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1. Introduction 

1.1. Background 

The development of new technologies in the last century impacted the chemical industry to 

grow exponentially. Since the beginning of XVIII century, wood was used as fuel for 

transportation, towns and industry. With an increasing demand of resources, fossil fuels paved 

the way to process intensification, leading to an increase in greenhouse gases (GHG) 

emissions. The main consequence of GHG emissions is considered to be climate change, 

which is seen to negatively impact ecosystems and biodiversity of the planet [1]. As it can be 

seen in Figure 1, fossil fuel consumption in the last century seems to be strongly correlated to 

the increase of the average global temperature.  

 

Figure 1: Temperature anomalies in the last century, relative to  the 1951-1980 average global temperature [2] 

compared to the fossil fuel consumption [3]. 

The chemical industry is currently investigating on alternative solutions to reduce emissions 

and reach carbon neutrality, following the guidelines created in the Paris Agreement in 2015. 

Among those solutions, researchers focus on developing sustainable processes using 

renewable feedstocks and waste streams for the production of fuels, chemicals and materials. 

One potential renewable feedstock is lignocellulosic biomass, which represent the most 

abundant raw material for production of energy and biofuels. Among the existing 

thermochemical conversion processes, gasification is considered one of the most attractive 

process to convert biomass into valuable products.  

Biomass gasification is a thermochemical process that converts biomass into fuel gas by 

reaction with oxygen, O2, and/or steam, in absence of combustion. The main components of 

the fuel gas are syngas (CO + H2) and other gaseous products such as CO2 and methane. 

Syngas is the precursor for the production of several biochemicals in chemical industry, such 

as Fischer-Tropsch (FT) liquids, methanol, dimethyl ethers (DME) or synthetic natural gas 

(SNG). Since production of such biochemicals from syngas requires the use of catalysts, which 

are sensitive to impurities, the purity of syngas should be significantly high. Nowadays, high 

temperature (>1250°C) gasification processes are commercially available for coal, delivering 

a high purity syngas. However, high temperature gasification processes are not suitable for 

biomass gasification, due to the intensive pretreatment required to grind the biomass into 
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smaller particles and reduce the ash content. Therefore, low temperature gasification (750 – 

1000°C) is preferred for biomass gasification, even though the main challenge in this case is 

the high content of tars, one of the gasification byproducts in fuel gas.  

Tars are condensable organic compounds that tend to foul the process equipment and 

deactivate catalysts in downstream processes. Their constituents are mainly aromatic 

components, such as benzene, toluene, phenols, heteroatomic aromatics and polycyclic 

aromatics hydrocarbons (PAHs). As more than 2000 components can be present in tars, they 

can be classified in several ways [4], creating confusion within the research field. Depending 

on the end use of the syngas, the easiest way to classify them is to lump tars into groups or 

classes that show similar characteristics. Class contribution to the total tar concentration varies 

depending on process conditions such as temperature, pressure, and quality/amount of 

oxidant.  

Attempts on deep removal of tars by physical separation (adsorption, scrubbing, etc.) have 

shown that the technological feasibility of the process is limited by the high capital investment 

required to remove tars to the desired concentration [5]. However, one of the alternatives to 

physical removal of tars is thermal cracking, where high temperature (>1150°C) and sufficient 

residence time can significantly convert tars into syngas, to deliver high purity syngas that 

meets the requirement for biochemicals synthesis [6].            

1.2. Motivation 

In March 2020, the Dutch Minister Wiebes expressed his concern over the need of gaseous 

streams in the Netherlands to provide heat, electricity and precursors for the production of 

chemicals. In his report [7], the focus is on the research and development of sustainable 

processes aiming to the production of green gas, defined as the total biogas and syngas 

produced from sustainable sources, that can fulfill the gaseous streams demand expected in 

the Paris Agreement by 2030 (70 PJ). Considered the limited production of green gas in 2018 

(9.6 PJ), it is highly recommended, and financially supported by the government, that the green 

gas sector should scale up to fulfill the demand. Among the technologies proposed in the 

roadmap, Figure 2, thermal gasification complies with the requirements for further 

development of the process.  

 

Figure 2: Representation of the expected energy share in the green gas sector by 2030. Data source: [7] 

25 PJ

5 PJ40 PJ
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Thermal gasification is a well-established commercial process, used in large scale with fossil-

based fuels, such as coal or lignite, for the production of syngas for FT liquids production. 

However, when using sustainable biomass, that comply with the sustainability framework, such 

as wood waste, refuse-derived fuels (RDF) and plastics, many challenges arise. In particular, 

for biomass gasification at low temperature, tar content in the fuel gas is higher compared to 

conventional fossil-based processes. Their presence in the gas significantly impacts 

equipment lifetime, catalysts activity, and versatility on the application of the fuel gas. 

Therefore, it is important to convert tars as much as possible, not only to avoid significant 

operational issues, but also to increase the overall carbon efficiency of the gasification process.  

A recent study on RDF gasification for energy recovery [8] shows that countries with growing 

population could highly benefit from co-feeding RDF to wood gasification plants, solving waste 

management problems, reducing CO2 emission by 40%, and reducing the tar content in the 

syngas. On the other hand, the produced syngas could be upgraded and used for production 

of valuable chemicals, such as methanol or SNG, if the tar content could be reduced to the 

required concentration to avoid catalysts deactivation.  

As the demand of advanced liquid biofuels is forecasted to rise in the near future [9], there will 

be need of a substantial development of sustainable processes for chemical production to 

comply with the Paris Agreement policies. Therefore, development of technologies able to 

deeply remove biomass tars in syngas may create a great opportunity for companies with 

expertise in gasification, as they can speed up commercialization of biomass gasification 

technologies, and become operative within five years [7]. Therefore, advancement in thermal 

tar cracking could potentially create opportunities for chemical companies to comply with the 

sustainability framework and generating profit from the sale of the end products. 

1.3. Company 

HoSt B.V. [10] is a leading company in the development of bioenergy installment for waste to 

energy systems. The company came to existence in 1991 as a result of a joint-venture between 

two well-established energy system suppliers. During this period, HoSt expanded its portfolio 

in transformation of waste into valuable-end products by designing, building, and maintaining 

bioenergy systems. 

Among those, heat recovery from waste in fluidized bed technologies is part of their portfolio 

as solution to residual wastes that contain high ash content. With this technology, gasification 

processes can be carried out to deliver heat and power. However, as the government is 

supporting the energy transition towards a net zero carbon emissions, the company has seen 

a great potential to exploit their technologies in gasification systems to produce a broader 

range of valuable products.  

Academic parties, such as University of Twente, have also seen the potential to participate in 

providing conceptual designs in the most up-to-date technologies that can fulfill the 

requirements for sustainable process development. Specifically, the Sustainable Process 

Technology research group (SPT group) [11] within University of Twente is working in several 

process development regarding biomass conversion, waste streams conversion and 

separation of high valuable product from such processes since 2005. Thus, in collaboration 

with HoSt, the SPT research group is working jointly on the design of a thermal tar cracking 

reactor for biomass gasification processes, which is the focus of this EngD project.      
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2. Objectives 

2.1. Description of the design issues 

Waste biomass gasification can produce a fuel gas with variable quality depending on the 

feedstock and operating parameters such as temperature, pressure and oxidizing agents. 

Moreover, production of chemicals from the derived syngas has been demonstrated feasible 

in several projects, with high technology readiness level (TRL), as shown in Table 1.  

Table 1: List of waste biomass to chemicals gasification plants in operation or in construction/planned in 

demonstration (TRL = 6-7), first-of-a-kind commercial (TRL=8) and commercial (TRL = 9) phase. Source: [12] 

 
Company Project Name Country Feedstock Product TRL 

1 Advanced 

Biofuels 

Solutions Ltd 

Swindon 

Advanced 

Biofuels Plant 

United 

Kingdom 

RDF and waste 

wood 

SNG & CO2 8 

2 BEST - 

Bioenergy and 

Sustainable 

Technologies 

GmbH 

Waste2Value Austria Biogenic residue 

and waste 

FT liquids  

(58 m3/y)   

& clean syngas 

6-7 

3 Enerkem, SA 

(Agbar), 

Repsol 

Ecoplanta 

Molecular 

Recycling 

Solutions 

Spain organic residues 

and waste 

streams 

methanol 

(265,000 t/y)   

8 

4 Eni Waste to 

Hydrogen 

Italy RDF and non-

recyclable 

plastic waste 

hydrogen  

(0.1 t/y)  

& methanol 

8 

5 GIDARA 

Energy B.V. 

Advanced 

Methanol 

Amsterdam 

AMA 

Netherlands organic residues 

and waste 

streams   

FT liquids 

(30,000 t/y) & 

sustainable 

aviation fuels 

(SAF)   

9 

6 JV controlled 

by ENI 

Waste to 

Methanol 

Italy waste methanol  

(300 t/d)   

8 

7 Vaermlands 

Metanol AB 

Vaermlands 

metanol 

Hagfors 

Sweden woody biomass   methanol 

(130,000 m3/y)   

9 

8 Fulcrum 

BioEnergy and 

Essar Oil 

Fulcrum 

NorthPoint 

United 

Kingdom 

organic residues 

and waste 

streams   

FT liquids 

(70,000 t/y) & 

sustainable 

aviation fuels 

(SAF)  

8 

9 Total BioTfueL 

demo 

France straw, forest 

waste, dedicated 

energy crops   

FT liquids 

(8,000 t/y) & 

sustainable 

aviation fuels 

(SAF)   

6-7 

10 Karlsruhe 

Institute of 

Technology 

(KIT) 

bioliq Germany straw DME & 

gasoline-type 

fuels 

6-7 
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However, many demonstration plants have been dismissed due to economical reasons. One 

of the limiting factor is the high cost related to tar removal from the fuel gas [5]. As most of the 

upgrading processes downstream require a low tar concentration, tar removal shall be a key 

for the development of a commercial biomass waste gasification process. While physical 

removal of tar is typically case dependent and has been proven feasible under certain 

conditions [5], thermal tar cracking at high temperature (higher than 1000°C) seems to be 

promising, as it allows conversion of tars into syngas. It also presents several advantages such 

as higher carbon efficiency, and reduction of heating and cooling cost due to cold gas cleaning, 

which is also a technological barrier in gasification processes [9]. However, the extent to which 

tars are destroyed is dependent on temperature, residence time, and other process 

parameters, which need to be optimized to minimize the energy requirements and tar 

concentration in the syngas.  

Therefore, optimization of thermal tar cracking can boost the development of biomass 

gasification technology for the production of advanced biofuels from syngas and give insights 

on the potential of such technology as integrative part of the waste biomass gasification 

process. 

2.2. Objectives of the design project 

The main objective of this design project is to design a thermal tar cracking reactor system for 

3500 Nm3/h of biomass gasification syngas with an initial tar concentration of 10 g/Nm3, that is 

able to deliver a syngas with an allowable tar concentration for chemical manufacturing.  

The research question to tackle these challenges is therefore the following:  

• What reactive system should be used to reduce the tar concentration in the syngas  

below 150 mg/Nm3? What are the main parameters to be considered for achieving the 

required tar concentration? 

Experiments of thermal cracking in the temperature range of 1000 – 1200°C needs to be 

carried out to measure the total tar concentration, classes distribution and syngas quality after 

thermal tar cracking at different conditions. For this reason, a gasification experimental set up 

with a maximum throughput of 1 kg/h of biomass will be built to investigate thermal tar cracking 

reactions in the temperature range of 1000 – 1200 °C and different residence time and reactor 

design.   

The deliverables required for the project are the following: 

• Experimental results of thermal tar cracking in the range of 1000-1200°C and 

residence time between 5-10 seconds. 

• Design proposal of a tar cracking reactor that can deliver a final tar concentration 

below 150 mg/Nm3. 
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2.3. Thesis structure 

In the next sections, the objectives in section 2.2 will be discussed and elaborated to deliver 

the required items. For that, the thesis is structured as follow: 

Section 1: a broad introduction on the topic of interest is given to depict the context of the 

design and where the motivations of the system under design are collocated. The company 

and the academic party involved are described.  

Section 2: a description of the design issues, the objective of the design and the research 

questions are formulated and described.  

Section 3: stakeholder analysis and identification of stakeholder needs. The latter are 

converted into project requirements that are clear, quantifiable, and that can express the will 

of the company to progress with the project development. 

Section 4: literature review will show the theory describing technical reports, scientific papers 

and books that were studied to understand the reactions mechanism of tar cracking, retrieve 

physical properties, investigate, and compare the existing technologies, their working 

principles, and their onsite experiences to make decisions over the development phase. 

Section 5: the design methodology used to progress during the development phase and all the 

design steps are defined and discussed. 

Section 6: all the design steps are applied from conceptual design to experimental set up to 

describe the development phase of the project. Experimental set-up design, results, evaluation 

of test results and improvements are discussed in detail.  

Section 7: the evaluation of the project deliverables is provided in terms of objectives and 

requirements fulfillment. 

Section 8: main conclusion and recommendations are presented to discuss the realization of 

the design, advantages and drawbacks and finally future works that should be made in order 

to obtain the final design.  
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3. Program of requirements  

The initial phase of the design project starts with understanding the stakeholders involved and 

their expectations, and translate their needs into requirements which are “unambiguous, 

testable or measurable, and necessary for the process acceptability” as defined in several 

system engineering documents [13]–[15]. Based on the definition of these requirements, the 

system under design (SUD) will undergo the design phase. 

3.1. Stakeholder analysis 

The main stakeholders involved in the project were identified in the context diagram shown in 

Figure 3. A brief explanation and their interests on the system under design are summarized 

below: 

• HoSt BV: is an energy company with experience and knowledge into thermal 

gasification of biomass. Their goal is to expand their knowledge and obtain useful data 

on the production of biochemicals via thermal gasification of biomass (B-wood) into 

green gas (or other valuable biofuels). Their interest in the SUD is to obtain proof of 

concept on thermal tar cracking as an alternative tar removal process. 

• SPT Group: is a group within University of Twente with knowledge in sustainable 

processes and thermochemical conversion of biomass. Their goal is to support the 

designer in obtaining valuable scientific outcomes from the study on thermal tar 

cracking, providing expertise, facilities, and supervision to the development of the SUD.  

• Netherlands Enterprise Agency (RVO): is the agency that helps entrepreneurs and 

knowledge institutes to invest, develop, and expand their business and projects. Their 

goal is to support financially the companies involved in the development of the SUD.   

 

 

Figure 3: Context diagram of the system under design for stakeholder identification. 
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3.2. Functional requirements 

The following list summarizes all the main project needs of the stakeholders, under a generic 

point of view:  

❖ Design a  tar cracking reactor  able to process syngas from different biomass 

gasification processes. 

❖ Deliver a state-of-the-art technology flexible to different feedstocks. 

❖ Obtain a syngas quality for chemical production. 

❖ Propose a scale-up design of the tar cracking reactor. 

As the abovementioned list represents a generic view of the needs and goals of the design 

project, translation of stakeholder needs into requirements is done by following the guidelines 

on translating needs into requirements given in the NASA system engineering handbook [13].  

The following list summarizes the functional requirements for the system under design: 

A. The reactor shall be able to process a maximum syngas flowrate of 3500 Nm3/h with a 

variable total tar concentration of 8 – 10 g/Nm3. 

B. Tar concentration after tar cracking shall be below 5 mg/Nm3. 

C. The reactor should operate in the temperature range of 1000-1200°C. 

D. The reactor should operate in the pressure range of 1 – 1.5 bar. 

E. The reactor height shall be less than 20 meters. 

After evaluation of the realizability of some of the requirements, the requirement B was 

readjusted for the design issue as follows:  

B1. Tar concentration after tar cracking shall be below 150 mg/Nm3. 

3.3. Non-functional requirements 

Non-functional requirements are referred to as all the requirements that do not directly refer to 

the functionality of the system under design, but the characteristic that the design should have  

as requested by the stakeholders.  

The non-functional requirements of the project are written according to the SMART method 

(Specific, Measurable, Assignable, Realistic, Time-related)  developed by George T. Doran in 

1981 [16].   

3.3.1. Safety/Risk 

As thermochemical conversion of biomass produces many compounds which are toxic, 

carcinogenic, explosive, and corrosive, it is fundamental to consider safety measures to 

prevent injuries to operators, buildings and environment.  

By applying the safety cube theory from Rajabalinejad [17], the following safety requirements 

can be written as:  

❖ Gas leakage shall be minimized to prevent explosions, fires, and poisoning. Hydrogen 

leakage to the environment should be outside flammability range. 

❖ The maximum level of CO of the system environment should be lower than 20 ppm. 

❖ High temperature zones should be thermally insulated to prevent endangerment of 

operators.  
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In the development of the experimental set up, a risk index is calculated based on the H and 

P-phrases of each chemical compound, material used, maximum operation temperature, 

maximum operation pressure, safety protections, and preventive measures to be taken in case 

of hazardous situation. Depending on the calculated risk index, the experimental set up is 

placed in appropriate location to avoid dangerous situation for building, environment and 

operators. In the design phase of the scale up tar cracking reactor, hazardous operation 

(HAZOP) study should be carried out to mitigate the risk during operation.  

3.3.2. Finances/Costs 

The main financial requirement to be considered in terms of costs is that the SUD should not 

exceed the budgets provided by the stakeholders in the design phase. During the scale up of 

the reactor, capital and operational costs should be limited as much as possible to guarantee 

financial process feasibility.  

3.3.3. Environmental/Sustainability 

The project is correlated to environmental issues as aim to reduce GHG emissions by waste 

valorization and production of green gas. The SUD should meet all the general requirements 

complying with the existing European legislation regulating CO2, nitrogen compounds and 

contaminants emissions that contribute to environment pollution. In term of sustainability, the 

design of the SUD should not impact negatively the sustainability index of the company [18], 

and should comply with the sustainability framework of the Paris Agreement.  

3.3.4. Recyclability/Disposability 

The SUD should not be used for the sole purpose of the abovementioned project but should 

be flexible or repurposed to change in goals, such as change in feedstock or end-use of the 

syngas, to ensure that its lifetime can be expanded to a minimum of 20 years.   
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4. Literature review 

Biomass [19], [20] is defined as any organic material derived from plants, animals and living 

organisms. As defined in literature [19], [21], it refers to a complex chemical structure 

composed which includes “product, by-products, residues and waste from agriculture, forestry 

and related industries as well as the non-fossilized and biodegradable organic fractions of 

industrial and municipal waste”. As an alternative renewable resource, biomass can be 

combusted to form CO2, which is conceptually not contributing to the increase of GHG 

emissions. In energy and chemical industry, woody biomass was used for several years since 

the first industrial revolution and nowadays is still widely used to provide heat in remote places.  

Woody biomass is a complex chemical structure composed mainly by carbon, hydrogen, and 

oxygen. In particular, the components forming its chemical structure are cellulose (40-60 

wt.%), hemicellulose (10-40 wt.%), lignin (15 -30 wt.%), and ashes(4-10 wt.%). Cellulose is a 

polysaccharide composed by glucose units with chemical formula (C6H10O5)n. Hemicellulose 

is a biopolymer composed by pentose and hexose repetitive units such as xylose, and 

represent the second most abundant polymer present in woody biomass. Finally, lignin is a 

biopolymer composed by hetero alkyl-aromatic units, such as guaiacols, syringyls and coniferyl 

alcohols [22], and it represents the hard part of the wood. These components are linked 

together forming a complex network, as shown in Figure 4,  which provides structural strength, 

making wood suitable for many applications in construction.  

 

Figure 4 : Lignocellulosic biomass 3-D structure. Source: [23]. 

At temperature above 100°C, wood starts undergoing thermal degradation, reducing its 

structural performance. Several different thermal degradation processes can be observed at 

different temperature range, namely dehydration, pyrolysis, gasification, and combustion. 

During dehydration, water vapor is released from the wood structure, weakening the cross-

linkage between the main constituents. At temperatures between 200°C and 500°C the 

chemical bonds of the biomass structure undergo pyrolysis, resulting in a heterogeneous 
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fragmentation of the molecular structure that yields to non-condensable gases, tars, and solid 

char, as shown in the simplified reaction in equation (1). The selectivity to these components 

is strongly dependent on temperature and presence of contaminants [24]. The major product 

of wood pyrolysis is pyrolysis tars oil, whose yield can go up to 75 wt.% [25].   

Biomass → Tars + C(s) + Gas (CO2, CO, CH4, C2, C3) + Ash (1) 

At temperatures above 750°C, gasification reactions start taking place in presence of steam, 

sub-stoichiometric oxygen, and/or CO2 (gasifying agent). Typical gasification reactions 

occurring are heterogeneous reactions between char and other light gases, as summarized in 

equations (2) to (7):  

C(s) + H2O ↔ CO + H2 ∆Hr = +131 kJ/mol (2) 

C(s) +  CO2 ↔ 2 CO ∆Hr = +172 kJ/mol (3) 

C(s) + 2 H2 ↔ CH4 ∆Hr = −74.8 kJ/mol (4) 

CO + H2O ↔ CO2 + H2 ∆Hr = −41.2 kJ/mol (5) 

CH4 + H2O ↔ CO + 3 H2 ∆Hr = +206 kJ/mol (6) 

C(s) + 0.5 O2 → CO ∆Hr = −111 kJ/mol (7) 

 

In the same temperature range, thermal tars cracking reactions start taking place to a greater 

extent, depending on temperature and residence time [26], decreasing the tar yield in favor of 

formation of light gases, such as CO, CH4, and smaller C2-C3 hydrocarbons.  

In an oxygen rich environment where the stoichiometric oxygen ratio (𝜆) is larger than 1, the 

carbonaceous matter formed during pyrolysis and gasification is combusted to form CO2 and 

water in exothermic reactions, as shown in equation (7) to (10): 

C(s) +  O2 → CO2 ∆Hr = −394 kJ/mol (8) 

CO + 0.5 O2 → CO2 ∆Hr = −284 kJ/mol (9) 

H2 + 0.5 O2 → H2O ∆Hr = −242 kJ/mol (10) 

 

4.1. Biomass gasification processes 

Biomass gasification processes exploit the thermal degradation of woody biomass to form 

syngas and other byproducts in presence of a gasifying agent, such as steam, air, CO2, or 

mixture of these. The process is optimized for production of high gas yield in the temperature 

range of 750-1000°C (low temperature gasification) and 1250–1500°C (high temperature 

gasification), which requires different reactor configurations depending on the operating 

temperature. Depending on the syngas composition, several advanced biofuels could be 

produced in advanced upgrading processes, as shown in Figure 5. Typical existing 

configurations for low temperature gasification are fixed bed gasifiers and fluidized bed 

gasifiers, while entrained flow gasifiers or plasma gasifiers are typically used for high 

temperature gasification [27].  

Fixed bed gasifiers working principle is shown in Figure 6. In updraft gasifiers, the gasifying 

agent is introduced at the bottom, where combustion reactions take place first, and 

temperature rise up to 1000°C. Following, endothermic gasification reactions, as in equations 
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(2) to (7), take place to form syngas at temperature of 750°C. The hot fuel gas proceeds 

upwards to pyrolyze the fresh biomass entering the reactor and leaves the reactor from the top 

of the gasifier at lower temperature (200°C). Typical tar content in the gas for updraft gasifiers 

is in the range of 100 – 200 g/Nm3. 

 

Figure 5: Some of the gasification and syngas cleaning pathways for production of advanced biofuels. Source: 

IRENA [6]. 

In downdraft reactors, the gasifying agent is introduced at the throat (center of the reactor) and 

the product of combustions are moving downwards, where gasification reactions take place 

and the syngas is formed. One of the advantages of the downdraft reactor is the high 

temperature reached in the combustion zone (1200 – 1400°C), which ensure homogeneous 

tar cracking and deliver a syngas with low tar content, which ranges between 0.01 – 6 g/Nm3 

[28].  

 

Figure 6: Schematic representation of fixed bed gasifiers working principles. Source: [29]. 

Fluidized bed technologies working principle consists in the continuous mixing of biomass 

particles with an inert bed of solids (or catalytic, depending on the application), which is 

fluidized by means of a gasifying agent. One of the advantages of fluidized beds is that there 
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is no temperature gradient throughout the bed, during operation. Typical fluidized bed reactors 

configurations are bubbling fluidized bed (BFB), circulating fluidized bed (CFB) and dual 

fluidized bed (DFB). The main difference between bubbling and circulating fluidized bed is the 

mixing pattern. In BFB reactors, the mixing of solids takes place by means of gas bubbles 

moving upwards in the bed. In CFB reactors, solids are entrained in the gas, separated in a 

cyclone, and recirculated by gravity to the bottom of the reactor through a secondary leg. The 

DFB is the combination of the previously described fluidized bed reactors, where gasification 

reactions take place in one reactor (BFB or CFB), and the bed containing char is circulated to 

the other reactor (CFB or BFB). In the second reactor, char combustion takes place to generate 

the heat required for the gasification reactions, which is transferred back via the hot bed 

material, as shown in Figure 7. Typical gasification temperatures in fluidized bed reactor 

configurations are between 750 – 1000°C. Under these conditions tar content in the syngas 

ranges between 1 – 30 g/Nm3 depending on  process parameters such as gasifying agent, bed 

material, and reactor configuration used [29].  

  
Figure 7: Schematic representation of fluidized bed gasifiers. A. BFB gasifier; B. CFB gasifier; C. DFB gasifier. 

Source: [31] 

Entrained flow gasifiers working principle is shown in Figure 8. A mixture of pulverized fuel and 

oxygen enters the reactor at high velocity, where combustion reactions take place to form CO2 

and H2O in the combustion zone. Local temperatures in the combustion zone can go up to 

2500°C. In the gasification zone, the fuel is gasified into syngas by the combustion products 

at temperature up to 1400°C [30]. Advantages of the entrained flow gasifier are that operations 

can be carried out at high pressures and high temperatures, achieving a tar-free syngas. 

Furthermore, operating the gasifier at temperatures above ashes’ melting point, will create a 

liquid slag along the reactor walls, which protects the reactor material from thermal stress and  

corrosion. However, entrained flow gasifiers are only suitable for large scale applications, as it 

requires significantly large reactors to ensure complete fuel conversion.  

Applications of entrained flow gasifiers are optimized for high-rank coal gasification in 

commercial scale. Low-rank coal, lignite and biomass gasification in entrained flow gasifiers 

find limited applications, since they can create a non-slagging environment, which is 

unfavorable for the operability of the reactor.   

C 
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Figure 8: Schematic representation of an entrained flow gasifier. Source:[30]  

Upgrading of syngas is limited by the tar content, as shown in Table 2. In fixed bed 

technologies, average tar concentration in the syngas typically ranges between 1 – 50 g/Nm3 

depending on the type of biomass used, and reaction configuration. In fluidized bed, CFB 

gasifiers have lower tar concentration in the syngas (1 – 10 g/Nm3) compared to BFB gasifiers 

(10 – 40 g/Nm3), depending on bed material, particle size of biomass, gasifying agents, and 

operating temperature [32]. Hence, further gas cleaning needs to be integrated in the 

gasification process to reduce the tar content below the acceptance limit of its end use.   

Table 2 : Tar concentration limits for different application of syngas in industry. Source [33]. 

End use device Tar Acceptance Limit (mg/Nm3) 

Industrial gas turbine <5 

Fuel cells <1 

IC and diesel engines 10 – 100 

Compressors 50 - 500 

 

4.2. Tar formation and definition 

Depending on the application, tars find several definitions in literature [4]. In thermochemical 

biomass processes, the first tar definition depends on the process conditions for which they 

are formed. Elliott [34] reported for the first time the relation between tars and process 

temperature as shown in Figure 9. 

 

Figure 9: Evolution of biomass tar formation based on process temperature. Readapted from [34]. 
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In the same study, it was reported the observed typical tar components that can be found in 

tars, depending also on the type of process used (pyrolysis or gasification), and how the 

increase in process temperature tends to shift the oxygen content of tars to zero.  

Milne and Evans [35] proposed a simplified mechanism of tars formation in pyrolysis, and 

gasification under certain conditions (pressure, steam-to-biomass ratio, temperature, 

residence time, reactor configuration), suggesting that increasing reaction severity, defined as 

process temperature and system pressure, the products of biomass thermochemical 

processes  tends to be of gaseous and solid nature (soot), which is formed in the high gas-

phase reaction severity. Their classification consisted of four tar component groups: primary, 

secondary, alkyl-tertiary and tertiary tars, which are summarized based on their formation and 

their contributions to the total tars as function of temperature.  

It was claimed that primary tars are derived from pyrolysis of cellulose and lignin constituents 

of the wood, secondary tars are the rearrangement of primary tars, while tertiary-alkyl and 

tertiary products are rearrangement of the two previously mentioned [36]. In the same study, 

distinction between five classes of components based on solubility in water and condensability 

was made and summarized in the graphical representation shown in Figure 10.  

 

Figure 10: Tar classification of components based on process temperature, solubility, and condensability. Source: 

[36]. 

Other researchers in the gasification field agreed upon the common definition that tars can be 

differentiated in five classes [5], [37], dependent on molecular weight and physical properties, 

which are described in Table 3.  

Although many tars definitions were given, the definition given by IEA Gasification Task in 

1998 was agreed by both academia and industry: “all organics boiling at temperatures above 

that of benzene should be considered as ‘tar’”.  
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Table 3: Classification of tars based on molecular structures and behavior under given process conditions. 

Class Type Examples 

1 GC undetectable tars. Biomass fragments, heaviest 

tars (pitch) 

2 Heterocyclic compounds. These are 

components that generally exhibit high water 

solubility. 

Phenol, cresol, quinoline, 

pyridine 

3 Aromatic components. Light hydrocarbons, 

which are important from the point view of tar 

reaction pathways, but not in particular 

towards condensation and solubility. 

Toluene, xylenes, ethylbenzene 

(excluding benzene) 

4 Light polycyclic aromatic hydrocarbons (PAHs) 

(2-3 rings). These components condense at 

relatively high concentrations and intermediate 

temperatures. 

Naphthalene, indene, biphenyl, 

anthracene 

5 Heavy poly aromatic hydrocarbons (≥4-rings 

PAHs). These components condense at 

relatively high temperature at low 

concentrations. 

Fluoranthene, pyrene, chrysene 

 

4.3. Thermal tar cracking  

One of the typical routes to “destroy”, “convert”, “decompose” or “crack” tars is called thermal 

cracking, which is the process describing the thermal cleavage of high molecular weight 

molecules to produce smaller molecules. Several thermal cracking processes are employed in 

fossil based industry to produce light gases for the synthesis of chemicals, such as  steam 

cracking. Studies on thermal tar cracking are thoroughly reported in coal pyrolysis/gasification 

applications[38]–[41] and biomass tar pyrolysis/gasification [26], [28], [42]–[45]. Temperature, 

residence time, and initial tar compositions are the main factors affecting tar cracking reaction 

extent. A summary of the reactivity can be found in the ECN report [46], which states that their 

reactivity is as follows:  

biomass pyrolysis oils/tars >  

phenolic tar compounds (phenol, cresol, naphthol) > 

 coal-based pyrolysis tars> 

 polycyclic aromatic tar compounds  

(anthracene, phenanthrene, naphthalene, benzene) 

As it is possible to observe in Figure 11, the total tar concentration decreases with increasing 

temperature and residence time, while the average molecular weight of the total tar increases 

in favor of higher molecular weight tars. This is in agreement with the ECN statement on tar 

reactivity. The reason can be found in the reaction mechanism of thermal cracking for which 

tars undergo. In fact, many studies in literature reported that tertiary tars do not undergo tar 

cracking, rather a more complex mechanism that, in presence of aliphatic hydrocarbons 

formed from pyrolysis of primary tars, proceeds via the Hydrogen-Abstraction-Acetylene-

Addition (HACA) process, that yield to higher molecular weight poly aromatic hydrocarbons 

(PAHs) and eventually soot [40], [46].  The HACA reaction mechanism is shown in Figure 12.  
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Figure 11: Gas residence time over thermal tar cracking: ●900°C ♦1000°C ■1075°C ▲1150°C (left side).  

Tar distribution for gasification tars after thermal tar cracking at different temperatures (right side)[5]. 

 

Figure 12: HACA mechanism proposed for formation of PAHs from benzene [47]. 

An agreeable simplified mechanism for tar cracking was proposed by Jess [48], see Figure 13, 

that shows that starting from benzene, toluene or naphthalene as tar model component, high 

temperature leads to formation of soot precursor. It was also concluded that reactivity among 

these components follows the order:  

Toluene>> Naphthalene>Benzene 

Kinetic modelling for thermal tar cracking has been readily reported for tars independently from 

the source (coal or biomass) as function of gas-phase conditions [26], [49]–[52]  (hydrogen, 

steam, CO2 content), temperature and pressure. Each of these models have validity over 

specific temperature ranges and can either be complex or simple, homogeneous, or 

heterogeneous. However, the most simplified reactions for tar thermal cracking used in 

literature [53] are the following :  

 𝐶𝑥𝐻𝑦𝑂𝑧(𝑡𝑎𝑟) → 𝐶𝑂 + 𝐶𝐻4 + 𝐻2 + 𝐶𝑚𝐻𝑛𝑂𝑘(𝑡𝑎𝑟) + 𝐶(𝑠) (11) 

 𝐶𝑚𝐻𝑛 → 𝑚𝐶(𝑠) +
𝑛

2
 𝐻2 (12) 
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Figure 13: Simplified reaction scheme during thermal tar cracking. Proposed by Jess [48]. Readapted by [45]. 

4.4. Tar measurements and characterization 

Several methods for tar quantification and characterization have been developed throughout 

the years. In the first place, characterization of tar were done by molecular beam mass 

spectrometry (MBMS) connected online to estimate the molecular mass distribution of the tar 

components [35]. After that, gas chromatography coupled with mass spectrometry (GC/MS) 

was used to determine the components in the tars [34]. However, characterization of tars was 

limited by the detectability of the components over the instruments. Attempts on using gel 

permeation chromatography (GPC) to determine molecular mass distribution were made to 

measure the change in molecular weight after thermal cracking [26]. Although many methods 

could be applied for tar characterization, many technical challenges are still existing, such as 

reproducibility of the results, detection of low tar concentration.  

The effort of BTG, TNO and ECN in 1998 provided a standardized tar protocol for the 

quantification and characterization of tars in biomass gasification systems [54]. The method 

consists in the condensation of tars over a series of impingers at different temperatures varying 

from 70 to -20°C, where tars are fractionated in several bottles, and the content analyzed, 

either after evaporation of solvent or directly in the solvent, in GC/MS for qualitative and 

quantitative characterization of the single components, and quantification of the total tar 

concentration by weight. However, procedures of tar sampling, analysis and characterization 

are time-consuming and required significant amount of solvents. Attempts on developing faster 

methods were made by KTH [55], consisting in adsorption of gaseous tars directly in a solid 

phase that is subsequently eluted in smaller amount of solvents and analyzed in GC/FID – MS. 

In comparison with the tar protocol, sampling and analysis were faster and reproducible, with 

a maximum error of 5 % over the total tars [56]. Typical spectra obtained are represented in 

Figure 14. 

Online measurements have also been investigated in literature, finding applications only for 

specific cases [57]. BTG and other parties are currently working in developing a photo 

ionization detection (PID) method to measure tar content online with desired accuracy for 
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industrial application[58]. Other techniques were investigated in the past but unsatisfactorily or 

with need of further development [59], [60].   

 

 

Figure 14: GC-FID/MS spectra of the tar content  before tar cracking. Components: 1.benzene; 2.toluene; 3.m-

xylene; 4.phenylethyne; 5.styrene; 6.benzofuran; 7.ethylbenzene; 8.indene; 9.phenol; 10.naphthalene; 

11.methylnaphthalenes; 12.biphenyl; 13.acenaphthylene; 14.dibenzofuran; 15.fluorene; 16. phenanthrene; 

17.anthracene; 18.4H-cyclopenta[def]phenanthrene; 19.fluoranthene; 20. methyl-pyrene; 21.pyrene; 22.nitrogen-

containing tars; 23.benzo[ghi]fluoranthene; 24.benzo[a]anthracene; 25.perylene; 26.benzo[k]fluoranthene. 

4.5. Current status of biomass thermal tar cracking technology  

Thermal tar cracking was investigated in the past as technology to reduce the tar content in 

the gas and advance the biomass gasification technology to further development.  

Houben [61] showed that thermal tar cracking of biomass gasification tars can achieve a total 

tar concentration below 200 mg/Nm3 at temperature of 1150°C and residence time of 10 s. 

However, the main product of tar cracking was seen to be soot in large quantities, and light 

gases such as H2, CO, CO2, and small amount of methane. Furthermore, Brandt and 

Henriksen [62]  demonstrated that biomass tars concentration from an updraft gasifier, at  

1290°C and very short residence time (0.5 s), can be reduce to a minimum of 5 mg/Nm3. 

Application of their process to the Viking gasification pilot plant, achieved a concentration of 

naphthalene below 0.2 mg/Nm3
dry [63]. However, the produced syngas was used to power a 

75 kW thermal engine and continuous operation were achieved only for 9 days.       

Attempts of industrial application of tar cracking reactors for bioliquids synthesis were made in 

the past, and are currently in development phase. A demonstration plant in Germany, using 

the  Carbo-V technology [64], developed by CHOREN, was commissioned in 2006 to deliver 

a tar free syngas to be used for the synthesis of FT liquids, as shown in Figure 15. 

The tar cracking process consisted on a entrained flow gasifier configuration, where pyrolysis 

gas, produced in the low temperature gasification unit, and oxygen are introduced to the high 

temperature gasifier from the top. The entrained flow gasifier has the biggest advantage of 

operating at high pressure (40-100 bar) and high temperature (>1250°C), which are able to 

deliver a tar-free syngas. One of the main features of such technology is the adoption of 
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chemical quenching, that uses char formed in the pyrolysis unit to cool down the gas by means 

of endothermic reactions, generating extra syngas. However, the presence of dust and flying 

ashes in the gas requires an intensive gas cleaning step for dust-removal and contaminant 

scrubbing, section before entering the FT synthesis process. Demonstration for FT synthesis 

was successfully carried out. However, the plant was decommissioned in 2012 due to 

economical reasons related to operational problems, and the technology was sold to Linde 

Engineering [65], with the aim of improving the technology. Nowadays, similar process that will 

employ the Carbo-V gasification technology from Linde Engineering are also the bioliq® 

process, Germany, and BioTFuel, France.  

 

Figure 15: Schematic representation of the CHOREN Carbo-V process. 

.  

Another technology that is developed for tar cracking is the plasma cracker, patented by 

Advanced Biofuel Solutions Ltd (ABSL) and commissioned  in the Swindon gasification plant, 

which will serve as demonstration plant for future application [66]. In the plasma process, a 

fluidized bed gasifier produces a fuel gas rich in tars, which are deeply converted into syngas 

by contacting the fuel gas with a plasma torch. The advantage of plasma cracker is the 

flexibility of feedstock that can be used in the process, as really high temperatures 

(approximately 3500°C) in the tar cracker are achieved in the plasma torch, recovering all 

carbon entering the reactor. In the appendix, a schematic diagram of the process can be found. 
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5. Design methodology/ Design steps 

The design methodology used for the project follows a revised version of  the Vee model [67], 

as shown in Figure 16. Each of the steps of the model consists in an iterative problem-solution 

domain, where the problem is firstly defined and processed, and a solution is found and tested 

until satisfactory results are obtained.  

 

Figure 16: Design methodology based on the Vee model.  

The design steps are applied for the realization of the conceptual design, which is used as 

proof of concept before the design phase of the tar cracking system. The system design is 

decomposed in subsystems and components design, where each subsystem and component 

are evaluated based on the iterative cycle in Figure 17. It consists in the problem identification, 

goal definition, solutions definition, identification of the best choice and solution 

implementation. 

The conceptual design is tested with the realization of an experimental set up where the system 

under design and all its components are integrated. Experiments will be designed to investigate 

the feasibility of the tar cracking reactor design, and the results of the experiments obtained 

will be used as basis for the scale up design of the tar cracking system, according to the 

requirements in section 3.2.  

Eventually, the design of the tar cracking reactor will be evaluated and proposed to meet the 

stakeholder expectations.   
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Figure 17: Iterative cycle used in the conceptual design. 
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6. Development phase 

6.1. Conceptual design 

The tar cracking system is collocated in the context of gasification processes for the production 

of syngas with low tar concentration. In a gasification process, as depicted in Figure 18, three 

main system units can be distinguished, namely: 

1. Gasification system 

2. Tar cracking system 

3. Gas cleaning system 

Discussion and descriptions of the components forming the three system units and their 

functions will be given in the following sections to give an overview of the working principle of 

the conceptual design.  

 

Waste wood Gasification Tar cracking
Gas 

cleaning

Steam Byproducts

Syngas

 

Figure 18 : Conceptual process design of syngas production via woody biomass gasification. 

6.1.1. Gasification system 

The gasification system has the function of producing syngas by contacting biomass with a 

gasifying agent. The experimental gasification system consists of three components, namely 

gasification reactor, feeding system, and solid collector system, as represented in Figure 19.  

The requirements for the experimental gasification reactor are such that tar concentration in 

the syngas should be as high as possible, to carry out studies on thermal tar cracking. The 

syngas quality should be representative for the system in which the tar cracking reactor will be 

integrated. For this reason, fluidized bed technology is selected to carry out the gasification 

experiments. Bubbling fluidized bed (BFB) reactor is selected, as it ensures higher tar 

composition than circulating fluidized bed (10 – 40 g/Nm3). Silica sand is selected for bed 

material, to avoid catalytic reactions that could possibly reduce the tar content in the syngas. 

Operation temperature ranges between 750 – 850°C. In these operating conditions, gas yields 

can vary between 80-90 wt.%, depending on the biomass content. Typical components in the 

syngas are hydrogen, carbon dioxide, carbon monoxide, methane, and traces of aliphatic 

hydrocarbons in variable composition. 

The feeding system has the function of feeding the solid fuel, and the gasifying agent to the 

gasifier. For solid feeding, woody biomass is continuously introduced to the gasifier to 

guarantee constant syngas production. Furthermore, to ensure constant syngas quality, extra 
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bed material should be introduced in the reactor to maintain constant concentration of biomass 

in the bed. Screw conveyors were selected for the study, as it ensures continuous feeding of 

material at the bottom of the bed and guarantees adequate mixing of biomass. For gas feeding, 

a mixture of steam and nitrogen (N2) is introduced at the bottom of the bed as gasifying agent. 

Steam is selected to avoid excessive oxidation of the biomass, which could lead to difficult bed 

temperature control. Steam is generated prior entering the gasifier in a steam generator. 

Nitrogen is preheated prior entering the gasifier, and is used to start up the fluidization in the 

bed and ensure constant gas flowrate in the system. Furthermore, due to the inert nature of 

nitrogen gas, it is easily possible to measure syngas production before and after tar cracking 

from the inert mass balance.      

The solid removal system allows removal of solid particles entrained in the syngas. While char 

and ashes are collected in the char collector via the bed overflow to avoid accumulation of 

solids and ensure constant bed height, solid entrained in the produced syngas are separated 

as much as possible prior entering the tar cracking reactor. Cyclone system is selected for the 

conceptual design, as it can efficiently remove fine solid particles (up to 90 wt.%), preventing 

excessive pressure drop due to clogging as in conventional filtering systems.  
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Figure 19: Block diagram of the gasification system. White round boxes (green borders): input; Blue boxes: 

feeding system; red boxes: gasification reactor; White boxes (blue borders): solid collector system; green round 

box: output. 

6.1.2. Tar cracking system 

The tar cracking system has the function of thermally decompose tars from biomass 

gasification by means of high temperature (1000-1200°C). Therefore, the experimental tar 

cracking reactor should be able to convert tars and reduce its concentration below the target. 

The tar cracking system consists of a tar cracking reactor (tar cracker), a sampling system, 

and analysis system, as depicted in Figure 20.   
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Typical tar cracking reactors used in thermal coal tar cracking in industry have reactor 

configurations of cracking tubes reactors, entrained flow reactors. Both reactors are able to 

reduce tar concentration to a significant extent. In the entrained flow, the gas is introduced at 

high velocity in the expansion chamber together with the fuel gas. However, the expansion of 

the fuel gas generates axial dispersion in the reactor, which enhance back-mixing of gas and 

entrained solids. The extent of axial dispersion defines the degree of mixing within the vessel, 

creating continuously stirred conditions (CSTR). In the cracking tube reactor, the velocity of 

the gas remains constant throughout the reactor length, ensuring lower axial gas dispersion, 

which contributes to achieve plug flow conditions (PFR). Therefore, two tar cracking reactors 

are selected for the project, to investigate the effect of different flow conditions. To ensure 

isothermal process conditions in the tar cracking reactor, the tar cracking reactors are placed 

in electric ovens which are able to achieve temperatures above 1200°C.          
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Figure 20: Block diagram of the tar cracking system. White round boxes (green borders): input; Blue boxes: 

sampling system; red boxes: tar cracking reactor; White boxes (blue borders): analysis system; green round box: 

output. 

The sampling system has the function of obtaining gas and tar samples to evaluate the syngas 

quality and the tar content at inlet and outlet conditions for system control. It consists of 

sampling ports and sampling devices for gas and tars. Sampling ports in correspondence of 

the inlet and outlet streams of the tar cracking reactor are installed for withdrawal of gas 

samples and tar samples. As gas sampling devices, air-tight syringes are selected for research 

purposes, as it allows storage and transportation of the samples to the analysis laboratory. 

However, a side gas stream can be directly connected to the analysis system to increase 

analysis time. For tar sampling, solid phase adsorption (SPA) is selected for research purpose, 

as it allows faster tar sampling and cheaper analysis methodology, as discussed in section 4.4.  

The analysis system should allow deliver accurate and representative analysis of the products 

present in the fuel gas. Gas chromatography (GC) for analysis of the main components in the 

gas phase is selected to estimate the composition of the syngas. For tar analysis, GC/FID -

MS is selected for quantitative and qualitative characterization of the tar content in the syngas, 

as it delivers representative measurements of biomass tars formed during gasification 

processes.   
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6.1.3.  Gas cleaning system 

The gas cleaning system has the function of cleaning the gas from contaminants formed during 

tar cracking, and cool down the produced syngas before further processing. Byproducts that 

need to be removed are carbon soot, tars, and traces of H2S and ammonia. Furthermore, it 

was decided to condense the water vapor in the syngas for research purposes, to allow its 

quantification in the syngas. Therefore, the gas cleaning system is consisting of cooling 

scrubbers, an intensive cooler and a filtering system, as shown in Figure 21.  

The cooling scrubbers have the function of removing all the solid and contaminants, including 

condensing a large portion of the water vapor in the syngas. It consists of a series of spray 

condensers, which allows solids precipitation by contacting the “dirty” syngas with a 

countercurrent cold liquid spray. Two spray condensers are operating at different temperatures 

to allow deep removal of contaminants in the syngas. The temperature of the scrubbing liquids 

ranges between 25 and 10°C. Herein, ammonia and H2S are removed from the syngas. The 

liquid scrubbing agent is recirculated continuously during operation to minimize scrubbing 

agent consumption.    

The intensive cooler allows condensation of the low boiling contaminants, as well as the 

remaining portion of water vapor in the syngas. It consists of a single tube heat exchanger 

operating at temperatures between -6°C and -12°C.  

The filtering system has the function of preventing solid particles to be entrained in the syngas 

before further processing. It consists of a cloth filter, which allows deep removal of the solid 

contaminants, as well as absorbing remaining contaminants that could possibly still be present 

in the syngas.    
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Figure 21 : Block diagram of the gas cleaning system. White round boxes (green borders): input; Blue boxes: 

filtering system; red boxes: tar cracking reactor; White boxes (blue borders): analysis system; green round box: 

output 
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6.2. Experimental set-up 

A process flow diagram of the experimental set up is given in Figure 22.  
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Figure 22: Simplified sketch diagram of the tar cracking experimental set up. 
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6.2.1. Gasifier  

A BFB gasifier consisting of a stainless steel AISI 310 tube with internal diameter of 10 cm and 

height of 75 cm was built. The gasifier is equipped with a solid overflow downcomer to keep 

the bed height to 25 cm. A distribution plate of porous quartz disk (o.d. = 10 cm) was placed 

at the bottom of the stainless-steel tube. The feeding point is placed 5 cm above the distribution 

plate to allow biomass feeding in bed. The bed material used for the experiments is silica sand 

with particle sizes ranging between 200 – 300 µm. The experimental gasifier works with a 

variable feed of 0.2 – 0.5 kg/h of pine wood (Lignocel 9 ©) mixed with a variable amount of 

sand (2-4 kg/h) to obtain a constant ratio of sand/char/biomass in the bed. Below the 

distribution plate, a conic plenum of the same material of the gasifier allows mixing of the 

gasifying agents (steam and N2). The temperature within the gasifier bed and freeboard is 

measured in six different locations of the gasifier by means of K-thermocouples, which are 

connected to a computer logging system to allow monitoring. The top of the reactor is equipped 

with an in-house stainless-steel AISI 316 cyclone systems, composed by a knock-out vessel 

and a cyclone in series to remove the largest amount of char and ashes from the gas. 

Connections of top and body of the reactor are maintained leak-tight by means of graphite 

rings. Gasifier and cyclone temperatures are controlled in two different electric furnaces, 

respectively 800°C and 600°C, separated from each other by refractory material and insulation 

wool. The temperature of the cyclones is maintained at lower temperature to avoid thermal 

stress of material and avoid tar condensation in the pipe. Furthermore, the cyclone system gas 

pipe outlet is equipped with a heat tracing element that maintains the temperature of the pipe 

above 400°C to avoid tar condensation in the pipe.  

6.2.2. Tar cracking reactor  

Two reactors have been built for this project to investigate the mixing effects of the gas in a 

continuously stirred vessel and in plug flow conditions, namely CSTR reactor and PFR reactor. 

The two reactors were designed to operate with two different gas velocities (𝑢𝑃𝐹𝑅/𝑢𝐶𝑆𝑇𝑅 ≈ 10) 

and same gas residence time and gas flowrate.     

The CSTR reactor, as shown in Figure 23, is made of an open-ended stainless-steel 253 MA 

tube with internal diameter of 15 cm, and a total length of 80 cm. The reactor head is made of 

the same material and it is composed of a gas inlet of 10 mm (1 inch), a sampling port, and a 

rupture disk valve, which was designed to handle up to 1 barg. The reactor pressure inside the 

system is monitored by a pressure transducer connected to a separate port of the reactor head. 

The bottom is equipped with a bubble cap tray, which allows outflowing of the gas, and work 

as mechanical support for packing materials. Head and bottom of the reactor are connected 

to the reactor open ends by means of special screws and bolts. Graphite rings were used to 

keep the reactor gas tight. The reactor temperature is controlled by means of a series of electric 

furnaces that can operate up to 1250°C according to the manufacturer. The temperature profile 

inside the reactor is monitored by means of K-type thermocouples which were placed at 34, 

52, and 72 cm from the top end of the tube.   
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Figure 23: CSTR experimental reactor design sketch. Left: top view of the reactor. Right: side view of the reactor 

(units in mm). 

The PFR reactor was built with nine Alloy 825 tubes with internal diameter of 4 cm and length 

of 94 cm, welded together with eight Alloy 825 elbows for a total length of 10 meters, as shown 

in Figure 24. The total reactor body volume was minimized for a total diameter of 30 cm and 

total height of 111 cm as shown in Figure 24 to be fit in an electric furnace with internal diameter 

of 33 cm and total height of 120 cm. The electric furnace can operate up to 1250 °C, according 

to the manufacturer. The internal temperature profile of the reactor is measured throughout the 

whole reactor length by means of nine K-type thermocouples, placed half length of each tube. 

The external temperature profile is also monitored with nine thermowells positioned in three 

different heights of the reactor body (top, center, bottom). The inlet of the reactor is composed 

by a four-way pipe fitting where a pressure sensor, a sampling port, the cyclone system fuel 

gas pipe outlet and a tar cracking gas inlet are connected.  
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Figure 24: PFR experimental reactor design sketch. Left: top view of the reactor body. Right: side view of the 

reactor body.  

6.2.3. Gas cleaning system 

The overall gas cleaning system used was taken from used in other researches for the 

fractionation of tars from wood pyrolysis [68], [69]. Two jacketed spray condensers equipped 

with pumps for the recirculation of a scrubbing agent are used to precipitate the solid formed 

after tar cracking. The scrubbing liquid used for the system is OK Arinella 17, which is 

observed to be insoluble with tars from biomass and non-miscible with water. The gas inlet 

pipe is heated to 400°C to avoid tar condensation before entering the first scrubber. Spray 

nozzles are placed at the top of the cooling sections, below a glass beads bed where 

entrained solids and tars aerosols are adsorbed before the gas leaves the condensers.  

Process water is recirculated in the jackets to cool down the condensing section, as shown in 

Figure 25. Connected to these units an intensive cooler, consisting of an open-end 

serpentine where the gas is cooled to sub-zero temperatures to remove all the traces of 

condensable gases. A mixture of commercial glycol is used as refrigerant liquid to cool down 

the syngas to subzero temperature.  The gas leaving the system is passed through a cloth 

filter to avoid any liquid particles condensing in the dry gas meter reader. The operating 

temperature of the condensers were 25°C, 10°C and -12°C (or -6°C) for first spray 

condenser, second spray condenser, and intensive cooler respectively. After the filter the 

total amount of gas produced is measured in a gas flowmeter and released into air via an 

exhaust pipe. 
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Figure 25: Schematic representation of the spray condenser  

6.2.4. Feeding system 

The solid feeding system for solids consists of: 

• a biomass storage hopper equipped with a mechanical stirrer to avoid formation of 

bridges in the biomass, a screw conveyor calibrated to feed specific amount of wood, 

and a nitrogen flow to avoid that the gas formed in the fluidized bed will flow inside the 

vessel. Biomass used for the experiments is pine wood (coded Lignocel 9).  

• a sand storage hopper equipped with a screw conveyor calibrated to a specific amount 

of silica sand with same particle size distribution as the bed material. 

• a mixing hopper, where sand and biomass are mixed by means of gravity. 

• a fast screw conveyor to ensure fast feeding of fresh biomass/sand mixtures inside the 

gasifier bed. In correspondence of the gasifier, a cooling jacket maintain the 

temperature of the mixture below 200°C to avoid biomass pyrolysis.  

The gas feeding system is composed of: 

• Three cold nitrogen lines connected to biomass storage hopper, char collector and 

gasifier where the flow is controlled by means of mass flow controllers. Before entering 

the gasifier, an electric heater preheats the nitrogen flow to 400°C.  

• An inhouse built electric steam generator where liquid water is pumped by means of 

an HPLC pump to generate superheated steam (400°C) which is then mixed in the 

mixing chamber of the gasifier together with nitrogen. 

• An external instrumental air stream, where air is connected in cold mode to the tar 

cracker standalone, to burn off the carbon soot deposited during the experiments.  
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6.2.5. Sampling system and analysis 

Tar sampling is achieved by means of Supelco Discovery® DSC-NH2 500mg – 3ml solid phase 

adsorption (SPA) cartridges supplied by Sigma-Aldrich. 100 ml of gas are withdrawn through 

the SPA cartridge by means of a Braun Omnifix® syringe by piercing the rubber septum 

connected to the sampling ports with a needle (Φ 0,80 x120 mm), placed at inlet and outlet of 

the tar cracking reactor, as shown in Figure 26. The temperature of the sampling line is kept 

at 400 °C to avoid heavy tars condensation. After sampling the SPA tube is disconnected and 

immediately capped, to avoid light tars evaporation, and stored together with the needle. Within 

2 hours from sampling, the SPA is eluted in 2 ml of dichloromethane (DCM) and the content is 

analyzed in GC-FID/MS for quantification and qualitative characterization. Quantification of 

tars is calculated according to Saint Laumer et al. quantification method [70] using toluene as 

model component to estimate the response factor for all the tar species found in GC/MS. 

Furthermore, to calculate the tar class distribution, tars are lumped into five groups, Ring 1 to 

Ring 5, depending on the number of aromatic rings contained in the components detected. In 

Table 4, a summary of all the lumped tar species and their respective components can be 

found.   

Table 4 : Lumped tar species according to the number of aromatic rings in the component.  

Definition Typical components 

Ring 1 Benzene, toluene, xylene, indene, benzofuran, phenol, styrene 

Ring 2 Naphthalene, dibenzofuran, biphenyl, methylnaphthalene 

Ring 3 Acenaphthylene, anthracene, phenanthrene, fluorene, 4H-

cyclopenta[def]phenanthrene, 9H-fluorene-9-methylene 

Ring 4 Fluoranthene, benzo[a]anthracene, pyrene 

Ring 5 Benzo[ghi]fluoranthene, benzo[a]anthracene, perylene, 

benzo[k]fluoranthene 

 

Gas is sampled by withdrawing 50-60 ml of gas from the sampling ports in the set up with a 

syringe and analyzed in gas chromatography (GC) for analysis of hydrogen, nitrogen, CO2, 

CO, methane and other hydrocarbons up to C6 content. 

Solid samples such as biomass, char and soot are analyzed in thermogravimetric analysis 

(TGA), GPC and elemental CHNS analyzer, for proximate, elemental and molecular 

distribution analysis. Quantification and qualitative analysis of wood ashes is conducted in TGA 

and XRF analysis. 
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Figure 26: Schematic representation of tar sampling in the process gas.  

6.3. Experiments and evaluation 

The experimental program consists of a series of experiments carried out at different 

temperatures and different flow conditions, to investigate the tar cracking reaction extent and 

the final syngas composition after tar cracking. In the following sections, description and 

evaluation of experimental results are reported. The results are evaluated as described in the 

following paragraph. 

6.3.1. Evaluation methodology 

The overall mass balance of the experiments is calculated by weighing all the materials and 

components used in the experimental setup before and after experiments, to calculate the yield 

of solid and liquids in the system. The mass of produced gas from gasification is obtained by 

multiplying the measured outlet gas flowrate by the time-averaged gas density, obtained from 

the GC analysis of the outlet gas composition. Mass balances closures of 70 – 90 wt.% are 

achieved throughout all the experimental program.  

The gas composition before and after tar cracking is measured in vol.% expressed in dry basis. 

To estimate the production form biomass, the gas composition is normalized to the amount of 

nitrogen gas used during the experiment as fluidizing agent and expressed in dry basis. 

For the tar cracking reactor mass balance, the volumetric inlet gas flowrate is calculated from 

the nitrogen gas balance in the tar cracker, according to equation. 

𝑉𝑔𝑎𝑠,𝑖𝑛 ∗ %𝑁2,𝑖𝑛 = 𝑉𝑔𝑎𝑠,𝑜𝑢𝑡 ∗ %𝑁2,𝑜𝑢𝑡 (13) 

Where 𝑉𝑔𝑎𝑠 is the volumetric flowrate of the gas expressed in Nm3 in dry basis. The expansion 

coefficient, 𝜀𝐴, is defined as the ratio between the volumetric gas flowrate difference and the 

inlet volumetric gas flowrate. The total tar concentration, 𝐶𝑡𝑎𝑟𝑠, is calculated as the sum of the 

contribution of the single tars components measured as described in section 6.2.5 of the report. 

The total tar conversion in the tar cracker is defined in equation (14). 

𝑋𝑡𝑎𝑟 =
𝑉𝑔𝑎𝑠,𝑖𝑛 ∗ 𝐶𝑡𝑎𝑟𝑠,𝑖𝑛 − 𝑉𝑔𝑎𝑠,𝑜𝑢𝑡 ∗ 𝐶𝑡𝑎𝑟𝑠,𝑜𝑢𝑡

𝑉𝑔𝑎𝑠,𝑖𝑛 ∗ 𝐶𝑡𝑎𝑟𝑠,𝑖𝑛
 (14) 

The tar class distribution is defined as the ratio of the tar class concentration in the lumped 

species, namely Ring1 to Ring5, in respect to the total tar concentration, described as follows: 
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%𝑅𝑖𝑛𝑔𝑗
=

𝐶𝑅𝑖𝑛𝑔 𝑗

𝐶𝑡𝑎𝑟𝑠
∗ 100 𝑗 = 𝑅𝑖𝑛𝑔1, … , 𝑅𝑖𝑛𝑔5 (15) 

The flow behavior in the tar cracking reactor is estimated as function of the dimensionless 

Bodenstein number, 𝐵𝑜, which is calculated according to empirical correlations [71], depending 

on the dimensionless Reynolds and Schmidt numbers, defined as in equation (16). Bodenstein 

number correlates the degree of axial dispersion in empty tubes. For values of 𝐵𝑜 > 10, PFR 

conditions are obtained, while for significantly lower values the reactor is considered a CSTR. 

𝐵𝑜 =
𝑢𝑔𝑎𝑠𝐿

𝐷𝑎𝑥
= 𝑓(𝑅𝑒, 𝑆𝑐); 𝑅𝑒 =

𝜌𝑔𝑎𝑠𝑢𝑔𝑎𝑠𝐷𝑟

𝜇𝑔𝑎𝑠
; 𝑆𝑐 =

𝜇𝑔𝑎𝑠

𝜌𝑔𝑎𝑠𝐷𝐴𝐵
 (16) 

Based on the results of equation (16), assessment of CSTR or PFR behavior are made to 

calculate the tar cracking  kinetic constant  from equations (17) and (18): 

For CSTR: 𝑘𝑡𝑎𝑟𝜏 =
𝑋𝑡𝑎𝑟(1+𝜀𝐴𝑋𝑡𝑎𝑟)

1−𝑋𝑡𝑎𝑟
  (17) 

For PFR: 𝑘𝑡𝑎𝑟𝜏 = −(1 + 𝜀𝐴) ln(1 − 𝑋𝑡𝑎𝑟) − 𝜀𝐴𝑋𝑡𝑎𝑟 (18) 

In the equations abovementioned, 𝜏 is defined as the gas residence time, calculated as the 

ratio between the reactor volume and the inlet gas flowrate. 

6.3.2. Biomass characterization 

The real feedstock received from HoSt consists of waste wood. Moisture content is determined 

by heating up the biomass to 150 °C for 20 minutes in a infrared moisture analyzer. Proximate 

analysis to determine volatile matter, fixed carbon and ashes of the sample is conducted in 

TGA analyzer. Carbon, hydrogen and nitrogen content is determined in the elemental analyzer. 

Eventually, according to the standard ISO 1822 for the determination of the ash contents, 

biomass is incinerated and the ashes are analyzed in XRF for quantitative and qualitative 

analysis.  

As it is possible to see in Table 5, compared to Lignocel 9, B-wood contains a significant 

amount of nitrogen, related to the additives contained in the feedstock. This could represent a 

problem during operation, as high content of ammonia can be generated during tar cracking. 

On the other hand, the high volatile matter ensures that a maximum 16 wt.% of the biomass 

can be found in the gasifier bed. Presence of steam in the system ensures that less fixed 

carbon will be found in the bed. The qualitative and quantitative ashes content obtained in XRF 

analysis can be found in Figure 27. 

Table 5: Proximate analysis results of the real (B-wood) and model (Lignocel 9) feedstock. 

%wt. B-wood  Lignocel 9 [68] 

Moisture content 4.13   ± 0.31 9-10 

Fixed carbon 15.93 ± 0.88  

Volatile matter 75.83 ± 1.06  

Ashes content 4.11   ± 0.24  

C 42.73 ± 0.15 46.53 

H 6.19   ± 0.01 6.34 

N 6.14   ± 0.04 0.04 

O (by difference) 44.94 ± 0.11 37.5 

S N.D. 0.06 
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Figure 27: Relative content of ashes in real feedstock. 

6.3.3. Gasification standalone 

To assess the capabilities of the gasifier, the experiment is run with the experimental set up 

configuration as described in Figure 28. 
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Figure 28: Block diagram of the experimental set up for gasification standalone 

Lignocel 9 was used as biomass feedstock to carry out the experiment. A biomass flowrate of 

0.4 kg/h is introduced in the gasifier together with a steam mass flowrate of 0.4 kg/h, which is 

equivalent to a steam to biomass ratio (S/B) of 1. A flow of 5 NL/min of nitrogen is fed at the 

bottom of the gasifier to ensure bed fluidization. The temperature of the bed was maintained 

at 830°C while the cyclone system was set to 600°C to avoid condensation of tars in the pipes 

and excessive thermal stress in the cyclone junctions. The gas cleaning system, as described 

in 6.2.3, was operated at 25°C ,10°C and -12°C.   

From the experiment, it was possible to measure and characterize the tar components to be 

expected from this feedstock, and eventually assess the performance of the gasification 

system. The time-averaged gas composition during the experiment and the total tar 

concentration in the fuel gas are shown in Table 6, which are in good agreement with similar 

works on gasification of pine wood [72]. 

35.3%

27.6%

9.5%

7.2%

6.5%

3.9%

3.4% 1.8%

1.6% 1.1% 2.2%

P Ca

Si Fe

K Ti

Mg Al

Zn Mn

Others



40 
 

Table 6 : Gasification standalone, time -averaged gas composition of the producer gas. 

Component Gas composition 

(dry, inert free) 

(%vol.) 

Species Tar 

concentration 

(mg/Nm3) 

H2 40.0  ±  5.5 Total 41700 

CO 30.5  ±  5.5  

CO2 17.0  ±  2.5 Ring 1 29.7 wt.% 

CH4 9.5    ±  2.0 Ring 2 29.6 wt.% 

C2H4 2.5    ±  0.5 Ring 3 21.2 wt.% 

C2H6 0.31  ±  0.01 Ring 4 8.9 wt.% 

C2H2 0.16  ±  0.11 Ring 5 10.5 wt.% 

 

6.3.3.1 Technical challenges 

The operating conditions of gasifier temperature, feeding rate and inert dilution resulted to be 

satisfactory to ensure good gasification reactions, with significant amount of tars formed. 

However, bed fluidization was compromised after one hour experiment, most likely due to 

agglomeration of fresh wet biomass, generating poor bed mixing and temperature gradients 

throughout the bed. Therefore, the nitrogen flow was increased to 11 NL/min, restoring bed 

fluidization which was eventually stable for the remaining time of the experiment.  

Condensation of tars and carbon deposition in the pipe was observed in negligible amount in 

the cold spots of the pipeline connecting the gasifier to the cleaning system. A pressure buildup 

of 0.3 barg is observed at the end of the experiment, most likely due to tar deposition in elbows 

and connections of the system. To reduce the tar concentration in the gas, and avoid excessive 

tars condensation, it was decided to proceed with the following experiments by reducing the 

feeding rate and increasing N2 dilution to 11 NL/min during operation.  

6.3.4. Tar cracking in CSTR 

The first tar cracking experiments were performed with a CSTR reactor, as described in Figure 

23, to compare the results with the work reported in literature by ECN [61].  The experimental 

setup configuration is described in  Figure 29. The temperature of the fluidized bed was 800°C. 

A Lignocel 9 flowrate of 0.2 kg/h was used for the experiment, with a S/B = 1.5, and a nitrogen 

flow of 11 NL/min. The initial tar concentration in the producer gas was measured to be 7,250 

mg/Nm3. Temperature tests in the tar cracker were performed at 1000°C, 1100°C and 1200°C 

to investigate the tar cracking extent at different temperatures.  
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Figure 29: Block diagram of the experimental setup configuration of tar cracking in CSTR. 

As it is possible to observe in Figure 30, only H2, CO, CO2 and CH4 were the main components 

detected after tar cracking. It is possible to observe an increasing hydrogen concentration, 

which seems to be promoted by reactions (5), (6) and (12). On the other hand, the relative CO 

concentration in the gas decreases at higher temperature due to the water gas shift reaction. 

However, the absolute mass of CO sharply increases, as well as the concentration of CO2.  

Ethylene, acetylene, ethane and some higher hydrocarbons were only present in smaller 

amount at lower temperature (1000°C) while at higher temperature their concentration in the 

gas was negligible. This can explain the presence of soot observed at the end of the 

experiments in the scrubbing agent, which is most likely produced by HACA mechanism at 

these temperatures.  

 

Figure 30: Gas composition after tar cracking in CSTR conditions as function of temperature. 

The total tar concentration decreases with the increase in temperature, which is in good 

agreement with the reported literature. Although residence times between 9 and 10 s were 

used for the current test, the results of ECN shows lower tar concentration than in the current 

study. The tar product distribution, as shown in Figure 31, shows a strong selectivity towards 

Ring 1 tars in all the temperatures tested. On the other hand, there is no significant temperature 
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effect in selectivity of the other lumped tar species at different temperatures. Compared to the 

ECN work, the reactor used for this study was twice in diameter size, therefore the temperature 

effect is limited by the extent of axial dispersion in the CSTR reactor configuration. In fact, it 

has been observed that the gas composition measured at the top of the reactor was almost 

equal to the gas composition at the tar cracker outlet, which is to be expected when CSTR 

conditions are achieved. Same consideration holds to the total tar concentration that were 

measured. The Bodenstein number for fluid in empty tube [73] was calculated to be in the 

range of 1.1-1.2, which also confirms the strong axial dispersion in the reactor.    

  
Figure 31 : Tar cracking results for total tar concentration (left side) and contribution of compounds from Ring 1 to 

Ring 5 to the total tar concentration (right side) for CSTR reaction conditions.  

6.3.4.1 Technical challenges 

The overall performance of the tar cracking reactor was satisfactory, as the temperature was 

maintained steady for a significant amount of time without significant issues related to power, 

gas leakage and corrosion. However, significant thermal stress at the top and bottom of the 

reactor were experienced. Specifically, the graphite gaskets at the connecting parts were 

partially gasified and all the connecting nuts and bolts were partially damaged, causing a small 

gas leakage that triggered the CO alarm installed in the room. Other materials were tried for 

the purpose, however without producing better results. Hence, the electric ovens were 

readapted to keep the connection points in cold spots to prevent thermal stress.  

Since it was not possible to operate the experimental setup without a CO alarm system for 

safety policy, several CO sensors were distributed in specific places of the experimental room, 

and operators were equipped with CO and H2S pocket sensors.      

6.3.5. Tar cracking in packed bed 

To investigate the flow behavior effect in tar cracking, the CSTR reactor was filled with non-

porous white alumina spheres of same diameter to observe the effect of tar cracking with a 

better flow distribution. Alumina spheres were supplied by Baan Machines BV. Two particle 

sizes were selected for two different experiments: ϕ 25±2 mm and ϕ 6±1 mm. According to the 

manufacturer, the purity of the spheres is >92% wt. and the largest impurity is SiO2 with a 

percentage of 3.8%. Other smaller contaminants may have some catalytic activity, however, 

assumption of no catalytic activities given by these components is considered.  
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As shown in Figure 32, similar results in total tar concentration with CSTR reactor configuration 

are achieved in packed bed with packing material ϕ25mm in the same temperature range. 

However, the calculated residence time for the experiments is between 4.5 – 5 s, meaning that 

better conversion can be achieved at lower residence time compared to the CSTR reactor. 

Furthermore, the total tar concentration observed at 1200°C was slightly lower compared to 

the results in the CSTR, 626 mg/Nm3, which therefore shows that smaller axial dispersion is 

achieved. In fact, the Bodenstein number evaluated for gas flow in packed bed [74] is 

calculated to be in the range of Bo = 25 – 30 , which is indeed showing that the reactor is now 

operating in plug flow conditions.  

  
Figure 32: Tar cracking results for total tar concentration (left side) and contribution of compounds from Ring 1 to 

Ring 5 to the total tar concentration (right side) for packed bed reactor conditions (alumina spheres= ϕ25mm).  

On the other hand, it was observed during the test run at 1200°C that carbon deposition over 

the alumina spheres surface becomes significantly pronounced in the upper section of the 

packed bed, where a lower temperature was measured, see Figure 33. Unfortunately, it was 

not possible to quantify the mass of carbon deposited over the spheres, as the expected 

carbon deposition in the worst-case scenario was comparable with the measurement 

precision. Furthermore, at the bottom of the packed bed (from height 450 mm to bottom), no 

carbon deposited was found. This could be explained by the fact that carbon gasification 

reactions as in (2), (3) and (4) are strongly favored at these temperature conditions. 

Furthermore, it is possible to observe from the tar distribution in Figure 32 that higher relative 

content of Ring 4 and Ring 5 tars is found in the total tar. This is an indicator that tars undergo 

polymerization mechanism to form higher molecular weight compounds, also considered as 

soot precursors [46].  

As the observed total tar concentration at 1000 and 1100°C was similar to the CSTR reactor, 

it was decided to run only one experiment at 1200°C with alumina spheres of smaller sizes, to 

confirm that lower axial dispersion is beneficial in conversion of the tar species in the fuel gas.      

At same flowrate conditions, the expected Bodenstein number is calculated to be in the range 

of 90 – 120. 
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Figure 33: Temperature profile of the packed bed reactor (left side). Carbon deposition over the alumina spheres 

of 250 mm diameter (right side). 

The packing material was substituted with the same mass of alumina spheres of 6 mm in 

diameter. Under same conditions, tar cracking was observed to be similar in conversion extent. 

The total tar concentration after tar cracking was calculated to be 574 mg/Nm3, which is indeed 

similar to the previous experiment with packed bed.   

The detectable tars found in the gas phase showed a pronounced increase in the higher 

molecular weight tars (Ring 3 to Ring 5). In fact, the amount of carbon deposit over the packing 

material surface seemed to be substantially higher in the upper section of the packed bed, as 

shown in Figure 34, suggesting that tar polymerization has been favored by the presence of 

higher surface area where nucleation and growth of soot is promoted.  

  
Figure 34: Carbon deposition over the different packed bed material sizes after experiments at 1200°C.. 
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Comparing the results from the three reactor configurations in Figure 35, it is possible to 

observe that when increasing further the surface area, the final tar concentration is not 

changing significantly, proving that surface area is not significantly improving the total tar 

conversion. On the other hand, the tar product distribution is observed to be higher in Ring 3 

to Ring 5 tar content, meaning that tars undergo soot formation at high temperature. In fact, 

the amount of carbon deposited over the surface seems to be directly proportional to the 

surface area of the packing material. However, the reason of carbon deposition at the top of 

the reactor is not fully clear. It could be that the deposited carbon found at the top is coming 

from the gasifier, and due to a lower temperature gradient, carbon cannot be gasified. 

 

  
Figure 35: Final total tar concentration comparison of tar cracking at 1200°C as function of surface area (left side). 

Comparison of contribution of Ring 1 to Ring 5 compounds to total tar (right side). 

6.3.5.1 Technical challenges 

Adjustments on the tar cracking reactor ovens showed significant improvements in thermal 

stress issues in the connections of the tar cracking reactor. The graphite gaskets resulted to 

be significantly less damaged, especially at the top section where the temperature was 

observed to be slightly lower compared to the bottom part. Nonetheless, gas leakage was 

unavoidable, even though the maximum CO concentration detected in the room was less than 

10 ppm.  

Furthermore, accumulation in the fast screw conveyor resulted into slower biomass feeding, 

creating discrepancies in the S/B ratio. This resulted in different gas composition for the major 

components after tar cracking, as shown in the appendix, and increase in pressure drop in the 

system. During experiment, the gas flowmeter was measuring zero gas flow, meaning that 

some major plug was created in the system. From problem investigation, it was found that ice 

formation in the intensive cooler was the cause of the problem. Therefore, it was decided to 

operate the intensive cooler at higher temperature (-6°C instead of -12°C). 
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6.3.6. Tar cracking in PFR 

The reactor shown in Figure 24 is now used as tar cracking reactor to investigate the tar 

cracking extent in plug flow conditions. In same conditions as the previous experiments, the 

calculated flow velocity in PFR reactor is circa 1.1 m/s and the Bodenstein number calculated 

for gas in empty tubes is in the range of 13.7 – 17, which represents that the flow behavior can 

be considered as plug flow. To ensure isothermal operation, the temperature profile of the 

reactor was monitored during experiments, as shown in Figure 36. The estimated residence 

time was calculated to be in the range of 8.5 – 10 s. 

 

Figure 36: Temperature profile of the PFR reactor during experiments. 

Experiments were carried out in the temperature range of 1000 – 1200 °C to compare the 

results with the experiments in section 6.3.4. At 1200°C, electricity power supply shut down 

several times, therefore, it was decided to lower the temperature to 1160°C to ensure 

continuous operation of the experimental set up.  

In Figure 37, it is possible to observe that the main components in the gas have similar 

concentration as for the CSTR reactor. Only at 1000°C, higher concentration of hydrogen is 

achieved, most likely from the higher conversion of methane and C2 hydrocarbons, as shown 

in (6).  

As it can be observed in Figure 38, at 1000°C, the total tar concentration drops significantly 

compared to the other reactor configurations tested in the previous experiments. Furthermore, 

at 1100°C, the total tar concentration resulted to be 350 mg/Nm3. At 1160°C, the total tar 

concentration is calculated to be 100 mg/Nm3, which is below the desired target concentration 

as reported in section 3.2.  
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Figure 37: Gas composition after tar cracking in PFR conditions as function of temperature 

In terms of tar class distribution, there is a strong presence of Ring 1 compounds at 1000°C, 

which makes up to 85 wt.% of the total detectable tars. On the other hand, 0.7 wt.% is 

composed by Ring 5 tars, which is in line with the other experiments at 1000°C. An interesting 

result can be seen at 1160°C, where the contribution of Ring 1 compounds to the total tar is 

significantly lower compared to the other experiments, whereas Ring 3 tars are contributing 

the most to the total tar distribution. Furthermore, Ring 5 tar contribution to the total tars was 

measured to be 7.8 wt.%, which is the highest percentage achieved among the experiments 

carried out during the experimental program. 

 

  
Figure 38: Contribution of Ring 1 to Ring 5 compounds to the total tar concentration in PFR reactor as function of 

temperature. 
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To confirm the results obtained at higher temperature in plug flow condition, a second 

experiment at 1150°C was carried out at higher initial tar concentration, which was obtained 

by lowering the temperature in the fluidized bed to 780°C. The total inlet tar concentration was 

measured to be 20,000 mg/Nm3. The final tar concentration after tar cracking resulted to be 

140 mg/Nm3. However, the tar distribution, as depicted in Figure 39, shows that the larger 

components found in the total tar were Ring 1 tar, which is in disagreement with the previous 

experiment at similar concentration. Furthermore, the main component found in Ring 1 tars 

was toluene, which is usually converted much faster than the other Ring 1 tars component, as 

observed in literature [4] and the previous experiments, even at different reactor configuration.  

 

Figure 39: Tar distribution for tar cracking in PFR reactor at initial tar concentration of 20 g/Nm3  

Two main trends can be distinguished in PFR reactor: 

• The total tar concentration in the gas decreases significantly with increasing 

temperature, allowing reaching the required values of final tar concentration below 150 

mg/Nm3.  

• Ring 1 tars contribution decreases with increasing temperature in favor of increasing 

Ring 2 to Ring 5 tars contribution to the total tars.  

6.3.6.1 Technical challenges 

The performance of the PFR reactor were surprisingly satisfactory. Thermal stress issues were 

solved completely in the reactor which was operating in continuous for a total of 7 hours without 

major interruption. No major pressure build up was detected throughout the experimental 

program with the PFR reactor.  

On the other hand, tar measurements produced different results at low tar concentration, which 

was found to be the major challenge in the detection of tars at concentrations lower than the 

target. Furthermore, in the last experiment at higher tar concentration, the initial S/B ratio was 

set to be equal to 1.5, however, the calculated S/B ratio was measured to be far below the set 

point (S/B = 0.7). It was found that the capillary tube connecting the water tank to the HPLC 

pump was above the water level, thus, unable to withdraw the required amount of water to 

generate sufficient steam. To solve the issue, a steel weight was placed at the end of the 

capillary tube, which was sufficient to maintain the capillary below the water level.   
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6.3.7. Solid carbon conversion and formation  

To measure the carbon formation and carbon conversion, the experimental set up was 

equipped with two filters as shown in Figure 40. The purpose of the experiment was to measure 

the solid carbon entering the tar cracker by filtering the solid matter leaving the gasifier in the 

first filter. Quantification of carbon was made by weighing the first filter before and after 

experiment. The second filter placed after the tar cracking reactor would filter the amount of 

carbon formed during tar cracking only. As for the first filter, the difference in weight before and 

after the experiment would be the amount of carbon formed during tar cracking. The filters 

consist of a metal case equipped with heat tracer, to avoid tar condensation, and a mesh that 

acts as support to a Whitman quartz filter with pore size of 0.45 µm. 
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Figure 40: Experimental set up to determine carbon conversion and carbon formation. 

The experiment had to be stopped after 20 minutes due to rapid pressure increase in the 

system. The cause of pressure build up was due to deposition of carbon over the filter forming 

a “solid cake”, contributing to the gas flow, as shown in Figure 41.  

  
Figure 41: Carbon deposition in the filter before tar cracking after 20 minutes. Experiment 1 (Left side), 
Experiment 2 (Right side).  
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The experiment was repeated at same conditions, reducing the nitrogen flow to delay the 

pressure build up, however, without succeeding. Therefore, the idea of measuring carbon by 

filtering was abandoned. However, the collected carbon in the filters was analyzed in TGA and 

elemental analyzer to understand the behavior of the solids in oxidative environment and 

determine its elemental composition before and after tar cracking. The results in Table 7 shows 

the elemental composition of solids before and after tar cracking. The solids entering the tar 

cracking reactor contain significant amount of oxygen, probably due to tar deposition over the 

carbon surface, while the solid formed after tar cracking appears to be almost pure carbon, 

with some traces of oxygen that could be caused by presence of moisture, which has been 

adsorbed during sample preparation.  

Table 7 : Elemental composition of solid carbon deposit in filters expressed in ash free. 

Elemental analysis (af) Before tar cracking After tar cracking 

%wt.   

C 83.75 97.69 

H 2.59 0.79 

N 0.09 0.34 

O (by difference) 13.57 1.18 

 

The TGA analysis was programmed as follows:  

1. Nitrogen flow and fast heating rate from room temperature to 500°C. 

2. Nitrogen flow and holding temperature for 15 minutes. 

3. Instrumental air flow introduction and holding temperature for 15 minutes. 

4. Instrumental air and fast heating rate from 500 to 900°C.  

From the TGA results in Figure 42, it is possible to see that the solids collected in the filter 

before tar cracking was containing about 3 wt.% tars, as its mass decreases in pyrolysis 

conditions, and almost 50%wt. was already converted at 500°C in oxidative environment. Full 

conversion of carbon in Filter 1 was achieved at temperature of 530°C. The solids collected 

after tar cracking did not show any volatile matter during pyrolysis conditions, and only 6 wt.% 

was converted during isothermal oxidative conditions. In this case, full conversion of the carbon 

in Filter 2 is obtained at 600°C.  

For quantification of the carbon entering the tar cracking reactor and formed during tar 

cracking, the carbon balance over the tar cracking reactor is considered and described in the 

following section.  
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Figure 42: TGA analysis of the deposited solid in the filter. Results are expressed in ash free conditions. 

6.3.7.1 Carbon balance  

To perform calculation of the amount of carbon entering the reactor, a mass balance for 

gasification and tar cracking reactor can be schematized as depicted in Figure 43. 
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Figure 43 : Schematic representation of the carbon balance in the tar cracking system.  

 From the experimental results obtained during the experimental program, it was possible to 

measure the amount of char leaving the gasifier and the carbon in the gas and tars entering 

the tar cracking reactor. With the assumption of no accumulation or losses of carbon in the 

gasifier, and that the carbon solid leaving the gasifier have same composition as the carbon 

entering the tar cracker, 𝐶∗, measured in Table 7, the total carbon entering the tar cracker  is 

calculated from the mass balance in the gasifier. From the carbon balance in the tar cracker, 

it is possible to estimate the amount of carbon solid leaving the reactor, 𝐶∗∗, as the difference 

in carbon from inlet and outlet. As it is possible to observe from the parity plot in Figure 44, at 

lower temperature (1000°C) solid carbon conversion is seen to be lower, as most of the carbon 

contained in tars and carbon solid entering the reactor is missing in the carbon balance. At 

higher temperature (1150°C) in the PFR reactor, the amount of solid carbon entering the tar 

cracker is mainly found in the gas phase, meaning that all the carbon entering the reactor and 
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formed during tar cracking is gasified to almost completion, according to equations (2), (3), and 

(4). 

As expected from the results in section 6.3.5, a big portion of carbon is also missing in the 

carbon balance for packed bed reactor, which is most likely representing the amount of carbon 

deposited on the alumina spheres, as observed in Figure 34. This trend is seen at low and 

high temperature, which can be explained by the presence of a  temperature gradient in the 

packed bed reactor (Figure 33).     

 

Figure 44: Parity plot of the absolute carbon balance in the tar cracking reactor. PFR: plug flow reactor; PB: 

packed bed reactor. 

6.3.7.2 Technical challenges 

Measurement of solid carbon were observed to be challenging for the size of the setup and 

the amount of biomass processed during experiments. Furthermore, due to the calculated 

variable solid carbon entering the tar cracking reactor , it was not possible to define a standard 

concentration of solid entrained in the fuel gas. Therefore, major improvements should be done 

in the gasification system, which was in any case outside the project scope.  
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6.3.8. Kinetic evaluation 

From the experimental results obtained in sections 6.3.4 to 6.3.6, total tar conversions were 

obtained according to equation (14). The conversion are summarized in Table 8. From the total 

tar conversion, the kinetic constants are calculated based on equations (17) and (18) and 

normalized for the calculated residence time, based on the flow conditions achieved during the 

experiments.  

Table 8: tar conversions for the experiments at different reactor conditions. 

*: referred to higher initial tar concentration 

 Conversion (𝑿𝒕𝒂𝒓) 

Temperature 
(°C) 

CSTR Packed bed 
20mm 

PFR 

1000 0.237 0.151 0.359 

1100 0.572 0.617 0.940 

1150 - - 0.991* 

1160 - - 0.985 

1200 0.816 0.916 - 

In Figure 45, it is possible to see that  from the kinetic plots, R2 correlations are reasonable, 

showing that there is a correlation between kinetics and temperature. For packed flow and 

CSTR conditions, the activation energies calculated on the basis of the Arrhenius equation are 

in the range of 231 – 238 kJ/mol. These are in good agreement with the reported activation 

energies for benzene thermal cracking and alkyl-benzene cracking, observed in literature 

[75],[76]. Small deviations in the calculated activation energies were observed at PFR 

conditions, which was measured to be 247 kJ/mol. The obtained vale is similar to the activation 

energy reported in the study of biomass tar thermal cracking [26]. 

 

 

Figure 45: Arrhenius plot of the experimental results obtained with different reactor configurations. 
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The reason of discrepancies in activation energies could be related to the difference in reactor 

material (or packing material), which could have some catalytic effect in the conversion of some 

components.  

To prove that the catalytic effect of the reactor material is not significantly affecting tar 

conversion, the kinetic values obtained in PFR configuration are used to estimate tar 

conversion in CSTR. Using equation (17) with the calculated kinetics obtained for PFR 

conditions, the resulting conversions for CSTR were observed to be slightly higher than from 

the experimental results. However, the final tar concentrations were far below the 

concentration required for this project. Results are reported in the appendix.        
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6.4. System/Process development 

Summarizing the experimental results, it can be observed that PFR conditions are preferable 

to achieve better thermal tar cracking. As it can be seen in Figure 46, from the different tar 

cracking reactor configuration, the total tar concentration in plug flow conditions at 1160°C 

showed that it is possible to meet the requirement for tar concentration below 150 mg/Nm3 . 

Based on this result and considering the requirements in section 3, the main sizes of the tar 

cracking reactor system are calculated based on literature and experimental results obtained 

during the experimental program.  

 

Figure 46: Summary of tar concentration achieved at different temperatures and different reactor configurations. 

6.4.1. Tar cracking reactor design 

The main sizes of the reactor are calculated based on a hybrid kinetic model that combines 

literature data [77], [78] and experimental kinetic parameters. 

It was decided to retrieve the kinetic data from experimental results obtained during CSTR 

conditions, section 6.3.4. The lumped tar species are considered to decompose into carbon 

and hydrogen according to equation (12). Specifically, the following assumption of tar 

decomposition is considered: 

Ring 1 →  6 C + 3 H2 (19) 

Ring 2 → 10 C + 4 H2  (20) 

Ring 3 → 14 C + 5 H2 (21) 

Ring 4 → 18 C + 6 H2 (22) 

Ring 5 → 22 C + 7 H2 (23) 

 

Assuming first order reactions on the concentration of the given lumped tar compounds for 

each of these components, and kinetic constant being dependent on the temperature, 

according to the Arrhenius-like equation described in equation (24), it was possible to retrieve 
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the pre-exponential factors and activation energies of each lumped species from the CSTR 

experiments (Table 9).  

𝑘𝑖(𝑇) = 𝑘𝑖0 exp (−
𝐸𝑎𝑝𝑝,𝑖

𝑅𝑇
) (24) 

The main gas components observed in the gas phase are H2, CO, CO2 and CH4 and steam. 

As entrained solids, carbon from the gasifier is considered as the only solid particles entering 

the reactor.  

With initial composition of the fuel  gas as in Table 6, including tars composition with the same 

contribution of Ring 1 to Ring 5 and with the assumption of ideal gas behavior, no accumulation 

in the reactor, no axial dispersion of the species along the overall length, fully developed radial 

mixing, the equation describing the change in concentration within the reactor can be obtained 

from the mole balance per species as follows:  

0 = 𝐴 ∗ 𝐶𝑖𝑢|𝑧 − 𝐴 ∗ 𝐶𝑖𝑢|𝑧+∆𝑧 + ∑ 𝜐𝑖𝑗𝑅𝑗
𝑗

∗ 𝐴∆𝑧 (25) 

 

Table 9: Retrieved kinetic parameters for lumped tar components. 

Lumped component Pre-exponential factor  

(s-1) 

Activation energy 

(kJ/mol) 

Ring 1 3.25E+05 160.1 

Ring 2 1.84E+07 209.9 

Ring 3 1.36E+06 175.8 

Ring 4 6.44E+02 86.9 

Ring 5 2.00E+08 219.4 

 

Where 𝐴 is the cross-sectional area of the reactor expressed in m2, 𝐶𝑖 is the concentration of 

the specie 𝑖 expressed in mol/m3, 𝑢 is the velocity of the flow in m/s, ∆𝑧 is the incremental axial 

direction expressed in m and 𝑅𝑗 is the reaction rate of the given reaction 𝑗 expressed in 

mol/m3*s. All the kinetic expressions can be found in the appendix. 

As the total extent of the reaction proceeds with an increase of the total number of moles, the 

total volume of the gas increases, thus, also the velocity within the reactor. To take this into 

account, it is simpler to define the molar flux of the species 𝑖, 𝐽𝑖 as the product of the velocity 

and the concentration of the 𝑖th-species: 

𝐽𝑖 = 𝐶𝑖𝑢 (26) 

thus, obtaining the differential equation describing the tar cracking reactor system: 

𝑑𝐽𝑖

𝑑𝑧
= ∑ 𝜐𝑖𝑗𝑅𝑗

𝑗
 (27) 

As the reaction rate are depending on the concentration of the ith species, expression for the 

concentration depending on the molar fluxes of the species involved: 

𝐶𝑖 =
𝐽𝑖

∑ 𝐽𝑖𝑖
∗

𝑃

𝑅𝑇
 (28) 



57 
 

𝐶𝐶(𝑠) =
𝐽𝐶(𝑠)

∑ 𝐽𝑖𝑖
∗

𝜌𝐶(𝑠)

𝑀𝑊𝐶(𝑠)
 (29) 

Where (28) represents the species concentration in gas phase and (29) represents the 

concentration of solid carbon in the gas as function of the true density of carbon [79].  

The energy balance is expressed as function of the flux and the reaction rate along the axial 

direction as follows: 

∑(𝐽𝑖 ∗

𝑖

𝐶𝑃,𝑖
̅̅ ̅̅̅(𝑇))

𝑑𝑇

𝑑𝑧
=  ∑ ∆𝐻𝑟,𝑗 ∗ 𝑟𝑗(𝑇) 

𝑗

 (30) 

 

Where 𝐶𝑝,𝑖
̅̅ ̅̅̅ is the mean specific heat expressed in kJ/mol*K, evaluated according to empirical 

correlations[71], and ∆𝐻𝑟,𝑗 is the heat of reaction of the jth reaction in the tar cracking system 

expressed in kJ/mol. Simultaneously solving the differential equations (27) and (28) in the 

numerical solver MATLAB using the initial conditions based on the experimental results, the 

main reactor sizes (height and diameter) are determined.         

6.5. Tests, Improvements and Evaluation of the design 

From the results of the experiments, it was possible to understand that the tar concentration 

can drop below 150 mg/Nm3, target that was established in agreement with the stakeholders 

after several meetings, at temperature of 1160°C in presence of plug flow behavior of the gas 

phase. Therefore, the kinetic model as described in the previous section is used to estimate 

the main reactor sizes of the reactor and determine the best.  

6.5.1. Kinetic model validation 

After establishing a kinetic model of the tar cracker (section 6.4.1), validation of the model 

results have been conducted by introducing the input of the experiments carried out in PFR 

conditions, as described in the section 6.3.6, and the main reactor sizes of the experimental 

reactor, as described in 6.2.2.  

To validate the results, the model was run in isothermal conditions to mimic the conditions 

achieved during the temperature test. Equations (27),(28) and (29) were used to describe the 

isothermal model to describe the plug flow behavior obtained as in 6.3.6. 

In Figure 47, it is possible to noticed that the experimental results from 6.3.6 are in good 

agreement with the model results. At temperature of 1000°C and 1160°C, the tar 

concentrations calculated in the model were consistent with the total tar measured in the 

experiments.  However, at the temperature of 1100°C, the measured tar concentration in the 

model was significantly deviating from the experimental results. Possible reasons could be due 

to measurement errors or different steam content entering the reactor, as it was not possible 

to measure the amount of steam entering the tar cracking reactor.   
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Figure 47: Experimental results vs kinetic model result. 

6.5.2. Tar cracking model results 

The results show that an important design parameter to ensure tar cracking is the inlet 

temperature. The endothermic nature of gasification reactions, as in equations (2),(3), and (6),  

are contributing significantly to the overall heat balance of the tar cracker.  Accounting that all 

solid carbon and tars are converted in the tar cracker, the adiabatic temperature drop is  

calculated accounting only carbon gasification and including also the equilibrium reaction 

participating in the gas phase. As it is possible to observe in Figure 48, an inlet temperature of 

1500°C is required to achieve an outlet concentration of 1180°C in the tar cracking reactor, 

which has been observed to be sufficient to achieve tar cracking to the required target 

concentration. 

 

Figure 48: Adiabatic temperature drop based on equilibrium reactions and carbon gasification only. 
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After simulating the tar cracking reactor with the parameters as required in section 3.2, and a 

carbon inlet of 200 kg/h (equivalent to a solid entrainment of 10 wt.% of the carbon in the 

biomass flowrate), temperature profile in the reactor was obtained, as shown in Figure 49. It is 

possible to notice that the adiabatic temperature drop take place immediately after feeding 

point. This behavior can be explained for the high carbon gasification rate at high temperature. 

However, in real conditions this is expected to be delayed, as the kinetic model do not take 

into account mass and heat transfer limitations.   

 

Figure 49: temperature profile of the reactor according to the kinetic model. Initial conditions: 3500 Nm3/h fuel gas, 

2000 Nm3/h steam, 100 kg/h solid carbon in the tar cracker. Inlet temperature: 1500°C. 

For the same set of initial conditions, the model computed the reactor sizes for which the 

requirements in section 3.2 are satisfied. As it possible to observe in Figure 50, the model 

chooses only the region for which plug flow conditions are achieved (Bo>10). For all the region 

for which the tar concentration target can be achieved, the design approach would be to 

increase the volume by a factor depending on the calculated Bodenstein number [71]. The 

composition of the main component in the gas phase are tabulated in Table 10. As compared 

to the experimental results, for an equivalent S/B=1 at given temperatures, the amount of 

hydrogen predicted in the model is lower than in the experimental results, while CO level is 

seen to be much higher.  

Table 10: Gas composition after tar cracking according to the adiabatic kinetic model. 

Component Concentration (%vol.) 

H2 (dry) 51.8% 

CO (dry) 37.0% 

CO2 (dry) 11.1% 

CH4 (dry) <0.0001% 
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Figure 50: Reactor sizes for adiabatic tar cracking. Inlet conditions: 3500 Nm3/h of fuel gas. Gas composition 

(%vol): 38.2% H2, 39.3% CO, 13.8% CO2, 8.6% CH4; 2000 Nm3/h steam and 100 kg/h of solid carbon.  In the 

green area the available reactor sizes for which the requirements are satisfied. 

6.5.3. Energy requirements 

To be able to use the results in the previous section, the inlet temperature should be achieved 

by means of highly exothermic reactions, that can only be provided by partial oxidation of the 

solid carbon in the flue gas. To do so, introduction of oxygen should be taken into account. 

However, part of the syngas will be combusted as it was reported in equations (7) to (10) and 

its composition will vary. Therefore, the kinetic model was incorporated with combustion kinetic 

equations of the gaseous species and solid carbon in the syngas [78]. The kinetic expressions 

can be found in the appendix.   

For this purpose, an oxygen-to-carbon stoichiometric ratio (OC) is defined as the stoichiometric 

molar ratio between the amount of oxygen feed and the solid carbon entering the tar cracking 

reactor as defined in (31).  

𝑂𝐶 =
𝑜𝑥𝑦𝑔𝑒𝑛 𝑓𝑒𝑒𝑑

𝑠𝑜𝑙𝑖𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 𝑓𝑒𝑒𝑑
 (31) 

 

Based on the results of the simulation, it was found that the best OC ratio found is in the range 

of 1.6-1.8, which will ensure a constant temperature in the reactor length between 1160 – 

1180°C if the inlet temperature of the gas in the tar cracker is 800°C. The gas composition 

slightly varied due to the combustion reactions taking place in the system as it is possible to 

show in Table 11. Furthermore, the reactor sizes are similar to the adiabatic model. Hence, it 

is chosen to continue with a reactor with 2.5 m internal diameter and 15-meter height.  
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Table 11: Gas composition after tar cracking according to the combustion-adiabatic kinetic model. 

Component 
Concentration 

(%vol.) 

H2 (dry) 52.9% 

CO (dry) 31.1% 

CO2 (dry) 16.0% 

CH4 (dry) <0.0001% 

 

6.5.4. Sensitivity analysis 

With the requirement of 3500 Nm3/h of syngas to be processed, the amount of steam in the 

gasifier could be susceptible to flow perturbations related to high moisture content, intermittent 

steam supply or malfunctioning of steam generator. As a consequence, the carbon conversion 

in the gasifier can be also susceptible to changes, which could create higher or lower solid 

entrainment that needs to be accounted during operation.  

Therefore, a perturbation analysis is conducted for operational point of view. Two cases are 

considered:  

• Steam feed flowrate: 1000 – 4500 Nm3/h 

• Carbon solid flowrate: 50 – 300 kg/h 

The variables taken into account are outlet temperature and outlet tar concentration. It can be 

noticed in Figure 51 that an increase in steam content in the gas on the base, the water gas-

shift reaction will be more emphasized, leading to an increase in temperature that could 

potentially lead to high temperature within the reactor. Benefits of lower tar concentration at 

the outlet can be achieved at expenses of thermal stress which needs to be considered in 

construction phase.  

On the other hand, an increase in carbon content with same steam content would lower the 

temperature significantly with the risk that higher tar concentration at the outlet is observed, 

causing fouling and possible catalyst poisoning. To counteract the issue, addition of steam will 

increase carbon conversion in the tar cracker and the temperature in the reactor height.  



62 
 

 

Figure 51: Sensitivity analysis  for inlet solid carbon and steam feed flowrate to the tar cracking reactor. The 

highlighted area represents the operability of the tar cracking reactor. The orange area represents the danger 

zone. The blue area represent the “out-of-spec” zone. The green area represents the optimum condition zone. 

The black dot represent the base case. 

In Figure 51, three zones can be distinguished in the sensitivity plot, namely danger zone, 

optimum conditions zone and “out-of-spec” zone.  

a) Danger zone: although tar concentration is lower than the target, the steam content in 

the gas is too high and no experimental data are recorded. Material corrosion and 

thermal stress can be encountered. To counteract the effect, oxygen feed should be 

lowered to avoid serious consequences.  

 

b) Optimum condition zone: the optimal conditions are achieved. No further action needs 

to be taken. Tar concentration below 150 mg/Nm3. 

 

c) “Out-of-spec” zone: temperature in the reactor is too low, outlet tar concentration is too 

high. To counteract the effect, extra steam and oxygen feed should be added to the 

tar cracking inlet to avoid equipment fouling downstream.   
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7. Design deliverables 

The objective of the project is to design a tar cracking reactor for biomass gasification 

processes. To comply to the main purposes, experimental results have been carried out in a 

lab scale plant consisting in the process flow diagram as shown in Figure 22.  

Experiments of tar cracking have been carried out in the range of 1000 – 1200°C with a 

residence time between 5 – 10 s depending on the different reactor design, wherein tar 

concentration and gas composition after tar cracking is reported and summarized in Table 12 

and Table 13.  

Table 12: Deliverables 1.1. Tar concentration after tar cracking in the range of 1000 -  1200°C.  

*: Measured at 1160°C. 

 Tar concentration (mg/Nm3) 

Temperature 
(°C) 

CSTR reactor 
Packed bed 

20 mm 
Packed bed 

6 mm 
PFR 

reactor 

800°C 7,250 8,206 11,077 8,378 

1000°C 5,032 5,596 N.A. 4,576 

1100°C 2,670 2,468 N.A 350 

1200°C 1,091 626 574 101* 

 

Table 13: Deliverable 1.2. Gas composition after tar cracking in the range of 1000 – 1200°C. 
*: Measured at 1160°C. 

 CSTR reactor Packed bed 
20 mm 

Packed bed 
6 mm 

PFR 
reactor 

%vol. 
dry 

1000 1100 1200 1000 1100 1200 1000 1100 1200 1000 1100 1200* 

H2 44.5 54.4 60.4 48.7 N.A. 59.9 N.A. N.A. 58.5 51.0 57.7 58.8 

CO 33.0 20.0 19.8 28.3 N.A. 20.9 N.A. N.A. 25.7 28.2 21.9 24.6 

CO2 13.9 20.0 17.2 16.6 N.A. 15.6 N.A. N.A. 12.3 14.6 17.5 15.1 

CH4 8.0 5.4 2.6 6.1 N.A. 3.6 N.A. N.A. 3.4 6.0 2.8 1.4 

C2Hx 0.566 0.061 0.002 0.118 N.A. 0.038 N.A. N.A. 0.014 0.020 0.019 0.004 

 

Based on the experiments, the main reactor sizes have been identified and a schematic 

process flow diagram of the proposed design is given in Figure 52 
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Figure 52: Schematic process flow diagram of the tar cracking reactor. TIC: temperature indicator and controller. 

DIC: density indicator and controller. LIC: level indicator and controller. 

7.1. Design description (functionality, properties vs requirements)   

A simplistic representation of the final tar cracking reactor design is given in Figure 52. The 

reactor presents the following  characteristics: 

• Reactor height = 15 m  

• Reactor diameter = 2.5 m 

• Calculated residence time = 7.3 s 

• Average velocity = 2 m/s 

• Inlet temperature = 800°C 

• Outlet tempeture = 1165°C 

• Oxygen feed = 335 Nm3/h 

After the reaction zone, an expansion chamber equipped with a spray quench aims to reduce 

the temperature of the gas to 500°C and wash away contaminants and residual solid carbon 
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in the gas. From the energy balance in equation (32), the amount of water required to cool 

down the syngas is calculated to be 1.9 m3/h. 

𝑚𝑔𝑎𝑠𝐶𝑃,𝑚𝑖𝑥
̅̅ ̅̅ ̅̅ ̅̅ ∆𝑇𝑔𝑎𝑠 = 𝑚𝐻2𝑂𝜆𝐻2𝑂(𝑇) (32) 

 

After quenching, the remaining heat in the syngas is recovered in a radiant section where a 

tube bundle containing low pressure steam is superheated for other scopes. Possibilities of 

steam condensation can be employed in the system by introducing a secondary tube bundle 

where process water is used as heat carrier. Detailed calculations are outside of the scope of 

the project, therefore, are not included in this report.  

The conceptual design has been proven feasible in the experimental program as described in 

section 6.3 of the report. The tar concentration after tar cracking at 1160°C has been measured 

to be below 150 mg/Nm3 under plug flow conditions, which satisfy the concentration target 

after tar cracking and the temperature requirement in section 3.2. 

The final design covers the requirements of throughput in the reactor and carbon conversion, 

although tests to prove technical feasibility should be carried out. In terms of safety, serious 

concerns should be employed in the introduction of oxygen in the system, as it could lead to 

catastrophic events due to explosion, structural damage and leakages of poisonous gases. To 

prevent this to happen, a safety pipeline should be installed to divert all the gas to a flare, to 

avoid explosions. Furthermore, as shown in the PFD in Figure 51 and Figure 52, addition of 

steam during introduction of oxygen could relieve the risk of explosive gas mixtures.  
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8. Conclusion  

In this project, a tar cracking reactor unit was investigated as possible solution to contribute to 

the shared goal of improving faster the development of gasification technology of sustainable 

fuels.  

From the outcome of the experimental results, it was concluded that axial dispersion is one of 

the main parameters contributing to the tar cracking reaction extent. Employing large vessels  

where the gas is axially dispersed in the reactor (CSTR) did not produce satisfying results. On 

the other hand, at same temperature condition, the use of packing material forces the gas to 

reduce axial dispersion, achieving higher tar conversion, in shorter gas residence time (5 s). 

In PFR conditions, and comparable process conditions of the CSTR configuration, a tar 

concentration fulfilling the initial requirement of <150 mg/Nm3 can be achieved. Furthermore, 

it was observed that doubling the initial tar concentration in PFR conditions, similar results can 

be obtained, also fulfilling the project requirement.  

The main product of tar cracking is seen to be hydrogen and carbon soot at low temperature 

(1000 °C). This is also observed in the tar product distribution, where the amount of Ring 3 to 

Ring 5 tar components is seen to increase with increasing temperature. This suggests that 

most of the carbon formed during tar cracking derives from addition of the small olefins 

hydrocarbons to the heavier tar components, as the measured concentration of ethylene and 

acetylene drops significantly even after low temperatures. On the other hand, it  was observed 

that the presence of steam and CO2 in the fuel gas favors gasification reactions with solid 

carbon at higher temperature (1150 – 1200°C), which increase significantly the amount of 

syngas and decrease substantially the amount of carbon soot formed during tar cracking.  

The syngas composition after tar cracking shows an increasing trend in relative and absolute 

hydrogen content, enhanced by the presence of steam which allows water gas shift reaction 

to a larger extent. This is also proven by the increase in CO2 content in the gas.  Furthermore, 

the relative CO concentration in the gas seems to be lower with increasing temperature, 

although the absolute mass of CO is seen to be increased, and it is likely related to the solid 

carbon conversion via gasification reactions. Methane in the gas is converted significantly as 

it is possible to see in all the experiments in the temperature range of 1000 – 1200°C. However, 

full conversion of the latter is never achieved. An increase of steam content in the gas does 

not show significant effects in tar cracking.   

Based on this results, apparent kinetic data for total tar and lumped tar species are obtained. 

The kinetic data for total tars are in line with other studies relative to biomass tars from pyrolysis 

[26]. The kinetic model for lumped species was seen to predict well the major trends of syngas 

production and tar cracking. The main parameter to design the reactor was found to be the 

dimensionless Bodenstein number (Bo), which describes the degree of axial dispersion in the 

reactor, and must be larger than 10 to ensure sufficient PFR conditions.  

In conclusion, PFR reactors are best suitable for tar cracking in the temperature range of 1100 

– 1200°C, with the capability of achieving tar conversion larger than 99 wt.%.  
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9. Recommendations and future work 

Future work will be carried out in presence of variable amount of steam (steam to biomass 

ratio > 1) to understand the effect over the gas composition after tar cracking. Furthermore, a 

quantitative study for the soot content after tar cracking should be carried out to have a detailed 

design of the gas cleaning equipment sizing. It is also suggested to investigate the effect of 

longer gas residence time in the tar cracker at similar temperature range, as the experiments 

carried out during the project covered only the region of 5 – 10 seconds. The temperature 

range of 1250 – 1300°C should also be investigated to understand technological limitations 

and feasibility.  

It is also recommended to carry out experiments in presence of waste biomass, as the effect 

of other contaminants can be crucial for the development of such unit. Concerns over the 

presence of chlorine in the feedstock need to be addressed properly as many of these 

contaminants may affect the feasibility of the technological design. Waste biomass should be 

used in the experimental set up to test the effect of contaminants over tar cracking. The high 

nitrogen content in B-wood could lead to formation of NOx in the tar cracker, which limits the 

application of the design in legal terms, generating problems downstream for the catalysts. 

Furthermore, it is recommended to operate the  fluidized bed at lower temperature, in order to 

obtain higher tar concentration than the highest achieved so far, to confirm the experimental 

results for PFR conditions. Major adjustments in the gasifier reactor of the experimental setup, 

as well as the feeding system, should be carried out to ensure robust outcomes, although 

optimization of the gasification system is outside of the project scope.   
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11. Appendices  

 

Table A 1 : Kinetic data retrieved from CSTR tar cracking experiments. 
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Ring 4 6.44E+02 86.9 

Ring 5 2.00E+08 219.4 
 

y = -19254x + 12.692
R² = 0.9897

-3

-2.5

-2

-1.5

-1

-0.5

0

0.00065 0.0007 0.00075 0.0008

ln
(k

)

1/T

Ring 1

y = -25245x + 16.729
R² = 1

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.00065 0.0007 0.00075 0.0008

ln
(k

)
1/T

Ring 2

y = -21274x + 14.191
R² = 0.9757

-3

-2.5

-2

-1.5

-1

-0.5

0

0.00065 0.0007 0.00075 0.0008

ln
(k

)

1/T

Ring 3

y = -10451x + 6.4671
R² = 0.9812

-2

-1.5

-1

-0.5

0

0.00065 0.0007 0.00075 0.0008

ln
(k

)

1/T

Ring 4

y = -26389x + 19.114
R² = 0.9368

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0.00065 0.0007 0.00075 0.0008

Ring 5



78 
 

 

 

 

Table A 2 : Kinetic expression obtained from literature. 

𝒋 Reaction 
name 

Reaction stoichiometry Reaction rate 
expression (mol/m3 s) 

ΔHr 
(kJ/mol) 

1 Ring 1 tar 
cracking  

𝑅𝑖𝑛𝑔 1 →  6𝐶(𝑠) + 3𝐻2 𝑘1𝐶𝑅𝑖𝑛𝑔1 0 

2 Ring 2 tar 
cracking  

𝑅𝑖𝑛𝑔 2 →  10𝐶(𝑠) + 4𝐻2 𝑘2𝐶𝑅𝑖𝑛𝑔2 0 

3 Ring 3 tar 
cracking 

𝑅𝑖𝑛𝑔 3 →  14𝐶(𝑠) + 5𝐻2 𝑘3𝐶𝑅𝑖𝑛𝑔3 0 

4 Ring 4 tar 
cracking  

𝑅𝑖𝑛𝑔 4 →  18𝐶(𝑠) + 6𝐻2 𝑘4𝐶𝑅𝑖𝑛𝑔4 0 

5 Ring 5 tar 
cracking  

𝑅𝑖𝑛𝑔 5 →  22𝐶(𝑠) + 7𝐻2 𝑘5𝐶𝑅𝑖𝑛𝑔5 0 

6 Water shift 
reaction 

𝐶(𝑠) + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 𝑘6𝑃𝐻2𝑂
0.57 ∗ 𝐶𝐶(𝑠) +131 

7 Boudouard  
reaction 

𝐶(𝑠) + 𝐶𝑂2 → 2𝐶𝑂 𝑘7𝑃𝐶𝑂2

0.38 ∗ 𝐶𝐶(𝑠) +172 

8 Methanation 
reaction 

𝐶(𝑠) + 2𝐻2 → 𝐶𝐻4 𝑘8𝑃𝐻2

0.93 ∗ 𝐶𝐶(𝑠) -75 

9 Water – gas 
shift 
reaction 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 
𝑘9 (𝐶𝐶𝑂𝐶𝐻2𝑂 −

𝐶𝐶𝑂2
𝐶𝐻2

𝐾𝑊𝐺𝑆
) 

-41 

10 Steam 
reforming 
reaction 

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 𝑘10𝐶𝐶𝐻4
𝐶𝐻2𝑂 +206 

11 Carbon 
combustion  

𝛽𝐶 + 𝑂2 → 2(𝛽 − 1)𝐶𝑂 + (2 − 𝛽)𝐶𝑂2 𝑘11𝑃𝑂2

0.53𝐶𝐶(𝑠) -111 

12 CO 
combustion 

𝐶𝑂 + 0.5𝑂2 → 𝐶𝑂2 𝑘12𝐶𝐶𝑂𝐶𝑂2 
0.5 -284 
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Table A 3 : Technology comparison for selection criteria of the gas cleaning system. 

Technology Advantages Disadvantages 

Water washing • Simultaneous removal of 

solid contaminants. 

• Possible reuse of water for 

steam generation 

• Recovery HNO3 

• Simultaneous gas cooling  

• Water contamination of HCl, 

H2S, COS, NH3  

• Extra cost for waste water 

treatments 

• Absorption of valuable gas 

product 

Scrubbing tower • Simultaneous removal of 

solid contaminants 

• Recovery scrubbing agent 

• Selective scrubbing agents 

choices 

 

• Scrubbing costs 

• Expensive scrubbing agents 

PSA • Byproducts recovery and 

valorization 

 

 

• Extra compression costs 

• Intermediate cooling steps 

• Expensive process 

 

Electrostatic precipitator • Complete removal of solids 

up to 99.9% wt. 

• Simultaneous removal of 

tars 

• Handles very large gas 

volumes and heavy dust 

loads with low pressure 

drop. 

• Can handle corrosive 

materials, wet materials, 

and high temperatures 

 

• Not flexible to change in 

operating conditions 

• High capital costs 

• Large footprint 
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Table A 4: Time-averaged gas composition after tar cracking in CSTR reaction conditions. 

Gas component Temperature 

%vol. 1000°C 1100°C 1200°C 

H2 44.5 54.4 60.4 

CO 33.0 20.0 19.8 

CO2 13.9 20.0 17.2 

CH4 8.0 5.4 2.6 

C2Hx 0.566 0.061 0.002 

    

Total tar (mg/Nm3) 5,032 2,670 1,091 

 

Table A 5 : Comparison of the gas composition after tar cracking in CSTR reactor and packed bed reactors. 

Gas component Temperature = 1200°C 

%vol. CSTR Packed bed 

ϕ 20 mm 

Packed bed 

ϕ 6 mm 

H2 60.4 59.9 58.5 

CO 19.8 20.8 25.7 

CO2 17.2 15.6 12.3 

CH4 2.6 3.6 3.4 

C2Hx 0.002 0.037 0.014 

    

Calculated S/B 1.46 1.28 0.79 

Total tar (mg/Nm3) 1,091 626 574 

 

Table A 6: Time-averaged gas composition after tar cracking in PFR reaction conditions. 

Gas component Temperature 

%vol. 1000°C 1100°C 1160°C 

H2 51.0 57.7 58.8 

CO 28.2 21.9 24.6 

CO2 14.6 17.5 15.1 

CH4 6.0 2.8 1.4 

C2Hx 0.020 0.019 0.004 

    

Total tar (mg/Nm3) 4,576 350 101 
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Figure A 1 :  Schematic process flow diagram (PFD) of the experimental setup 
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Figure A 2 : Schematic gasification process of the Swindon gasification plant 

 

Table A 7 : Calculated conversion for CSTR conditions with experimental apparent kinetics of PFR conditions. 

Temperature (°C) 
Conversion CSTR (𝒌𝑪𝑺𝑻𝑹) 

[Tar concentration (mg/Nm3)] 
Conversion CSTR ( 𝒌𝑷𝑭𝑹) 

[Tar concentration (mg/Nm3)] 

1000 
0.237 
[5032] 

0.350 
[4555] 

1100 
0.571 
[2670] 

0.718 
[1830] 

1200 
0.816 
[1060] 

0.904 
[566] 

 

 



 

 
 

 

 


