not separated into the producer gas are 

then present in the gas when is used for generation purposes, causing clogging and 

blockage if used in internal combustion engines or affecting blades if used in gas 

turbines. A high particle matter concentration in the exhaust gas used for energy 

generation might exceed the particulate matter limit in environmental regulations related 

to emissions [51].  

1.2.6.4. Tar 

Tar formation is one of the main and most challenging problems of biomass and solid fuel 

gasification. Tar formation is related to different gasification parameters, such as 

temperature, gasifying agent, and equivalence ratio and residence time. Tar formation is 

also affected by the type of gasifier and the secondary cleaning equipment in the 

gasification process. As tar as a mixture of aromatic hydrocarbons is condensable at 

ambient temperature, it condenses at low temperature streams of the gasifier, such as 

pipes and tubes. Tar causes interruptions in the gasification and generation processes, 

and is moreover a source of carcinogenic elements. A proper selection of the type of 

gasifier, configuration of the gasifier, gas cleaning and addition of catalyst, are essential 

to reduce and remove tar contents present in the producer gas, or to transform tar 

produced during gasification [35], [50], [51].  

1.2.6.5. Other impurities 

Ammonia is formed from the protein material plant based biomass and nitrogen 

containing fuels. This causes a concentration of ammonia in the producer gas, 

pressurized gasifiers may also facilitate the production of ammonia, which may violate 

environmental regulations and also be converted into nitrogen oxides, which also violate 

environmental regulations. Biomass also contains sulfur, which during gasification is 

converted into hydrogen sulfide and sulfur dioxide, which may interact with catalyst and 

affect processes such as tar removal. Chloride is also present in biomass, which are then 

converted into hydrogen chloride and are present in the producer gas, which at levels 

higher than 200 ppm can corrode gasification equipment. Alkali metals such as 

potassium and sodium are present in biomass and vaporize during gasification, these 

metals can deposit or adhere to different parts of the gasifier and energy generation 

equipment [51].  
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1.3. Biomass Characterization 

Biomass is characterized by its physical, chemical and thermodynamic properties, which 

vary from difference sources and types of biomass, are measured by experimentation 

and calculations and affect their behavior during gasification. 

1.3.1. Physical properties 

Density; for solid biomass there are four different characteristic densities, true, apparent, 

bulk and biomass growth [52]. True density is defined as the weight per unit volume of 

the biomass. Apparent density is measured using the apparent volume of the biomass 

(porosity εp), including pores and internal solids. Bulk density is the density of the overall 

space occupied by the biomass particles as a group; it includes interstitial volume 

between particles, having an interstitial volume known as bulk porosity (porosity εb) 

which can be expressed as a function of the total packed volume. Biomass growth 

density expresses the availability of biomass per unit area of land; it is the total amount 

of oven-dry tons per unit area of all the above-ground organic matter of the biomass 

plant, including leaves, branches, bark, etc. [52].  

Particle size; shape and porosity, particle size, shape of the biomass particles and 

porosity are among the most relevant physical properties of biomass. Particle size 

considerably affects the performance of the gasification process, using sizes from 10-6 m 

to 10-2 m, biomass is usually ground to the desired size, prior to gasification, and the 

particle size distribution is determined to know the distribution of particle sizes within the 

biomass to be gasified, the usual particle size presents a normal probabilistic curve 

distribution [34]. 

1.3.2. Chemical properties 

Biomass is composed by organic and inorganic compounds, having a complex 

composition and molecular structure. Two main types of compositions are used to 

chemically characterize biomass properties; ultimate composition and proximate 

composition.  

Ultimate analysis; the ultimate analysis or elemental analysis determines the composition 

of biomass from its basic elements, including carbon, hydrogen, oxygen, nitrogen and 

sulfur. Moisture content is not included in this analysis, meaning that the hydrogen and 

oxygen from moisture are not part of the composition of the ultimate analysis. Usually 

the sulfur content is close to zero or zero [53].  

Proximate analysis; the proximate analysis gives biomass composition in other terms, 

including moisture content, volatile matter, ash content and fixed carbon. Volatile matter 
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of biomass is measured when the biomass is heated as the condensable and non-

condensable vapors [34]. 

Biomass usually presents high moisture contents, having biomass types with moisture as 

high as 90 %. Nevertheless for gasification, the biomass used has 35 % or lower 

moisture contents, as high moistures severely affect gasification efficiencies due to all the 

energy used for evaporation of moisture [53].  

1.3.3. Calorific value 

Biomass usually has a low heating value due to its low density compared to other solid 

fuels such as coal. For biomass, the gross calorific value (HHV) is defined as the amount 

that is released by a unit of mass or volume once it is completely combusted and the 

products have reached back ambient temperature (25 °C). Net calorific value (LHV) in 

biomass is defined as the heat released in a full combustion of biomass without 

considering the heat of vaporization of water which is not recovered. In gasification, the 

producer gas exits at high temperatures, where condensation processes don’t occur and 

the heating value of vaporization of water vapor is not recovered. Low and high heating 

values are related through moisture content, hydrogen percentage and latent heat of 

steam [52], [53].  

1.4. Wood species available for thermochemical 

conversion 

Estonia is a country with over 50 % of the territory covered with forest (2.3 million 

hectares), having pine, birch spruce and alder as the most common tree species [54]. 

The Estonian forestry Development Program sets the goals for protecting and 

safeguarding the productivity and viability for forests, stating that 74.4 % of the 

available forest is considered commercial,  while the remaining 25.6 % is protected forest 

[55]. From the 2.3 million forest hectares, around 32.57 % are pine, 29.97 % Birch, 

17.35 % spruce, 5.78 % aspen, 3.50 % Common Alder and 9.15 % Grey Alder [5]. The 

woody biomasses used and studied in this thesis are spruce, alder and pine 

Norway spruce (Picea abies) is a tree species of the pine family (Pinaceae), characterized 

by being large trees, from 20 to 60 m high, with a conical form. This tree species is found 

in the northern latitudes of the world and boreal ecosystems with subarctic climates, 

including Estonia, with over 399 thousand hectares of Spruce.  

Grey Alder (Alnus Incana) is a tree species of the Birch family (Betulaceae), 

characterized by being medium sized trees with heights of up to 30 m. This tree species 
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is found in most of Europe, but also southwest Asia and northern Africa, it grows in wet 

environments, including around 210 thousand hectares of alder in Estonia.  

Scots pine (Pinus sylvestris) is a tree species of the pine family (Pinaceae), characterized 

by being medium sized trees with heights of up to 35 m and 1 m trunk diameter. This 

tree species is found in western Eurasia, Western Europe and eastern Siberia. There are 

around 749 thousand hectares of pine in Estonia. Table 1 shows the main composition on 

dry basis for spruce, alder and pine and the calorific value based on previous research, 

while Table 2 shows the biochemical composition. 

Table 1. Ultimate, proximate analysis and calorific value overview for spruce alder and pine [60-62] 

Biomass 

Ultimate analysis [wt%] Proximate analysis [wt%] 
Calorific value 

[MJ/kg] 

C H N S O 
Ash 

content 
Fixed 

carbon 
Volatile 
matter 

LHV HHV 

Spruce 
[56], 

[57], 
[58] 

47.31-

48.25 

5.87-

6.30 

0.07-

0.35 

0.04-

0.05 

44.55-

46.20 
0.20 10.20 89.60 

17.51-

17.93 

18.80-

19.26 

Alder 
[56], 
[59] 

48.27-
49.55 

6.02-
6.06 

0.13-
0.30 

0.05-
0.07 

43.78-
45.11 

0.40 12.55 87.10 17.98 19.30 

Pine 
[60] 

50.87-
51.58 

5.78-
6.27 

0.06-
0.18 

0.01-
0.04 

51.58-
42.32 

0.23-
1.03 

14.07-
17.14 

81.83-
85.70 

19.10-
19.30 

20.47-
20.56 

 

Table 2. Biochemical composition overview for spruce, alder and pine 

Biomass Cellulose [wt%] Hemicellulose [wt%] Lignin [wt%] 

Spruce [56], [61], [62] 41.10-52.00 8.00-26.50 26.00-28.00 

Alder [56], [62] 32.20-38.60 23.50-33.10 24.80-28.10 

Pine  [62] 42.00-45.00 23.50-27.50 25.00-27.80 
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2. MATERIALS AND METHODS 

This section includes all the methodology followed to carry out the experiments, including 

the biomass characterization, a description of the gasification system used and the fine-

tuning done before experiments, the calibration of the gas analysis systems, the 

calculations required for the air to fuel ratio and producer gas sample concentrations, and 

lastly, the parameters and experimental methodology followed during the experiments. 

2.1. Biomass characterization  

Samples of Norway Spruce, Grey Alder and Scots Pine were collected to be characterized 

through ultimate analysis, proximate analysis and calorific value as a part of a 

collaborative project of the Fuel and Air Analysis (Stationary Sources of Air Emissions) 

and Thermal Testing Research Group of the Department of Energy Technology at the 

Tallinn University of Technology. The characterization experiments were executed by 

members of the research group following the ISO standards stated in the Estonian Centre 

for Standardization [63]. For this purpose, the wood samples were separated into bark 

and wood for further analysis and ground, as can be seen in Figure 7.  

 

Figure 7. Ground Grey Alder Sample 

The elemental analysis was made according to the EVS-EN ISO 16948:2015 standard for 

Solid Biofuels Determination of total content of carbon, hydrogen and nitrogen, using a 

Vario Macro elemental analyzer. Sulfur and Chlorine were determined using the EVS-EN 

ISO 16994:2015 for Determination of total content of sulfur and chlorine (ISO 

16994:2015) with a Dionex ICS-1000 Ion Chromatography System. Table 3 shows the 

results for the ultimate analysis for the three biomass samples. As seen on Table 3, there 

is no significant variation in the elemental composition of the biomass samples studied.  

The proximate analysis for analytical moisture content was made according to the EVS-

EN ISO 18134 standard for the determination of moisture content - Oven dry method - 

Part 2: Total moisture - Simplified method (ISO 18134-2:2017), using Memmert and 

Nabertherm RT120 drying ovens. To determine the ash content the EVS-EN ISO 18122 

standards for Solid biofuels - Determination of ash content (ISO 18122:2015) was 

implemented, using a Nabertherm L9 Muffle furnace. The results for the three biomass 

samples can be seen on Table 3. The moisture content is lower than 25 % for all the 
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samples, making them proper for gasification experiments [23], so are the low ash 

content levels. 

The calorific values determined were gross calorific value in dry basis and net calorific 

value. These properties were determined using the EVS-EN ISO 18125 for Solid biofuels - 

Determination of calorific value (ISO 18125:2017), using IKA 2000C and IKA 5000C 

Calorimetric systems. Table 3 shows the results for the three biomass samples. There are 

also no significant variations in the calorific value of the biomass samples studied. 

Table 3. Ultimate, proximate analysis and calorific value overview for spruce alder and pine results 

Biomass 

Ultimate analysis [wt%] Proximate analysis [wt%] 
Calorific value 

[MJ/kg] 

C H N S O 
Analytical 
moisture 

Ash content LHV HHV 

Norway 
Spruce 

50.33 6.62 0.06 n.d. 42.69 6.87 0.29 18.61 20.04 

Grey 

Alder 
49.89 6.55 0.21 n.d. 42.99 7.59 0.35 18.52 19.95 

Scots 
Pine 

50.12 6.59 0.19 n.d. 43.09 8.47 0.33 18.35 19.79 

2.2. Batch reactor set up 

2.2.1. Batch reactor 

For the gasification experiments with spruce, alder and pine a prototype fixed bed reactor 

was used from the laboratories at the Department of Energy Technologies at the Tallinn 

University of Technology. The gasification system was fine-tuned and modified for 

gasification experiments. As seen in Figure 8 and 9 the system is composed by a reactor, 

gasifying agent supply and mass flow and temperature controllers, gas cleaning and 

cooling system, and a gas analysis system, composed by Fourier Transform infrared 

Spectroscopy (FTIR) equipment, and Gas Chromatography (GC) equipment. 

 

Figure 8. Fixed bed gasifier system arrangement 
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Figure 9. Gasification system set up (Modified from [64]) 

2.2.1.1. Reactor  

A batch reactor was used (Figure 10), which consists of a quartz glass covered by a 

cylindrical internal heater, covered with thermal insulation and the reactor main body. A 

sample of biomass (around 1.5 g) is placed in a sample holder (Figure 11), which is 

introduced into the reactor through the top, which has two valves that create an 

equilibrium chamber before the sample enters the reactor. Once the sample is inside the 

reactor, it its heated with the internal heating system, while the gas agent (N2+O2) is fed 

at the bottom of the reactor, and the producer gas exits the reactor at the top exhaust. 

The reactor exhaust, the gas input and the reactor covering lids are heated with external 

heating tapes (150 °C) to avoid condensation inside the reactor.  The reactor’s diagrams 

can be seen on Figure 10. 

 

Figure 10. (Left) Top of the reactor configuration. (Right) General Reactor configuration 
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Figure 11. Biomass ample holder fed into the reactor  

2.2.1.2. Controlling 

The overall controlling of the system is done using LabView software, a set of 

thermocouples and mass flow controllers for the gas agent flow. The system has 4 type K 

thermocouples measuring; room temperature, reactor’s internal heater (internal 

temperature) and upper and low heating tapes. Each heating element has a 

thermocouple that is set so that LabView reads the temperature measurements and 

controls the heat supply to keep a constant temperature in the system. The interface 

(Figure 12) allows choosing a set temperature for the internal heater, and a set 

temperature for the heating tapes.  

 

Figure 12. LabView interface for controlling reactor’s temperature and gas agent flow 

There are two gases supplied to the gasifier, nitrogen and oxygen, the mass flow of these 

gases is controlled by three Alicat Scientific Mass Flow controllers, with an output voltage 

of from 0-5 V AC and a gas flow control from 0 to 5 SLPM. One flow controller for oxygen 

and one for nitrogen that are supplied to the reactor gas input, and one mass flow 

controller for nitrogen, supplied before the FTIR input, to dilute the producer gas with 

nitrogen so that the FTIR can measure properly. High concentrations of some gases can 

affect the performance of the FTIR, plus the FTIR needs a gas supply of 3 SLPM or 

higher. For this reason the FTIR gets a mix of the gas produced in the reactor (0.3 SLPM) 

and a nitrogen dilution of 3.3 SLPM. The gas agent mass flow is set through the LabView 

interface, which controls the mass flow controllers output with a precision of ±0.8 %.  
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2.2.1.3. Gas cleaning and cooling;  

The liquid and gaseous products of the gasification process exit the gasifier through the 

reactor’s gas output. This output is connected to a cooling system (Figure 13), which 

condenses and removes the volatile components (tars and oils) from the producer gas. 

The cooling system consists of 2 condensers, which are cooled down with a CoolCare 

refrigeration system that supplies cold water (4 to 6 °C) that cools down the producer 

gas through heat exchange. The gas passes through the condensers, which also have 

wool inside that absorbs the volatiles; this wool is constantly replaced after every 

experiment. After the gas is cleaned, one part of the gas goes to a rotameter, which can 

be connected to Tedlar bags to get gas samples for the Gas Chromatography. Another 

part of the gas is diluted with nitrogen and goes through a heating hose to the FTIR for 

its analysis.  

 

Figure 13. Cooling system 

2.2.1.4. Gas analysis system; 

The system counts with two gas analysis devices, a Gas Chromatography (GC) analyzer 

and a Fourier transform Infrared Spectroscopy (FTIR) analyzer. The producer gas is 

supplied to the GC through Tedlar bags that can be connected to the rotameter located 

after the cooling system, for each experiment the Tedlar bag is connected once 

gasification starts, and disconnected once its finished, having then a gas sample of the 

overall gasification process. For the FTIR, the gas diluted with nitrogen is constantly fed 

during the experiment through the cooling system output, once the gas exits the cooling 
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system and its diluted, it enters a heating hose that heats the gas to 180 °C, which is the 

set temperature required for the gas to enter the FTIR. 

The FTIR equipment installed was a Calcmet DX4000 gas analyzer, which measures in 

real time the absorption spectrum of H2O, CO2, CO, NO, NO2, N2O, SO2, NH3, CH4, HCl, 

HF and other organic compounds. The measurement time was set for every 5 s. The FTIR 

was used to control the overall progress of the reactions by checking the concentration of 

Total Organic Carbon (TOC), O2 and CO. The analyzer displays the results in the Calcmet 

software for further analysis. 

The GC equipment installed was a Gazohrom 3101 gas analyzer that measures the 

thermal conductivity of H2, CO, CH4, CO2 and O2. The gas sample from the Tedlar bag is 

supplied through syringes to the GC. The GC uses two carrier gases air and argon; air is 

used to detect H2, CO and CH4, which is supplied by a compressor (6 – 7 SLPM). For 

detecting CO2 and O2 the GC uses an argon canister which supplies 4 SLPM of carrier gas. 

The changes in the thermal conductivity of the carrier gases display the concentration of 

each gas species. This conductivity change (current change) over time is displayed in the 

Keysight Benchview software, and the area under the curve is the analyzed gas 

composition. Each carrier gas requires separate samples and measurements with the 

syringe. 

2.2.2. Maintenance and set up  

In order to start gasification experiments with the reactor, an overall maintenance and 

set up was done, which included modifications in the reactor, sensors and controlling, 

heating tapes and thermal insulation and condensation equipment. 

Reactor; The reactor major modifications were as following: 

 Installation of the heating tapes to avoid condensation on the reactor and reactor 

exhaust; a 3 m, 15 mm, 126.6  heating tape and a 2.4 m, 18 mm, 112.9  heating 

tape, to operate at 150 °C. 

 Thermal insulation covering for the top of the reactor end exhaust pipes 

 The reactor’s cleaning included; heating to 1000 °C using oxygen to remove 

remaining volatiles, removal of oil tars and chars from the top of the reactor and the 

exhaust pipes and the bottom of the reactor. 

 A new quartz glass and a new sample holder replaced the previous ones. 

 The internal heater was disassembled, and the connections were replaced. The 

thermal insulation covering the internal heater was replaced. The heater connections 

were insulated with ceramic tubing to avoid short circuits. 
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Controlling and LabView software; the reactor’s temperature controlling was checked 

with a different thermocouple, the temperature was correct with an error of around ±10 

°C at 750 °C. 

 The gas flow rate was checked with a rotameter, while also verifying the conditions of 

the input gas delivered by the flow controllers. 

Tars and oil condensation equipment; the cooling equipment as well as the rotameter 

were disassembled and cleaned with acetone until there were no remains of oils in the 

inner walls. This cooling system was designed and installed by another member from the 

Energy Department [64]. 

2.2.3. Gas analysis and calibration  

For the FTIR, the equipment was installed but had been already calibrated before, the 

background of the FTIR was checked every day there were experiments, with a 3 SLPM 

flow of N2. As for the GC equipment, it was installed and calibrated for the detection of 

H2, CO, CH4, CO2 and O2. The GC calibrations were done separately for the gases that are 

detected using air as a carrier (H2, CO and CH4) and the ones that use argon as a carrier 

(CO2 and O2). The calibration conditions were the following: 

 Sample size in GC → 2 ml (maximum sample size in the GC for detection), inserted 

with a syringe.  

 Gases calibrated → H2, CO, CH4, O2, CO2. 

 H2, CO and CH4 were calibrated individually with air at 6 – 7 SLPM. 

 O2 and CO2 were calibrated together with argon at 4 SLPM. 

 The calibrations were done by inserting different concentrations of each gas. 

 Each gas concentration for the calibration was measured 3 times with a different 

syringe sample. 

 The concentrations for H2 and CH4 were 100, 25, 10, 5 and 1 vol% (2, 0.5, 0.2, 0.1 

and 0.02 ml samples). 

 The concentrations for CO were 25, 12, 3, 1.5 and 0.05 vol% (0.5, 0.24, 0.059 0.029 

and 0.001 ml samples). 

 The concentrations for O2 and CO2 were 75, 50, 25, 12.5, 5, 2.5 and 1 vol% (1.5, 1, 

0.5, 0.25, 0.1, 0.05 and 0.02 ml samples). 

 The Keysight Benchview software displays the changes in thermal conductivity over 

time in the carrier gases air and argon, which are delivered to the software as current 

changes over time. These data was stored in excel for the calibration. Figure 14 

shows the peaks detected for the different gases. 
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Figure 14. (Left) Detection chart for independent samples of H2, CO and CH4. (Right) Detection 

chart for O2 and CO2 samples, high slim peaks for O2, and low wider peaks for CO2 

 Once the calibration data was transferred to excel, the area under the curve of each 

peak detected was calculated. 

 A linear relation was established between area under the detected peaks and the gas 

composition (composition in vol% as a function of the area under the peak). See 

Table 4 for the calibration of CH4 as an example. 

 These calibration relations were done for each gas (H2, CO, CH4, CO2 and O2) and 

used to measure producer gas composition during the experiments. 

Table 4. CH4 calibration using a linear relation between area under the peak and gas concentration 

Gas: CH4 Area 
Average Area 

vol (ml) vol% Sample 1 Sample 2 Sample 3 

2.0 100 0.297 0.282 0.260 0.280 

0.5 25 0.103 0.102 0.099 0.101 

0.2 10 0.039 0.040 0.041 0.040 

0.1 5 0.019 0.018 0.018 0.018 

0.02 1 0.003 0.003 0.003 0.003 

0 0 0 

Linear relation area=0.004concentration[vol%], y=0.004x R2=0.999 

2.3. Biomass gasification experiments 

2.3.1. Air to fuel ratio, equivalence ratio and gas composition 

2.3.1.1. Air to fuel ratio and equivalence ratio 

Among the most important parameters to set and calculate are the Air to Fuel ratio 

(stoichiometric and operational) and the equivalence ratio, in order to establish the 

proportion of gas agent supplied to the biomass during the gasification process. In order 

to do so, the stoichiometric air to fuel ratio as well as the operational air to fuel ratio 

have to be calculated for each biomass (spruce, alder and pine) and gas agent setting. 

These ratios are calculated as stated in Equation 14, so that the equivalence ratio (ER) 

can be calculated using Equation 13. 

To calculate the stoichiometric air to fuel ratio it is necessary to calculate the amount of 

gasifying agent (oxidizer) required to achieve a stoichiometric combustion with the 

biomass sample used. This is calculated by balancing the stoichiometric reaction for the 
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combustion of biomass, where biomass reacting with oxygen transforms into carbon 

dioxide, water and nitrogen (Equation 19). 

                              Equation 19 

This equation can be balanced to establish the amount of oxygen required for the 

complete combustion of one mole of biomass. The stoichiometric reactions for spruce, 

alder and pine were calculated using the elemental analysis results. These reactions are 

shown in Equations 20, 21 and 22. 

Spruce                                                            Equation 20 

Alder                                                           Equation 21 

Pine                                                           Equation 22 

After determining the reactions, the stoichiometric air/fuel and oxy/fuel ratios are 

calculated for each biomass. The stoichiometric air to fuel ratio are shown in Table 5. 

Table 5. Stoichiometric oxy/fuel and air/fuel ratio for the biomass samples 

Spruce 
Oxy/fuel (sto) 1.444 g of O2 per g biomass 

Air/fuel (sto) 6.874 g of air per g of biomass 

Alder 
Oxy/fuel (sto) 1.424 g of O2 per g biomass 

Air/fuel (sto) 6.782 g of air per g of biomass 

Pine 
Oxy/fuel (sto) 1.427 g of O2 per g biomass 

Air/fuel (sto) 6.797 g of air per g of biomass 

The operational (op) air to fuel ratio was calculated using the operational conditions for 

the gasification experiments and Equation 14. The fuel (biomass) mass was determined 

as the average mass held by the sample holder (1.5 g), while there were two different 

settings of gasifying agent supplied. The first one was flow of 0.063 SLPM of oxygen and 

0.237 SLPM of nitrogen (0.3 SLPM 21 vol% O2, 79 vol% N2), while the second one was a 

flow of 0.0315 SLPM of oxygen and 0.2685 SLPM of nitrogen (0.3 SLPM 10.5 vol% O2, 

89.5 vol% N2). 

The first setting (0.063 SLPM O2), which simulates the air composition was used in 

experiments with spruce, alder and pine. The second setting (0.0315 SLPM O2), which 

has half the concentration of oxygen than in air, was used in experiments with alder. 

Having the flow rate in SLPM of gasifying agent and having the experiments length (10 

min), this rate is converted to mass units under the conditions which the gases are 

supplied by the gas flow controllers (25 °C and 1 bar). Table 6 shows the operational air 

to fuel ratios for each gas agent setting.  
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Table 6. Operational oxy/fuel and air/fuel ratio for the gas agent settings 

Gas agent setting Biomass Ratio 

Setting 1 
0.063 SLPM O2 

Spruce, 
alder and 

pine 

Oxy/fuel ratio (op) 0.542 g of O2 per g biomass 

Air/fuel (op) 2.582 g of air per g of biomass 

Setting 2 
0.0315 SLPM O2 

Alder 
Oxy/fuel ratio (op) 0.271 g of O2 per g biomass 

Air/fuel (op) 1.291 g of air per g of biomass 

The (ER) equivalence ratio (See Table 7) for each biomass and gas agent setting was 

calculating using the stoichiometric and operational air/fuel from Table 5. 

Table 7. Equivalence ratio for each biomass and gas agent setting 

Gas agent setting Biomass  ER 

Setting 1, 0.063 SLPM O2 

Spruce  0.376 

Alder 0.381 

Pine 0.380 

Setting 2, 0.0315 SLPM O2 Alder 0.190 

2.3.1.2. Tedlar gas samples composition 

The composition of the gas samples contained in the Tedlar bags for each gasification 

experiment has to be calculated considering the main components that are required for 

the gasification reaction and the ones that are produced in the gasification reaction. 

Equation 23 shows the main components of the gasification process in the experiments. 

       (                    (                                     Equation 23 

To calculate the amount of producer gas for each experiment it is necessary to know the 

amount of biomass and gas agent supplied. Nitrogen is considered as a gas that does not 

react, so the amount of nitrogen supplied is the same as the amount of nitrogen after 

gasification. As for ashes and tars, these cannot be measured in the gasification system, 

so it is assumed and average production of 10 % (ashes+tars+unburned char) 

considering the data available from other researches [28], [43] and the biomass 

characterization results that indicate a small difference in the ash content and elemental 

composition of the biomasses used. The amount of producer gas is calculated for the gas 

agent settings (Table 8). 

Table 8. Producer gas and nitrogen concentration in the Tedlar sample bags 

Gas agent setting Reactives Products Tedlar bag 

concentration  [vol%] 0.063 SLPM O2  

(21 vol% O2 

 79 vol% N2) 

Biomass [g] 1.500 Tar+ashes [g] 0.150 

Gas agent 
(O2+N2) [g] 

3.872 
N2 [g] 3.059 58.6 

Producer gas [g] 2.163 41.4 

 

0.0315 SLPM O2 

(10.5 vol% O2 
 89.5 vol% N2) 

Biomass [g] 1.500 Tar+ashes [g] 0.150 
Tedlar bag 

concentration  [vol%] 

Gas agent 
(O2+N2) [g] 

3.872 
N2 [g] 3.465 66.4 

Producer gas [g] 1.757 33.6 
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2.3.2. Experiment parameters and methodology 

2.3.2.1. Parameters  

The following parameters were defined for all the gasification experiments: 

 Biomass sample mass ⩰ 1.5 g. 

 3 Temperatures: 750, 850 and 950 °C. 

 3 biomasses: Alder, spruce and pine. 

 2 Gas agent settings. 

 Total parameters: 8 (3 temperatures, 3 biomasses, 2 gas agents). 

 Total experiments: 30 (3 repetitions per parameter). 

 Total gas agent flow: 3 SLPM (O2+ N2). 

 Gas agent setting 1: 0.063 SLPM O2 (21 vol% O2, 79 vol% N2). 

 Gas agent setting 1 is used in alder, spruce and pine at all 3 temperatures. 

 Gas agent setting 2: 0.0315 SLPM O2 (10.5 vol% O2, 89.5 vol% N2).  

 Gas agent setting 2 is used in alder at 850 and 950 °C. 

 Gas dilution to FTIR: 3.3 SLPM N2. 

The reactor set up and maintenance was done in the months of November and December 

2018, and June, July, September and August 2019. The experiments were done from 

14.08.2019 - 29.08.2019 for alder and spruce, and from 01.09.2019 – 12.09.2019 for 

pine. Table 9 shows the experiment test plan. 

Table 9. Test plan for the gasification experiments 

Experiment Biomass Temperature Gas agent flow (SLPM O2) 

1 Alder 750 °C 0.063 

2 Spruce 750 °C 0.063 

3 Alder 850 °C 0.063 

4 Spruce 850 °C 0.063 

5 Alder 950 °C 0.063 

6 Spruce 950 °C 0.063 

7 Alder 850 °C 0.0315 

8 Alder 950 °C 0.0315 

9 Pine 750 °C 0.063 

10 Pine 850 °C 0.063 

11 Pine 950 °C 0.063 

2.3.2.2.  Methodology  

The following procedures were done before, during and after every gasification 

experiment  

These procedures were followed before each experiment was started: 

1. Background measurement of FTIR with N2 environment, the room air composition 

is verified with FTIR. 

2. Carrier flow of air is set in GC. 
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3. Reactor and heating tapes are heated to desired temperature. 

4. Gas flow is introduced in the reactor and the flow rate is verified. 

5. N2 flow of 3.3 SLPM is introduced before the FTIR for dilution. 

6. The biomass sample is introduced in the sample holder. 

The steps followed during each experiment were the following: 

Total experiment time: 18 minutes 

1. The biomass sample is introduced in the reactor. 

2. 2 minutes in the balance chamber with N2 environment. 

3. 1 minute in the reactor with N2 flow (0.3 SLPM). 

4. 10 minutes in the reactor with gas agent (0.3 SLPM O2+N2) (Gasification). 

5. 2 minutes in the reactor with N2 flow (0.3 SLPM). 

6. 2 minutes in the balance chamber with N2 environment. 

These procedures were followed after each experiment was finished: 

1. The sample holder is removed from the reactor and residues are collected for each 

experiment setting. 

2. The producer gas is collected in a Tedlar sample bag. 

3. GC measurements of H2, CO and CH4 (3 per experiment) with air as carrier gas.  

4. GC measurements of O2 and CO2 (3 per experiment) with argon as carrier gas. 

5. The gas agent flow is closed and the reactor is opened until FTIR measures low 

organic compounds and room air conditions. 

6. The condensation system is cleaned with acetone and compressed air and the wool 

is replaced. 

7. All the equipment is shut down.
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3. RESULTS AND ANALYSIS 

This section shows the results for the gasification experiments at different parameters 

including; biomass species, reactor temperature and gasifying agent. The first part shows 

the readings from the gas chromatography system for the gases detected with air as a 

gas carrier and oxygen as a gas carrier. The following section shows the results and 

analysis of the producer gas composition at the different temperatures and biomass 

species, using a constant gasifying agent flow rate. The effect of varying the gasifying 

agent configuration is shown for alder at two different temperatures. The behavior of the 

gasification process during experiments is shown by the results obtained from the FTIR 

under different experimental parameters. Lastly, the char and ashes residues from the 

experiments are shown. 

3.1. Gas composition 

3.1.1. Gas chromatography readings 

A gas chromatography system was used during the experiments to detect H2, CO, CH4, 

CO2 and O2 gases from the Tedlar gas sample bag. H2, CO and CH4 were detected with air 

as the carrier gas, and CO2 and O2 were detected with argon as a carrier gas. For each 

experiment the data obtained from the GC was adjusted, and the area under every peak 

was calculated to compare it with the calibration curves and calculate the gas species 

concentration. 

Figure 15 shows the data obtained from the GC for the H2, CO and CH4 gases, and the 

data after being processed and adjusted to the baseline. This figure shows three peaks 

for three different samples from the Tedlar bag, as for every experiment there were 

three gas samples introduced in the GC to reduce measurement errors. The gas 

composition was calculated as the average area of the three samples. The first peak in 

every sample is H2, the second is CO and the third is CH4. 

 

Figure 15. (Left) GC data obtained with air as carrier gas. (Right) Processed data 
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Figure 16 shows the data obtained from the GC for the CO2 and O2 gases, and the data 

after being processed and adjusted to the baseline. The gas composition was calculated 

as the average area of three samples. The calculation and interpretation of this data was 

more complicated, as for oxygen the peaks did not show the same behavior as during the 

calibration. In processed results O2 is represented by the first series of peaks and CO2 is 

the last and lower peak detected for every sample. 

 

Figure 16. (Left)GC data obtained from with argon as carrier gas. (Right) Processed data 

The measurement of CO2 and O2 gases from the Tedlar bag were more difficult to 

process, as the presence of other gases affected the GC detection of CO2 and O2. As it 

can be seen in the peaks of the gases during the calibration have a different behavior 

than the peaks during experiments (Figure 17), which increased the error when 

calculating the area and calculating the gas species concentration, special for oxygen, 

which presented several peaks and a different behavior even from one experiment to 

another. 

 

Figure 17. CO2 and O2 readings during calibration (left) and during experiments (right) 

3.1.2. Producer gas composition at different temperatures 

The gasification experiments were done at three different temperatures (750, 850 and 

950 °C) for three biomass samples (Spruce, pine and alder). Each experimental condition 

(temperature and biomass type) had three repetitions and for each repetition the 

producer gas was measured with three samples in the GC for gas analysis. The N2 

concentration supplied to the reactor is assumed to be the same concentration after the 
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gasification process, thus the calculations for the producer gas compositions are done 

following this assumed condition. The producer gas composition results displayed for the 

experiments show the composition of H2, CO, CH4, O2, CO2 and N2, as these are the ones 

measured by the equipment. The remaining gases consist of H2O, sulfur dioxide SO2, 

Ethane C2H6, Ethylene C2H4, Propane C3H8, Hexane C6H14, Benzene C6H6, Toluene C7H8 

and other hydrocarbons, which are detected by the FTIR but were not considered for 

analysis, as the N2 dilution to the FTIR is considerable higher than the producer gas 

entering the FTIR, making the detected gases as low as the measurement error provided 

by the FTIR. 

3.1.2.1. Spruce 

For spruce, the results obtained from the GC gas samples show the produced gas 

composition from gasification at 750, 850 and 950 °C and a gas agent flow of 0.063 

SLPM of O2 and 0.237 SLPM of N2. Table 10 shows the composition of the producer gas 

and Figure 18 shows the main combustible gases (H2, CO and CH4) composition at 

different gasification temperatures. 

Table 10. Producer gas composition from spruce gasification at different temperatures 

Temperature 

[°C] 

Gas composition [vol%] 

H2 CO CH4 O2 CO2 N2 Total Total + N2 

750 1.1 9.0 2.1 4.1 3.7 58.6 19.9 78.5 

850 2.6 14.6 3.3 3.9 3.0 58.6 27.4 86.0 

950 4.2 19.6 4.1 4.5 2.8 58.6 35.3 93.8 

 

Figure 18. Comparison of producer gas species for spruce at three different temperatures 

From the experiments of gasification from spruce, it can be seen how the composition of 

the producer gas changes with the gasification temperature, having a total of 19.94 vol% 

of H2, CO, CH4, O2 and CO2 gases at 750 °C, which increased to 27.21 vol% and 35.25 

vol% with experiments at 850 and 950 °C. H2, CO and CH4 as main combustible gases 

made together 12.17 vol%, 20.48 vol% and 27.93 vol% of the producer gas at 

gasification at 750 °C, 850 and 950 °C respectively.  
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H2 production increased over 128.3 % % and 278.1 % at gasification at 850 and 950 °C 

compared to gasification at 750 °C. The same behavior can be seen for CO, which 

increased 63.0 % and 118.5 % at experiments with 850 and 950 °C compared to 

gasification at 750 °C. For CH4, 58.9 % and 97.3 % more gas was produced at 850 and 

950 °C compared to the CH4 at 750 °C. Table 11 shows the composition of the 

combustible part of the producer gas at 750, 850 and 950 °C. 

Table 11. Combustible gas composition from spruce gasification 

Temperature [°C] 
Combustible gas [vol%] 

 (from total producer gas) 

Combustible gas composition [vol%] 

H2 CO CH4 

750 12.2 9.2 73.7 17.1 

850 20.5 12.5 71.4 16.1 

950 27.9 15.2 70.2 14.7 

3.1.2.2. Alder 

Alder gasification was done at 750, 850 and 950 °C and a gas agent flow of 0.063 SLPM 

of O2 and 0.237 SLPM of N2. Table 12 shows the composition of the producer gas and 

Figure 19 shows the main combustible gases (H2, CO and CH4) composition at different 

gasification temperatures. 

Table 12. Producer gas composition from alder gasification at different temperatures 

Temperature 
[°C] 

Gas composition [vol%] 

H2 CO CH4 O2 CO2 N2 Total Total + N2 

750 1.3 8.6 2.3 5.3 3.3 58.6 20.8 79.4 

850 2.2 13.3 3.2 3.5 3.2 58.6 25.4 84.0 

950 4.0 20.3 5.1 4.4 1.9 58.6 35.7 94.3 

 

Figure 19. Comparison of producer gas species for alder at three different temperatures 

For alder gasification, there was a total of 20.80 vol% of H2, CO, CH4, O2 and CO2 gases 

at 750 °C, which increased to 25.40 vol% and 35.70 vol% with experiments at 850 and 

950 °C. The three main combustible gases of the producer gas; H2, CO and CH4 made 

together 12.18 vol%, 18.74 vol% and 29.36 vol% of the gas at 750 °C, 850 and 950 °C 

respectively.  

H2 production increased over 61.4 % and 201.8 % at gasification at 850 and 950 °C 

compared to gasification at 750 °C. For CO, concentration increased 56.0 % and 136.9 % 

at experiments with 850 and 950 °C compared to gasification at 750 °C. For CH4, 41.41 
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% and 120.8 % more gas was produced at 850 and 950 °C compared to the CH4 at 750 

°C. Table 13 shows the composition of the combustible part of the producer gas at 750, 

850 and 950 °C. 

Table 13. Combustible gas composition from alder gasification 

Temperature [°C] 
Combustible gas [vol%] 

 (from total producer gas) 

Combustible gas composition [vol%] 

H2 CO CH4 

750 12.2 11.0 70.2 18.8 

850 18.7 11.5 71.2 17.3 

950 29.4 13.7 69.1 17.2 

3.1.2.3. Pine 

Pine gasification experiments were done at 750, 850 and 950 °C and a gas agent flow of 

0.063 SLPM of O2 and 0.237 SLPM of N2. Table 14 shows the composition of the producer 

gas and Figure 20 shows the main combustible gases (H2, CO and CH4) composition at 

different gasification temperatures. 

Table 14. Producer gas composition from pine gasification at different temperatures 

Temperature 

[°C] 

Gas composition [vol%] 

H2 CO CH4 O2 CO2 N2 Total Total + N2 

750 0.8 8.9 2.2 7.5 5.8 58.6 25.1 83.7 

850 2.7 18.0 4.6 4.3 5.3 58.6 34.8 93.4 

950 5.1 23.4 5.9 3.1 3.9 58.6 41.4 100.0 

 

Figure 20. Comparison of producer gas species for pine at three different temperatures 

During the gasification experiments of pine a total of 25.14 vol% of H2, CO, CH4, O2 and 

CO2 gases was obtained at 750 °C, which increased to 34.83 vol% and 41.39 vol% at 

850 and 950 °C. The three combustible gases H2, CO and CH4 made together 11.86 

vol%, 25.30 vol% and 34.36 vol% of the producer gas at 750 °C, 850 and 950 °C 

respectively. H2 production increased over 258.2 % and 573.2 % at gasification at 850 

and 950 °C compared to gasification at 750 °C. The same behavior can be seen for CO, 

which increased 101.3 % and 161.5 % at experiments with 850 and 950 °C compared to 

gasification at 750 °C. For CH4, 112.8 % and 173.2 % more gas was produced at 850 

and 950 °C compared to the CH4 at 750 °C. Table 15 shows the composition of the 

combustible part of the producer gas at 750, 850 and 950 °C. 
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Table 15. Combustible gas composition from pine gasification 

Temperature [°C] 
Combustible gas [vol%] 

 (from total producer gas) 

Combustible gas composition [vol%] 

H2 CO CH4 

750 11.9 6.4 75.5 18.2 

850 25.3 10.7 71.2 18.1 

950 34.4 14.8 68.1 17.1 

3.1.2.4. Comparison between biomass species  

Figure 21 shows a comparison of the concentration of the main combustible gases (H2, 

CO and CH4) in the producer gas measured from the gasification of spruce, alder and 

pine at the three experimental temperatures 

 

Figure 21. Combustible gases in the producer gas for spruce, alder and pine at gasification at 750, 

850 and 950 °C 

Overall, the three biomass species showed a similar behavior during the gasification 

process. As seen in Figure 21 for the experiments made, the higher the gasification 

temperature, the higher the concentration of all the three main combustible gases and 

the total combustible gas. The total main combustible gas increased by 68.3 %, 53.8 % 

and 113,0 % for spruce, alder and pine respectively during gasification at 850 °C 

compared to 750 °C. At 950 °C gasification the total main combustible gas increased by 

129.6 %, 141.0 % and 189.8% for spruce, alder and pine respectively compared to 750 

°C.  

Pine samples showed the highest increase in combustible gas when increasing the 

gasification temperature, having a similar concentration of combustible gases at 750 °C, 

but producing a higher yield of combustible gas at 850 and 950 °C compared to spruce 

and alder. Pine produced 36.0 % and 23.5 % more combustible gases at 850 °C 

compared to alder and spruce respectively. At 950 °C, pine produced 17.0 % and 23.0 % 

more combustible gases than alder and spruce respectively. Alder and spruce did not 

show considerable differences, with spruce producing 9.3 % more combustible gases at 

850 °C and alder producing 5.1 % more combustible gases at 950 °C. 



52 

 

The average composition of the three main combustible gases present in the producer 

gas was similar for all the experiments, including the experiments at different 

temperatures and with the different biomass species. Table 16 shows the average 

composition of the combustible part of the producer gas from the gasification 

experiments.  

Table 16. Average composition of combustible gas in the producer gas 

 Parameter 
Average main combustible gas species [vol%] 

H2 CO CH4 

Biomass type 

Spruce 12.3 71.8 15.9 

Alder 12.1 70.2 17.8 

Pine 10.6 71.6 17.8 

Temperature [°C] 

750 8.8 73.1 18.0 

850 11.6 71.3 17.2 

950 14.6 69.1 16.3 

Total average 11.7 71.2 17.2 

Overall the combustible part of the producer gas was composed on average by 11.6 % 

H2, 71.2 % CO and 17.2 % CH4, this composition can be compared to the average 

composition for spruce, alder and pine, as shown in Table 16, as well as the average 

composition of the combustible gas at different temperatures, which shows higher 

percentage of H2 when increasing the temperature.     

Figure 22 shows a more detailed comparison for each combustible gas separately; 

hydrogen, carbon monoxide and methane at different gasification temperatures. 

 

 

Figure 22. H2 (left), CO (right) and CH4 (bottom) concentration in the producer gas for spruce, 

alder and pine at gasification at 750, 850 and 950 °C 
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The producer gas from the three biomass species presented a similar concentration of H2, 

CO and CH4 at 750 °C, but the H2 production was lower for pine compared to spruce and 

alder. At 850 and 950 °C pine showed the highest yield of H2, CO and CH4. At 850 °C 

pine produced 25.3 and 5.7 % more H2, 34.9 and 23.1 % more CO, and 41.7 and 39.1 % 

more CH4 compared to alder and spruce respectively. At 950 °C pine produced 25.9 and 

19.9 % more H2, 15.4 and 19.4 % more CO, and 16.5 and 43.8 % more CH4 compared 

to alder and spruce respectively. 

The concentration of O2 and CO2 was also affected by the gasification temperature, where 

the concentration of both gas species in the producer gas decreases at 850 °C and at 950 

°C compared to gasification at 750 °C for all the three biomass species. These changes of 

concentration from biomass species and temperatures are not further analyzed 

considering the higher measurement error delivered by the gas chromatography system. 

Different studies have been made to analyze the effect of temperature, gas agent ratio 

and different parameters on biomass gasification for fixed bed updraft and downdraft 

reactors, considering mainly the composition of the producer gas, as well as sub products 

such as tar, ashes and unburned char. Some studies have been experimental, while 

others have been mathematical models, based on experimental and theoretical data. 

Some studies have been made with wood residues, such as rice husks, empty fruit bunch 

and hazelnut shells. Table 17 shows the main parameters and results of different 

gasification models and experiments from different researches. 

Table 17. Comparison of gas composition for different experiments and models (Spruce, alder and 

pine at 950 °C, and results from other researchers. 

Biomass 
Gasification 
temperature 

[°C] 

Gasifier 
type 

Gas composition [vol%] 

H2 CO CH4 N2 

Spruce 

950 

Batch 
updraft 

fixed bed 
reactor 

4.2 19.6 4.1 58.6 

Alder 4.0 20.3 5.1 58.6 

Pine 5.1 23.4 5.9 58.6 

Rice husks 
[28] 

955 
Fixed bed 
downdraft 

reactor 
9.8 29.3 3.0 42.1 

Wood from 
short 

rotation 

forests [65] 

955 
Fixed bed 
downdraft 

reactor 
12.9 24.3 2.9 50.5 

Woodchips 
[66] 

n.d. 
Fixed bed 
downdraft 

reactor 
14.3 23.3 2.4 47.6 

Hazelnut 
shells[43] 

700-950 
Fixed bed 
downdraft 

reactor 
13.4 16.1 2.0 56.1 

Empty fruit 
bunch [44] 

700-1000 
Fluidized 

bed 
reactor 

10.0-35.0 20.0-35.0 5.0-12.0 n.d. 
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Biomass 
Gasification 
temperature 

[°C] 

Gasifier 

type 

Gas composition [vol%] 

H2 CO CH4 N2 

Pine 
pellets[67] 

870-940 
Fixed bed 
reactor 

5.0-6.00 17.0-27.0 5.0-10.0 n.d. 

Charcoal[68] n.d. 
Updraft 
reactor 

19.7 30 n.d. 46.0 

Charcoal[68] n.d. 
Downdraft 

reactor 
5.0-10.0 

28.0-31-

0 
1.0-2.0 55.0-60.0 

Wood with 
12-20 % 
moisture 

content[68] 

n.d. 
Downdraft 

reactor 
16.0-20.0 17.0-22.0 2.0-3.0 55.0-60.0 

Coconut 
husks[68] 

n.d. 
Downdraft 

reactor 
16.0-20.0 17.0-19.5 n.d. n.d. 

 

3.1.3. Gas composition at different gas agent ratios 

Other gasification experiments were done at 850 and 950 °C for alder, with a lower mass 

flow of oxidizing agent, of 0.0315 SLPM O2 and 0.2685 SLPM N2 (10.5 vol% O2, 89.5 

vol% N2) in order to compare it to the experiments of alder gasification with a gasifying 

agent flow of 0.063 SLPM O2 and 0.237 SLPM of N2 (21 vol% O2, 79 vol% N2). Each 

experimental condition (at 850 and 950 °C) had three repetitions and for each repetition 

the producer gas was measured with three samples in the GC for gas analysis.  

The producer gas composition results displayed for this experiment show the composition 

of H2, CO, CH4, O2, CO2 and N2. The remaining gases consist of H2O, SO2, C2H6, C2H4, 

C3H8, C6H14, C6H6, C7H8 and other hydrocarbons. Table 18 shows the results obtained 

from the composition of the producer gas from gasification of alder at the two gas agent 

conditions and the two gasification temperatures. Figure 23 shows a comparison of the 

producer gas composition for both gas agent settings. 

Table 18. Producer gas composition from alder at two different gas agent settings 

Temperature 
[°C] 

Gas agent setting Gas species composition [vol%] 

[SLPM 
O2] 

[vol%] H2 CO CH4 O2 CO2 N2 Total 
Total 
+ N2 

850 

0.0315 
21 vol% O2 
79 vol% N2 

1.8 11.7 2.7 4.1 2.6 66.4 22.9 89.3 

0.063 
10.5 vol% O2 
89.5 vol% N2 

2.2 13.3 3.2 3.5 3.2 58.6 25.4 84.0 

950 

0.0315 
21 vol% O2 

79 vol% N2 
3.6 19.1 4.4 3.4 2.1 66.4 32.6 99.0 

0.063 
10.5 % O2 

89.5 % N2 
4.0 20.3 5.1 4.4 1.9 58.6 35.7 94.3 
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Figure 23. Comparison of producer gas species for alder at 850 °C (left) and 950 °C (right) with 

two different gas agent settings 

For alder gasification with 0.063 SLPM the O2, H2, CO, CH4, O2 and CO2 gases together 

made 25.40 and 35.70 vol% of the producer gas at 850 °C and 950 °C respectively. For 

alder gasification with 0.0315 SLPM these gases together made 22.89 and 32.60 vol% of 

the producer gas at 850 °C and 950 °C respectively. With the first gas agent setting 

(0.063 SLPM O2) the three main combustible gases of the producer gas; H2, CO and CH4 

made together 18.74 vol% and 29.36 vol% of the gas at 850 and 950 °C respectively. 

For the second gas agent setting (0.0315 SLPM O2) the main combustible gases made 

together 16.18 vol% and 27.13 vol% of the gas at 850 and 950 °C respectively. The 

0.063 SLPM O2 gas agent setting produced 15.8 and 8.2 % more combustible gases than 

the 0.0315 SLPM O2 gas agent at 850 and 950 °C respectively 

The H2 yield was 21.1 % and 10.6 % higher at gasification at 850 and 950 °C for the 

0.063 SLPM O2 compared to the 0.0315 SLPM O2 gasifying agent setting. The same 

behavior was observed for CO, where the concentration was 14.1 % and 6.1 % for the 

0.063 SLPM O2 setting compared to the 0.0315 SLPM O2 setting at 850 and 950 °C 

respectively. The CH4 yield was also higher for the 0.063 SLPM O2 compared to the 

0.0315 SLPM O2 setting, with  19.6 and 15.8 % more CH4 at 850 and 950 °C 

respectively. 

From these experiments it can be observed how the higher concentration of O2 in the 

gasifying agent increased the yield of combustible gases, especially at 850 °C, where the 

gases presented concentrations from 14 to 21 % higher than the concentrations at a 

lower O2 mass flow in the gasifying agent. Moreover it can be seen, how establishing a 

proper equivalence ratio can affect the producer gas yield, as for the 0.063 SLPM O2 

setting the ER was 0.381, while the ER for the 0.0315 SLPM O2 setting 0.190, which led 

to a lower yield of combustible gases in the producer gas. 
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3.1.4. Total organic Carbon 

The FTIR equipment recorded in real time the absorption spectrum of H2O, CO2, CO, NO, 

NO2, N2O, SO2, NH3, HCl, HF, C2H6, C2H4, C3H8, C6H14, C6H6, C7H8 and other organic 

compounds. This data gave information related to the evolution of the reactions during 

the gasification experiments, as it showed the constant change of the composition of the 

gas species. The FTIR was used to control the overall progress of the reactions by 

checking the concentration of Total Organic Carbon (TOC), O2 and CO. The results were 

adjusted considering the N2 dilution to the FTIR and the N2 entering and leaving the 

reactor. After the adjustments the results were organized in graphs to compare the 

evolution of the total organic carbon at the three gasification temperatures and with the 

three biomass species.  Figure 24 shows how gasification proceeds when using spruce, 

alder and pine at different temperatures.  

 

 

Figure 24. Gasification process for spruce (left), alder (right) and pine (bottom) at three different 

temperatures 

It can be observed how the highest amount of TOC are produced at the beginning of the 

gasification process for all the three biomass species, having a very fast increase in the 

TOC, that reaches its highest value during the first 30 s of the gasification, as the 

biomass starts the pyrolysis process, followed by a constant decrease in TOC production 

during the rest of the process until all the gasification reactions are almost finished, the 

majority of the TOC compounds are produced within the first 4 minutes of gasification.  

Figure 24 also shows the TOC production for the biomass species at different 

temperatures, where it can be observed that the total TOC products are higher with 
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higher gasification temperatures, especially at the beginning of the reactions, where the 

highest TOC are close to 5 times higher at 950 °C compared to 750 °C for all the three 

biomass species. The two high TOC peaks in the beginning of the gasification processes 

were observed to be the start of the pyrolysis reactions for the first peak, when there 

was only N2 as a gas agent, and later the start of the oxidation and reduction reactions 

for the second peak, where oxygen is introduced with nitrogen as gasifying agent. Figure 

25 shows how gasification proceeds when using spruce, alder and pine. 

 

 

Figure 25. Gasification process at 750, 850 and 950 °C for spruce, alder and pine 

Figure 25 shows how the overall behavior of the gasification process is similar for the 

three biomass species at the same temperatures. The data was compared for the same 

amount of biomass sample for each one of the three wood species. It can be observed 

how the TOC [mgC/Nm3] has a similar behavior for spruce alder and pine, at 750 °C, 

even though spruce presents a lower TOC, and a similar behavior for all the biomass 

species at 850°C, and at 950 °C, with pine having higher TOC at 950 °C compared to the 

two other biomass species. This higher TOC for pine at 950 °C matches the results of the 

CO and CH4 concentration in the producer gas, obtained from the gas chromatography.   

3.2. Ashes and unburned char  

Figures 26, 27, 28 and 29, show the unburned char and ashes and all solid residues 

collected from the sample holder after experiments. The mass of these residues was not 

measured, as the residues could be lost when removing the sample and could also fall to 

the bottom of the reactor. Overall there was a lower production of residues at higher 

gasification temperatures. 
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Figure 26. Solid residues from spruce at 750 °C (left), 850 °C (center) and 950 °C (right) 

     

Figure 27. Ashes and unburned char from alder gasification at 750 °C (left), 850 °C (center) 

and 950 °C (right) 

   

Figure 28. Ashes and unburned char from alder gasification with lower gas agent flow (0.0315 

SLPM O2) at 850 °C (left) and 950 °C (right) 

    

Figure 29.Ashes and unburned char from pine gasification at 750 °C (left), 850 °C (center) and 

950 °C (right) 
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4. CONCLUSIONS 

The present thesis carried out different experiments to study and analyze the 

composition of the producer gas produced in the gasification of three different biomass 

species (Spruce, alder and pine) at three different gasification temperatures (750, 850, 

950 °C), using a mixture of oxygen and nitrogen as a gasifying agent (and two different 

gas agent flows for alder) in a prototype fixed bed reactor, connected to a gas cleaning 

system and a Fourier-transform Infrared equipment and Gas Chromatography 

equipment, to determine the concentration of  H2, CO and CH4 in the producer gas. 

The overall energetic structure and types of resources available in Estonia, provides 

suitable possibilities to integrate gasification technologies (fixed bed or fluidized bed) for 

heat and power generation, considering that biomass is already used for heat generation, 

and considering the country’s renewable energies targets. A transition to more efficient 

and cleaner methods of using oil shale, combined with co-combustion, co-pyrolysis 

or/and co-gasification of oil shale-biomass mixtures would present a suitable path to 

achieve the energy goals, as the country has well developed the knowledge and technical 

capabilities in fixed and fluidized bed technologies and thermochemical conversion 

processes for energy generation. 

From the chemical composition analysis, it was observed that overall spruce, alder and 

pine present very similar characteristics, with a composition within 49.89 to 50.33, 6.55 

to 6.62 and 42-69 to 43.09 wt% of Carbon, Hydrogen and Oxygen respectively, as well 

as analytical moistures from 6.87 to 8.47 wt% and ash contents from 0.29 to 0.35 wt%. 

The similarities were presented also in the gross calorific values, which ranged from 

18.35 to 18.43 MJ/ kg and a net calorific value from 18.35 to 18.61 MJ/kg. Comparable 

values were found in literature. The composition similarities plus the same particle size 

used in the experiments, resulted in a producer gas with a similar composition for the 

three biomass species. 

From the actual gasification system used, it was observed that multiple gas cleaning 

stages are necessary to condensate the produced tars and volatiles, so that the gas 

sample and the gas analysis equipment are not contaminated. Moreover, the producer 

gas exhaust requires additional heating to avoid condensation of volatiles inside the 

reactor, which can produce clogging and affect the experiments. For future experiments 

it is recommended to implement a system to fully condensate all volatiles, in order to 

have a complete mass balance of the process. These improvements would help to 

understand the reaction evolution in the gasification process. 
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There was a similar composition of the producer gas at different temperatures during the 

gasification of each one of the wood species. For all three biomass the gasification 

temperature increased the yield of the main combustible gases (H2, CO and CH4). 

Overall, spruce, alder and pine presented a total of 11.9 to 12.2 vol% of main 

combustible gases at gasification temperatures of 750 °C, which increased to 

concentration ranging from 18.7 to 25.3 vol% at 850 °C, and from 27.9 to 34.4 vol% at 

950 °C. Pine presented the highest concentration of combustible gases. However, 

considering the wide availability of these three wood species in Estonia, and the 

similarities in composition, it would be suitable to use biomass mixtures of these wood 

species for gasification, including mixtures obtained from biomass residues, including 

birch and aspen which are also widely available. Further as gasification of wood biomass 

mixtures and wood-oil shale mixtures is a possible next step for future research.  

The composition and yield of the main combustible gases is directly affected by the 

gasification temperature. A considerable increase in the concentration of H2, CO and CH4 

was observed when gasifying at 750 °C, compared to 850 °C and 950 °C. On average 

the hydrogen concentration increased from 1.1 to 2.5 to 4.5 vol% at 750, 850 and 950 

°C respectively. For carbon monoxide, the concentration increased from 8.8 to 15.3 to 

21.1 vol% at 750, 850 and 950 °C respectively, and for methane the concentration 

increased from 2.2 to 3.7 to 5.0 vol% at 750, 850 and 950 °C respectively. Based on 

these results, literature overviews and external experiments, a gasification temperature 

close to 950 °C would be the most suitable temperature to obtain a higher yield of 

producer gas with a higher concentration of the main combustible gases. 

Compared to experiments done by other researchers in similar gasification conditions, 

the producer gas obtained from the experiments at 950 °C shown in this document 

presented a comparable concentration of carbon monoxide, ranging from 20.0-30.0 vol% 

in other experiments compared to 19.6 to 23.4 vol% in the presented experiments. The 

methane concentration is also comparable in the presented experiments, from 4.1 to 5.1 

vol% compared to values from 2.0 to 10.0 % in other experiments. For hydrogen, the 

concentration obtained was lower on average than other research done, with values 

obtained from 4.0 to 5.1 vol% compared to concentrations ranging from 5.0 to 15.0 

vol% in other experiments. Overall these results show that the process done in the 

experiments was indeed a gasification process. 

Measuring the composition of the gas as well as the evolution of the gasification process 

with two measurement equipment was an effective way to control the gasification 

process, as the Total Organic Compounds allowed comparing the evolution of the process 

for experiments ran under the same conditions, as well as comparing the reaction 
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process for experiments under different conditions. It was observed how the higher 

temperatures in the gasification experiments increased the speed of reactions and 

resulted in a higher yield of producer gas, as well less production of tars and ashes. 

Moreover, for future experiments it is recommended to analyze the effect of different gas 

agents, such as pure oxygen, steam, steam and air mixtures, and carbon dioxide among 

others. Experiments in a fluidized bed reactor controlling the particle size, would also be 

suitable to obtain a more extensive analysis of gasification processes. 
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5. SUMMARY 

Biomass gasification as a thermochemical conversion process for the production of 

syngas or producer gas provides an alternative solution for renewable and decentralized 

technologies for energy generation. The present research was executed to determine the 

difference in the composition of the producer gas obtained from gasification, when using 

different types of Estonian wood biomass species and different gasification temperatures, 

as the composition of the producer gas highly depends on the gasification parameters. 

The experiments were made in a prototype fixed bed batch reactor, which was fine-

tuned and adjusted, the reactor was connected to a gas cleaning system, a Fourier-

transform Infrared Spectroscopy equipment and a Gas Chromatography equipment to 

determine the composition of the producer gas as well as the evolution of the gasification 

process. The biomass samples used were Estonian Scots Pine, Grey Alder and Norway 

Spruce samples from Estonian forests, which were gasified at 750, 850 and 950 °C, 

under a flow O2+N2 as the gasifying agent (Equivalence ratio of 0.379 on average). 

Overall it could be observed an increase on the main combustible gases in the producer 

gas when increasing the gasification temperature, going from 0.7, 8.6 and 2.1 vol% of 

H2, CO and CH4 respectively in gasification at 750 °C, to 5.1, 23.4 and 5.9 vol% of H2, 

CO and CH4 respectively in gasification at 950 °C. There was not a significant difference 

between the gas compositions for the three biomass species; however, pine gasification 

produced the highest yields of H2, CO and CH4 at 850 °c and 950 °C. Regarding the 

evolution of the reactions, at 950 °C the reduction reactions happened at a faster rate, 

observed by the concentration of Total Organic Carbon over time, as well as the amount 

of ashes and tars were reduced at the highest gasification temperature. Overall, using 

alder, spruce and pine for biomass gasification present an alternative for producer gas 

production, when gasifying at 950 °C, with air. Future experiments with gasification 

using steam as a gas agent or carbon dioxide would be adequate to determine the 

increase on the yield production of H2, and CH4, as well as experiments with fluidized bed 

gasification, studying the effect of the particle size.   
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