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resumo 
 

 

O consumo excessivo de combustíveis fósseis para garantir as necessidades e 
interesses da sociedade conduziu à emissão de elevadas quantidades de 
gases com efeito de estufa nas últimas décadas, contribuindo 
significativamente para a maior ameaça ambiental do século XXI: Alterações 
Climáticas. A solução para este desastre de origem humana é de caráter 
complexo e só pode ser atingida através da cooperação de todos os governos 
e partes interessadas. Para isto, é obrigatória a criação de uma bioeconomia 
como base de um futuro mais sustentável, cujas necessidades energéticas e 
materiais sejam garantidas pelas eternas energias da natureza (e.g., vento, 
sol). Neste sentido, a biomassa pode ter um papel principal como uma matéria-
prima ajustável e renovável que permite a substituição de combustíveis fósseis 
num variado número de aplicações, e a sua conversão através da gasificação 
pode ser a chave para este propósito. Afinal, na prática, os combustíveis 
fósseis são apenas biomassa sujeita a elevada temperatura e pressão durante 
milhões de anos. Além do mais, a gestão eficaz da biomassa é fundamental 
para a redução dos riscos de incêndio florestal e, como tal, temos o dever de 
utilizar e valorizar este recurso. 

Neste trabalho, foi obtido novo conhecimento científico para suporte do 
desenvolvimento das tecnologias de gasificação direta (ar) de biomassa em 
leitos fluidizados borbulhantes para produção de gás combustível, com o 
objetivo da substituição de gás natural em queimadores industriais. Este é o 
primeiro passo para o desenvolvimento de biorrefinarias de gasificação, uma 
potencial futura indústria que irá providenciar um variado número de produtos 
de valor acrescentado através da biomassa e competir com a atual indústria 
petroquímica. Neste sentido, foram analisadas várias medidas para a melhoria 
da qualidade do gás produto bruto e dos parâmetros de eficiência do processo. 
Em primeiro, a adição de vapor sobreaquecido como medida primária permitiu 
o aumento da concentração de H2 e da razão molar H2/CO no gás produto sem 
comprometer a estabilidade do processo. No entanto, esta medida somente 
revelou potencial para a gasificação direta (ar) de biomassa de alta densidade 
(e.g., pellets) devido à necessidade da acumulação de carbonizados no leito 
do reator para a ocorrência de reações de reforma com vapor. Em segundo, a 
mistura de combustíveis derivados de resíduos e biomassa residual florestal 
permitiu a melhoria dos produtos de gasificação, constituindo desta forma uma 
estratégia bastante promissora a nível económico e ambiental, devido à 
elevada abundância e baixo custo dos resíduos urbanos. Contudo, devem ser 
efetuadas análises técnico-económicas e de ciclo de vida para a completa 
caraterização do processo. Em terceiro, a aplicação de catalisadores de baixo 
custo como medida primária demonstrou elevado potencial para a melhoria do 
gás produto (e.g., concentração de H2 e CO, poder calorífico inferior) e para o 
incremento dos parâmetros de eficiência do processo; em particular, a 
aplicação de betão, faialite sintética e carbonizados de pellets de madeira, 
demonstrou resultados promissores. Finalmente, foi demonstrada a viabilidade 
económica da integração do processo de gasificação direta (ar) de biomassa 
na indústria da pasta e papel, apesar dos parâmetros determinados não serem 
atrativos para potenciais investidores. Neste contexto, a intervenção dos 
governos e o desenvolvimento de instrumentos de apoio económico é de 
grande relevância para a implementação destes projetos. 
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abstract 

 
The excessive consumption of fossil fuels to satisfy the world necessities of 
energy and commodities led to the emission of large amounts of greenhouse 
gases in the last decades, contributing significantly to the greatest 
environmental threat of the 21st century: Climate Change. The answer to this 
man-made disaster is not simple and can only be made if distinct stakeholders 
and governments are brought to cooperate and work together. This is 
mandatory if we want to change our economy to one more sustainable and 
based in renewable materials, and whose energy is provided by the eternal 
nature energies (e.g., wind, solar). In this regard, biomass can have a main role 
as an adjustable and renewable feedstock that allows the replacement of fossil 
fuels in various applications, and the conversion by gasification allows the 
necessary flexibility for that purpose. In fact, fossil fuels are just biomass that 
underwent extreme pressures and heat for millions of years. Furthermore, 
biomass is a resource that, if not used or managed, increases wildfire risks. 
Consequently, we also have the obligation of valorizing and using this 
resource. 

In this work, it was obtained new scientific knowledge to support the 
development of direct (air) gasification of biomass in bubbling fluidized bed 
reactors to obtain a fuel gas with suitable properties to replace natural gas in 
industrial gas burners. This is the first step for the integration and development 
of gasification-based biorefineries, which will produce a diverse number of 
value-added products from biomass and compete with current petrochemical 
refineries in the future. In this regard, solutions for the improvement of the raw 
producer gas quality and process efficiency parameters were defined and 
analyzed. First, addition of superheated steam as primary measure allowed the 
increase of H2 concentration and H2/CO molar ratio in the producer gas without 
compromising the stability of the process. However, the measure mainly 
showed potential for the direct (air) gasification of high-density biomass (e.g., 
pellets), due to the necessity of having char accumulation in the reactor bottom 
bed for char-steam reforming reactions. Secondly, addition of refused derived 
fuel to the biomass feedstock led to enhanced gasification products, revealing 
itself as a highly promising strategy in terms of economic viability and 
environmental benefits of future gasification-based biorefineries, due to the 
high availability and low costs of wastes. Nevertheless, integrated techno-
economic and life cycle analyses must be performed to fully characterize the 
process. Thirdly, application of low-cost catalyst as primary measure revealed 
potential by allowing the improvement of the producer gas quality (e.g., H2 and 
CO concentration, lower heating value) and process efficiency parameters with 
distinct solid materials; particularly, the application of concrete, synthetic 
fayalite and wood pellets chars, showed promising results. Finally, the 
economic viability of the integration of direct (air) biomass gasification 
processes in the pulp and paper industry was also shown, despite still lacking 
interest to potential investors. In this context, the role of government policies 
and appropriate economic instruments are of major relevance to increase the 
implementation of these projects. 





Daniel Torrão Pio 

University of Aveiro  I 

TABLE OF CONTENTS 

Table of contents ............................................................................................................................................... I 

List of Figures .................................................................................................................................................. V 

List of Tables ................................................................................................................................................ XII 

List of publications ....................................................................................................................................... XV 

Nomenclature and abbreviations ............................................................................................................. XVII 

1 Introduction ............................................................................................................................................ 1 

1.1 Objectives......................................................................................................................................... 1 

1.2 Layout .............................................................................................................................................. 2 

1.3 Experimental infrastructures ........................................................................................................... 5 
1.3.1 DAO-UA 80 kWth pilot-scale BFB gasifier (Portugal) ................................................................ 5 
1.3.2 DAO-UA 3 kWth bench-scale BFB gasifier (Portugal) ............................................................... 9 
1.3.3 KTH 5 kWth bench-scale BFB gasifier (Sweden) ...................................................................... 11 

1.4 Methodologies ................................................................................................................................ 13 

2 State-of-the-art of biomass gasification technologies ......................................................................... 15 

2.1 Article I - Gasification-based biorefinery integration in the PP industry: A critical review ......... 15 
2.1.1 Abstract...................................................................................................................................... 15 
2.1.2 Introduction ............................................................................................................................... 15 
2.1.3 Gasification ................................................................................................................................ 17 

2.1.3.1 Reactions and stages ......................................................................................................... 17 
2.1.3.2 Regime concepts and designs ........................................................................................... 20 
2.1.3.3 Tar formation and removal strategies ............................................................................... 24 

2.1.4 Biorefinery opportunities and challenges .................................................................................. 26 
2.1.5 Gasification-based biorefineries in the PP industry ................................................................... 30 

2.1.5.1 Drivers and barriers .......................................................................................................... 30 
2.1.5.2 PP byproducts gasification ................................................................................................ 32 
2.1.5.3 PG as gas/oil substitute in the PP industry ........................................................................ 38 

2.1.6 Future perspectives .................................................................................................................... 41 
2.1.7 Conclusions ............................................................................................................................... 42 

2.2 Article II - Industrial gasification systems (>3 MWth) for bioenergy in Europe: Current status and 

future perspectives ...................................................................................................................................... 43 
2.2.1 Abstract...................................................................................................................................... 43 
2.2.2 Introduction ............................................................................................................................... 43 
2.2.3 Conventional gasification technologies ..................................................................................... 46 

2.2.3.1 Fixed bed .......................................................................................................................... 48 
2.2.3.2 Fluidized bed .................................................................................................................... 49 
2.2.3.3 Entrained-flow .................................................................................................................. 51 

2.2.4 Status in Europe ......................................................................................................................... 52 
2.2.4.1 Sweden .............................................................................................................................. 58 
2.2.4.2 Finland .............................................................................................................................. 59 
2.2.4.3 Germany ........................................................................................................................... 60 
2.2.4.4 The Netherlands ................................................................................................................ 60 
2.2.4.5 Austria............................................................................................................................... 61 
2.2.4.6 Denmark ........................................................................................................................... 62 
2.2.4.7 Italy ................................................................................................................................... 62 

2.2.5 Future trends and perspectives ................................................................................................... 62 
2.2.6 Conclusions ............................................................................................................................... 65 



Direct gasification of biomass for fuel gas production 

II      EngIQ 

3 Numerical tools to predict PG composition during biomass gasification ......................................... 67 

3.1 Article III - Empirical and chemical equilibrium modelling for prediction of biomass gasification 

in an autothermal pilot-scale bubbling fluidized bed reactor ...................................................................... 67 
3.1.1 Abstract ...................................................................................................................................... 67 
3.1.2 Introduction ................................................................................................................................ 67 
3.1.3 Methods and literature data collection ....................................................................................... 69 
3.1.4 Experimental and CEM results comparison ............................................................................... 76 

3.1.4.1 Properties of the PG........................................................................................................... 77 
3.1.4.1.1 Combustible gases yield (H2, CO and CH4) ................................................................. 77 
3.1.4.1.2 Gas phase products yield ratios .................................................................................... 81 

3.1.4.2 Process efficiency parameters ........................................................................................... 83 
3.1.4.2.1 LHV and Ygas ............................................................................................................... 83 
3.1.4.2.2 CGE and CCE .............................................................................................................. 86 

3.1.5 Empirical and CEM correlations evaluation .............................................................................. 89 
3.1.6 Conclusions ................................................................................................................................ 90 

4 Characterization of the PG from direct biomass gasification ........................................................... 92 

4.1 Article IV - Characteristics of the gas produced during direct gasification of biomass in an 

autothermal pilot-scale bubbling fluidized bed reactor ............................................................................... 93 
4.1.1 Abstract ...................................................................................................................................... 93 
4.1.2 Introduction ................................................................................................................................ 93 
4.1.3 Materials and methods ............................................................................................................... 94 

4.1.3.1 Feedstock characterization ................................................................................................ 94 
4.1.3.2 Operating conditions ......................................................................................................... 95 

4.1.4 Results and discussion ................................................................................................................ 96 
4.1.4.1 Steady-state operation of the gasifier ................................................................................ 96 
4.1.4.2 Influence of the ER ............................................................................................................ 99 
4.1.4.3 Influence of the temperature ............................................................................................ 101 
4.1.4.4 Comparison with literature data ...................................................................................... 102 

4.1.5 Conclusions .............................................................................................................................. 114 

4.2 Article V - Superheated steam injection as primary measure to improve PG quality from biomass 

air gasification in an autothermal pilot-scale gasifier .............................................................................. 115 
4.2.1 Abstract .................................................................................................................................... 115 
4.2.2 Introduction .............................................................................................................................. 115 
4.2.3 Materials and methods ............................................................................................................. 117 

4.2.3.1 Feedstock characterization .............................................................................................. 117 
4.2.3.2 Operating conditions ....................................................................................................... 118 

4.2.4 Results and discussion .............................................................................................................. 119 
4.2.4.1 Influence of S/B on temperature and gas composition profiles along time ..................... 119 
4.2.4.2 Influence of S/B on PG composition ............................................................................... 122 
4.2.4.3 Influence of steam on process efficiency parameters ...................................................... 126 

4.2.4.3.1 LHV and Ygas ............................................................................................................. 126 
4.2.4.3.2 CGE and CCE ............................................................................................................ 128 

4.2.5 Conclusions .............................................................................................................................. 131 

4.3 Article VI - Co-gasification of refused derived fuel and biomass in a bubbling fluidized bed 

reactor .……………………………………………………………………………………………………………….132 
4.3.1 Abstract .................................................................................................................................... 132 
4.3.2 Introduction .............................................................................................................................. 132 
4.3.3 Materials and methods ............................................................................................................. 134 

4.3.3.1 Feedstock characterization .............................................................................................. 134 
4.3.3.2 Operating conditions ....................................................................................................... 137 

4.3.4 Results and discussion .............................................................................................................. 137 
4.3.4.1 Operating conditions of the gasifier ................................................................................ 138 
4.3.4.2 Characteristics of the PG ................................................................................................. 141 

4.3.4.2.1 Gas composition ......................................................................................................... 141 
4.3.4.2.2 Gaseous products ratios .............................................................................................. 145 



Daniel Torrão Pio 

University of Aveiro  III 

4.3.4.3 Process efficiency parameters ......................................................................................... 147 
4.3.4.3.1 LHV and Ygas ............................................................................................................. 147 
4.3.4.3.2 CGE and CCE ........................................................................................................... 149 

4.3.5 Conclusions ............................................................................................................................. 151 

4.4 Article VII - Tar formation during eucalyptus gasification in a bubbling fluidized bed reactor: 

Effect of feedstock and reactor bed composition ....................................................................................... 153 
4.4.1 Abstract.................................................................................................................................... 153 
4.4.2 Introduction ............................................................................................................................. 153 
4.4.3 Materials and methods ............................................................................................................. 154 

4.4.3.1 Feedstock characterization .............................................................................................. 154 
4.4.3.2 Operating conditions ....................................................................................................... 156 

4.4.4 Results and discussion ............................................................................................................. 157 
4.4.4.1 Gas composition and gasification efficiency parameters ................................................ 157 
4.4.4.2 Tar composition and concentration ................................................................................. 159 

4.4.4.2.1 Influence of gasification operation time .................................................................... 162 
4.4.4.2.2 Influence of feedstock chemical composition ........................................................... 172 

4.4.5 Conclusions ............................................................................................................................. 175 

4.5 Integrated results discussion ........................................................................................................ 177 

5 Low-cost catalysts as primary methods to improve the PG quality ............................................... 178 

5.1 Article VIII - Low-cost catalysts for in-situ improvement of PG quality during direct gasification 

of biomass ................................................................................................................................................. 179 
5.1.1 Abstract.................................................................................................................................... 179 
5.1.2 Introduction ............................................................................................................................. 179 
5.1.3 Materials and methods ............................................................................................................. 182 

5.1.3.1 Feedstock characterization .............................................................................................. 182 
5.1.3.2 Low-cost catalysts characterization ................................................................................ 182 
5.1.3.1 Operating conditions ....................................................................................................... 184 

5.1.4 Results and discussion ............................................................................................................. 185 
5.1.4.1 Steady-state operation of the gasifier .............................................................................. 186 
5.1.4.2 Characteristics of the PG at the exhaust of the BFB gasifier .......................................... 190 
5.1.4.3 Influence of the tested catalysts on the PG composition ................................................. 192 

5.1.5 Conclusions ............................................................................................................................. 197 

5.2 Articles IX and X - Concrete and Ilmenite as low-cost catalysts to improve gas quality during 

biomass gasification in a pilot-scale gasifier ............................................................................................ 199 
5.2.1 Abstract.................................................................................................................................... 199 
5.2.2 Introduction ............................................................................................................................. 199 
5.2.3 Materials and methods ............................................................................................................. 201 

5.2.3.1 Feedstock characterization .............................................................................................. 201 
5.2.3.2 Concrete and ilmenite characterization ........................................................................... 202 
5.2.3.3 Operating conditions ....................................................................................................... 204 

5.2.4 Results and discussion ............................................................................................................. 204 
5.2.4.1 Influence of the tested catalysts on the PG composition ................................................. 204 
5.2.4.2 Influence of the tested catalysts on the gasification efficiency parameters ..................... 211 

5.2.5 Conclusions ............................................................................................................................. 213 

5.3 Integrated results discussion ........................................................................................................ 215 

6 Combustion of PP byproducts as a co-integrable biorefinery process ........................................... 216 

6.1 Article XI - Co-combustion of residual forest biomass and sludge in a pilot-scale bubbling 

fluidized bed .............................................................................................................................................. 216 
6.1.1 Abstract.................................................................................................................................... 216 
6.1.2 Introduction ............................................................................................................................. 216 
6.1.3 Materials and methods ............................................................................................................. 218 

6.1.3.1 Feedstock characterization .............................................................................................. 221 
6.1.3.2 Operating conditions ....................................................................................................... 222 



Direct gasification of biomass for fuel gas production 

IV      EngIQ 

6.1.4 Results and discussion .............................................................................................................. 223 
6.1.4.1 Temperature profiles ....................................................................................................... 223 
6.1.4.2 Gas composition profiles ................................................................................................. 225 

6.1.4.2.1 CO2 and H2O .............................................................................................................. 225 
6.1.4.2.2 HCl ............................................................................................................................. 226 
6.1.4.2.3 NO .............................................................................................................................. 228 
6.1.4.2.4 CO .............................................................................................................................. 231 
6.1.4.2.5 SO2 ............................................................................................................................. 232 

6.1.4.3 Particulate matter analysis ............................................................................................... 233 
6.1.4.3.1 Fly ashes in the exhaust gases .................................................................................... 233 
6.1.4.3.2 Bottom bed ashes and fly ashes deposited along the combustion system .................. 237 

6.1.5 Conclusions .............................................................................................................................. 238 

7 Techno-economic analysis of direct biomass gasification ................................................................ 240 

7.1 Article XII - Biomass direct gasification for electricity generation and natural gas replacement in 

the lime kilns of the pulp and paper industry: A techno-economic analysis .............................................. 240 
7.1.1 Abstract .................................................................................................................................... 240 
7.1.2 Nomenclature ........................................................................................................................... 241 
7.1.3 Introduction .............................................................................................................................. 242 
7.1.4 Materials and methods ............................................................................................................. 243 

7.1.4.1 Feedstock characterization .............................................................................................. 243 
7.1.4.2 Technologies and PG characteristics ............................................................................... 244 
7.1.4.3 Cases definition ............................................................................................................... 245 

7.1.4.3.1 Case I: Direct (air) gasification of eucalyptus RFB for electricity generation in CC . 246 
7.1.4.3.2 Case II: Direct (air) gasification of eucalyptus RFB for natural gas replacement in the 

lime kiln ……………………………………………………………………………………….249 
7.1.4.3.3 Case III: Direct (air) gasification of eucalyptus RFB for electricity generation in CC 

and natural gas replacement in the lime kiln ................................................................................ 251 
7.1.4.4 Methodology for the economic and sensitivity analysis .................................................. 253 

7.1.5 Results and discussion .............................................................................................................. 256 
7.1.5.1 Energy analysis results .................................................................................................... 256 
7.1.5.2 Economic analysis results ................................................................................................ 257 
7.1.5.3 Sensitivity analysis results ............................................................................................... 261 

7.1.6 Conclusions .............................................................................................................................. 265 

8 Discussion ............................................................................................................................................. 266 

9 Conclusions .......................................................................................................................................... 268 

10 Future work ......................................................................................................................................... 269 

11 Acknowledgments ................................................................................................................................ 271 

12 Bibliography ........................................................................................................................................ 272 

 

  



Daniel Torrão Pio 

University of Aveiro  V 

LIST OF FIGURES 

Figure 1.1– Diagram of the thesis layout........................................................................................................... 4 

Figure 1.2 – Schematic layout of the 80 kWth autothermal BFB pilot-scale gasification facility (steam 

injection mode) .................................................................................................................................................. 6 

Figure 1.3 – Schematic layout of the 80 kWth autothermal BFB pilot-scale gasification facility (in-situ 

catalyst mode).................................................................................................................................................... 7 

Figure 1.4 – DAO-UA pilot-scale 80kWth BFB reactor .................................................................................... 8 

Figure 1.5 – Schematic layout of the 3 kWth allothermal BFB bench-scale gasification facility. ................... 10 

Figure 1.6 – DAO-UA 3 kWth allothermal BFB bench-scale infrastructure ................................................... 11 

Figure 1.7 – Schematic view of the experimental infrastructure. Adapted from [2] ....................................... 12 

Figure 1.8 – KTH 5 kWth allothermal BFB bench-scale infrastructure ........................................................... 12 

Figure 2.1 – Schematics of a typical biomass gasification process, including stages, inputs and outputs ...... 18 

Figure 2.2 – Schematics of direct and indirect gasification processes, including inputs and outputs ............. 20 

Figure 2.3 – Schematic of the conventional Güssing type (a) [101] and SilvaGas (b) [109] DFB gasification 

processes. ......................................................................................................................................................... 23 

Figure 2.4 – Schematic of the indirect MILENA gasifier [110]. S1 – Sampling point 1; S2 – Sampling point 

2; Ne and Ar – Tracer gases. ........................................................................................................................... 23 

Figure 2.5 – Example of mass composition of biomass tars (excluding benzene, values highly dependent on 

the gasification operating conditions). Adapted from Ref. [116]. ................................................................... 24 

Figure 2.6 – Schematic example of integrated biomass conversion processes in a biorefinery design, 

including distinct conversion routes, middle platform compounds and obtainable products. ......................... 27 

Figure 2.7 – Products obtainable in petrochemical refineries and biorefineries .............................................. 28 

Figure 2.8 – Chemrec entrained-flow gasifier with quenching section for green liquor recovery [168]. ........ 34 

Figure 2.9 – Gasification history and milestones ............................................................................................ 44 

Figure 2.10 – General characteristics of conventional gasification technologies ............................................ 47 

Figure 2.11 – Schematic representation of an updraft (left) and downdraft (right) gasifier ............................ 48 

Figure 2.12 – Schematic representation of a BFB and CFB gasifier ............................................................... 49 

Figure 2.13 – Schematic representation of a DFB gasifier .............................................................................. 51 

Figure 2.14 – Schematic representation of an entrained-flow gasifier ............................................................ 52 

Figure 2.15 – Industrial-scale (>3MWth) gasification plants in Europe, countries participating on IEA Task 

33. Green – Operational; Yellow – On hold; Red – Cancelled; Blue – Planned. ............................................ 58  



Direct gasification of biomass for fuel gas production 

VI      EngIQ 

Figure 3.1 – Influence of the ER (a) and bed temperature (b) on the H2 concentration in the PG for the 

experimental results reported in the literature and CEM results. ..................................................................... 77 

Figure 3.2 – Influence of the ER (a) and bed temperature (b) on the CO concentration in the PG for the 

experimental results reported in the literature and CEM results. ..................................................................... 79 

Figure 3.3 – Influence of the ER (a) and bed temperature (b) on the CH4 concentration in the PG for the 

experimental results reported in the literature and CEM results. ..................................................................... 80 

Figure 3.4 – Influence of the ER (a) and bed temperature (b) on the H2:CO molar ratio in the PG for the 

experimental results reported in the literature and CEM results. ..................................................................... 82 

Figure 3.5 – Influence of the ER (a) and bed temperature (b) on the CO:CO2 molar ratio in the PG for the 

experimental results reported in the literature and CEM results. ..................................................................... 83 

Figure 3.6 – Influence of the ER (a) and bed temperature (b) on the LHV of the PG for the experimental 

results reported in the literature and CEM results. ........................................................................................... 84 

Figure 3.7 – Influence of the ER (a) and bed temperature (b) on the Ygas for the experimental results reported 

in the literature and CEM results. .................................................................................................................... 85 

Figure 3.8 – Influence of the ER (a) and bed temperature (b) on the CGE for the experimental results reported 

in the literature and CEM results. .................................................................................................................... 87 

Figure 3.9 – Influence of the ER (a) and bed temperature (b) on the CCE for the experimental results reported 

in the literature and CEM results. .................................................................................................................... 88 

Figure 4.1 – Example of the typical evolution of the temperature along time at different locations along the 

reactor height during the gasification of: (a) wood pellets and (b) eucalyptus RFB type A. ........................... 97 

Figure 4.2 – Longitudinal temperature profile in the BFB reactor during the biomass gasification experiments 

performed. Legend according to experiments references in Table 4.2. ........................................................... 98 

Figure 4.3 – Example of the typical dry gas composition (CO2, CO, CH4, C2H4) progress along time during 

the gasification of: (a) wood pellets and (b) eucalyptus RFB type B2. ............................................................ 99 

Figure 4.4 –  Influence of ER on the average dry gas composition (CO2, CO, H₂, CH4 and C2H4) and LHV 

during the gasification experiments in the pilot-scale BFB with (a) pine RFB, (b) wood pellets and (c) 

eucalyptus RFB. Legend according to experiments reference in Table 4.2. .................................................. 101 

Figure 4.5 – Comparison between the composition of the PG from this work and the composition reported in 

the literature regarding direct (air) biomass gasification studies in BFB gasifiers. Experiments reference 

according to Table 4.2 (this work) and Table 4.3 (literature survey). ............................................................ 107 

Figure 4.6 – Comparison between the LHV of the PG from the experiments performed in this work and the 

LHV reported in the literature regarding direct (air) biomass gasification studies in BFB gasifiers. 

Experiments reference according to Table 4.2 (this work) and Table 4.3 (literature survey). ....................... 108 

Figure 4.7 – Influence of ER on the Ygas during the experiments performed in this work and reported in the 

literature regarding direct (air) biomass gasification in BFB reactors. Experiments reference according to 

Table 4.2 (this work) and Table 4.3 (literature survey). ................................................................................. 109 

Figure 4.8 – Influence of ER on the CGE during the experiments performed in this work and reported in the 

literature regarding direct (air) biomass gasification in BFB reactors. Experiments reference according to 

Table 4.2 (this work) and Table 4.3 (literature survey). ................................................................................. 110 



Daniel Torrão Pio 

University of Aveiro  VII 

Figure 4.9 – Influence of ER on the CCE during the experiments performed in this work and reported in the 

literature regarding direct (air) biomass gasification in BFB reactors. Experiments reference according to 

Table 4.2 (this work) and Table 4.3 (literature survey). ................................................................................ 110 

Figure 4.10 – Composition (CO2, CH4, CO and H2) and LHV of the PG reported in the literature regarding 

biomass direct (air) gasification studies in downdraft/updraft fixed bed and CFB reactors. Experiments 

reference according to Table 4.3. .................................................................................................................. 111 

Figure 4.11 – Composition (CO2, CH4, CO and H2) of the PG reported in the literature regarding biomass 

indirect (steam) gasification studies in different types of reactors. Experiments reference according to Table 

4.3. ................................................................................................................................................................. 113 

Figure 4.12 – Typical temperature profile along time at different locations of the pilot-scale BFB reactor for 

the experiment (a) PP-0.5 (Pine pellets, 6.2 kg/h steam) and (b) PE-0.4 (Eucalyptus RFB, 5.7 kg/h steam).120 

Figure 4.13 – Typical PG composition profile along time at different locations of the pilot-scale BFB reactor 

for the experiment (a) PP-0.5 (Pine pellets, 6.2 kg/h steam) and (b) PE-0.4 (Eucalyptus RFB, 5.7 kg/h steam).

 ....................................................................................................................................................................... 121 

Figure 4.14 – Influence of the S/B on the composition of the dry PG (H2, CO, CO2, CH4 and H2/CO molar 

ratio) for the gasification experiments in the autothermal pilot-scale and allothermal bench-scale BFB 

reactors, and comparison with thermodynamic predictions for the same operating parameters. Operating 

parameters detailed in Table 4.6. ................................................................................................................... 126 

Figure 4.15 – Influence of the S/B on the LHV of the PG and Ygas for the gasification experiments in the 

autothermal pilot-scale and allothermal bench-scale BFB reactors, and comparison with thermodynamic 

predictions for equal operating parameters. Operating parameters detailed in Table 4.6. ............................. 127 

Figure 4.16 – Influence of the S/B on the CGE and CCE for the gasification experiments in the autothermal 

pilot-scale and allothermal bench-scale BFB reactors, and comparison with thermodynamic predictions for 

equal operating parameters. Operating parameters detailed in Table 4.6. ..................................................... 129 

Figure 4.17 – Relation between CGE, CCE and the LHV of the PG for the gasification experiments 

performed in the autothermal pilot-scale and allothermal bench-scale BFB reactors and for the 

thermodynamic predictions (Paper V). Operating parameters detailed in Table 4.6. .................................... 130 

Figure 4.18 – Feedstocks used in the G-CG experiments, namely (a) RDF pellets, (b) pine pellets and (c) pine 

chips, over millimeter paper. ......................................................................................................................... 135 

Figure 4.19 – Typical temperature profile along time at different locations of the pilot-scale BFB reactor . 138 

Figure 4.20 – Longitudinal temperature profile in the pilot-scale BFB reactor during the G-CG experiments 

performed. Legend according to experiments reference in Table 4.9. .......................................................... 139 

Figure 4.21 – Typical PG composition (CO2, CO, CH4 and C2H4) profiles along time for the G-CG 

experiments with: (a) 100 %wt pine pellets, (b) 50 %wt pine pellets - 50 %wt RDF, (c) 50 %wt pine chips - 

50 %wt RDF and (d) 100 %wt RDF.............................................................................................................. 140 

Figure 4.22 – Influence of the RDF weight percentage on the average PG composition (H2, CO and CO2) for 

the G-CG experiments ................................................................................................................................... 142 

Figure 4.23 – Influence of the RDF weight percentage on the average PG composition (CH4, C2H4, C2H6 and 

C3H8) for the G-CG experiments. .................................................................................................................. 145 

Figure 4.24 – Influence of the RDF weight percentage on the H2:CO and CO:CO2 molar ratios for the G-CG 

experiments. .................................................................................................................................................. 147 



Direct gasification of biomass for fuel gas production 

VIII      EngIQ 

Figure 4.25 – Influence of the RDF weight percentage on the LHV and Ygas for the G-CG experiments. .... 149 

Figure 4.26 – Influence of the RDF weight percentage on the CGE and CCE for the G-CG experiments .... 151 

Figure 4.27 – Average dry gas composition for the gasification experiments performed with different 

eucalyptus pellets. Legend according to experiments reference in Table 4.11. ............................................. 159 

Figure 4.28 – Tar production values for the different gasification experiments. Legend according to 

experiments reference in Table 4.11. ............................................................................................................. 161 

Figure 4.29 – Decay of the total tar (a), BTX (b), naphthalene (c) and indene (d) concentration in the raw PG 

with operation time. Experiments information in Table 4.11......................................................................... 163 

Figure 4.30 – Equilibrium thermodynamic prediction of the reactor bed composition along time for the 

experiments LTS – Pellets 1 (a), LTS – Pellets 2 (b), ETS – Pellets 3 (c) and ETS – Pellets 4 (d). 

Experiments information in  Table 4.11. ........................................................................................................ 168 

Figure 4.31 – SEM micrographs of a representative ash particle from Pellets 1 (a) and Pellets 3 (b), and 

respective Ca, Cl, Na and K elemental intensity maps................................................................................... 169 

Figure 4.32 – Relation between the solid carbon and inorganic species content in the reactor bed (predicted 

by thermodynamic equilibrium) and the tar concentration in the PG for the different gasification experiments 

performed. Experiments information in Table 4.11. ...................................................................................... 170 

Figure 4.33 – Variation of the LHV of the dry and clean PG with (a) operation time and (b) total tar 

concentration in the raw PG. Experiments information in Table 4.11. .......................................................... 171 

Figure 4.34 – Variation of total tar, BTX and naphthalene concentration in the raw PG with the chemical 

properties of the eucalyptus RFB pellets used in the gasification experiments: ash (a), volatile matter (b), 

fixed carbon (c), carbon concentration (d) and oxygen concentration (e). Feedstock characteristics in Table 

4.10 and experiments reference in Table 4.11................................................................................................ 175 

Figure 5.1 – Thermodynamic predictions of redox phase stability conditions for the Fe-Si-O system at 1373 

K superimposed on CO:CO2 equilibrium in the gas phase. ........................................................................... 184 

Figure 5.2 – SEM of SiC precursor powders (a) and one representative single phase Fe2SiO4 (b) sample 

prepared by solid state reaction of stoichiometric SiC+Fe2O3 powder mixtures, in CO2 atmosphere, with 

optimized firing cycle. ................................................................................................................................... 184 

Figure 5.3 – Typical evolution of the temperature along time at different locations along the reactor height 

during the gasification of: (a) wood pellets and (b) RFB from pine. ............................................................. 187 

Figure 5.4 – Average vertical temperature profile in the BFB reactor for the biomass gasification experiments 

performed. Legend according to experiments references in Table 5.3. ......................................................... 188 

Figure 5.5 – Typical composition (CO2, CO, CH4, C2H4) along time of the dry gas produced at the exhaust 

(GE) during the gasification of: (a) wood pellets and (b) RFB from pine. .................................................... 189 

Figure 5.6 – Composition (CH4, CO, CO2, C2H4 and H2) of the dry gas sampled at the exhaust (GE). 

Experiments reference according to Table 5.3. .............................................................................................. 190 

Figure 5.7 – LHV and Ygas of the dry gas sampled at the exhaust (GE). Experiments reference according to 

Table 5.3. ....................................................................................................................................................... 191 

Figure 5.8 – CGE and CCE for experiments regarding the dry gas sampled at the exhaust (GE). Experiments 

reference according to Table 5.3. ................................................................................................................... 192 



Daniel Torrão Pio 

University of Aveiro  IX 

Figure 5.9 – Composition (CH4, CO, CO2, C2H4 and H2) of the dry gas sampled above the surface of the bed 

(GB) and above the surface of the bed passing through a fixed bed of catalytic materials (GBC). Experiments 

reference according to Table 5.3. .................................................................................................................. 193 

Figure 5.10 – Influence of the different catalytic materials tested in this work on the composition (CH4, CO 

and H2) of the PG sampled above the surface of the fluidized bed. Experiments reference according to Table 

5.3. ................................................................................................................................................................. 194 

Figure 5.11 – LHV and Ygas for the experiments regarding the PG sampled above the surface of the bed (GB) 

and above the surface of the bed after passing through a fixed bed of catalytic materials (GBC). Experiments 

reference according to Table 5.3. .................................................................................................................. 195 

Figure 5.12 – CGE and CCE for the experiments regarding the PG sampled above the surface of the bed 

(GB) and above the surface of the bed after passing through a fixed bed of catalytic materials (GBC). 

Experiments reference according to Table 5.3. ............................................................................................. 196 

Figure 5.13 – Influence of the different catalytic materials tested on this work on LHV, Ygas, CGE and CCE. 

Experiments reference according to Table 5.3. ............................................................................................. 196 

Figure 5.14 – Normalized XRD patterns of the fresh ilmenite and concrete samples. .................................. 203 

Figure 5.15 – PG composition and LHV for the distinct gasification experiments performed in the pilot and 

bench-scale fluidized bed reactors. Experiments reference according to Table 5.7. ..................................... 206 

Figure 5.16 – Influence of the distinct low-cost catalytic materials on the composition and LHV of the PG for 

the different gasification experiments performed. Experiments reference according to in Table 5.7. .......... 207 

Figure 5.17 – CO2, CO and H2 yield for the distinct gasification experiments performed in the pilot and 

bench-scale fluidized bed reactors. Experiments reference according to Table 5.7 ...................................... 208 

Figure 5.18 – Average vertical temperature profile in the allothermal bench-scale BFB reactor. Experiments 

reference according to Table 5.7. .................................................................................................................. 210 

Figure 5.19 – Average vertical temperature profiles for the distinct gasification experiments performed in the 

autothermal pilot-scale BFB reactor. Experiments reference according to Table 5.7. .................................. 210 

Figure 5.20 – Ygas, CGE and CCE for the distinct gasification experiments performed in the pilot and bench-

scale BFB reactors. Experiments reference according to Table 5.7. ............................................................. 212 

Figure 5.21 – Influence of the distinct low-cost catalytic materials on Ygas, CGE and CCE for the different 

gasification experiments made. Experiments reference according to Table 5.7. ........................................... 213 

Figure 6.1 – Layout of the experimental infrastructure with the pilot-scale BFB reactor (combustion mode).

 ....................................................................................................................................................................... 220 

Figure 6.2 – Typical evolution of the temperature with time at different locations along the reactor height 

during the combustion experiments: (a) EL-O, (b) EL-10 and (c) ELP-5. Experiments reference according to 

Table 6.3. ....................................................................................................................................................... 224 

Figure 6.3 – Longitudinal temperature profile in the BFB reactor during the biomass combustion experiments 

performed. Legend according to experiments references in Table 6.3. ......................................................... 225 

Figure 6.4 – Typical CO2 and H2O concentration with time in the exhaust gases for (a) EL-10 #7 and (b) 

ELP-5 #3. ...................................................................................................................................................... 226 

Figure 6.5 – Typical HCl concentration with time in the exhaust gases for (a) EL-10 #7 and (b) ELP-5 #3. 

Experiments reference according to Table 6.3. ............................................................................................. 227 



Direct gasification of biomass for fuel gas production 

X      EngIQ 

Figure 6.6 – HCl concentration with time (30 minutes moving average) for the distinct combustion 

experiments performed. Experiments reference according to Table 6.3. ....................................................... 228 

Figure 6.7 – Typical NO concentration with time in the exhaust gases for (a) EL-10, (b) EL-10 #6, (c) EL-10 

#7 and (d) ELP-5 #3. Experiments reference according to Table 6.3. ........................................................... 230 

Figure 6.8 – NO concentration with time (30 minutes moving average) for the distinct combustion 

experiments performed and comparison with the limit value referred on the BAT reference document for 

Large Combustion Plants [504]. Experiments reference according to Table 6.3. .......................................... 231 

Figure 6.9 – CO concentration with time (30 minutes moving average) for the distinct combustion 

experiments performed and comparison with the limit value referred to biomass boilers in the Portuguese 

legislation, in Portaria 677/2009 [505]: (a) experiments with lower CO concentration values and (b) 

experiments with higher CO concentration values. Experiments reference according to Table 6.3. ............. 232 

Figure 6.10 – SO2 concentration along time (30 minutes moving average) for the distinct combustion 

experiments performed and comparison with the limit value referred to biomass boilers in the Portuguese 

legislation, in Portaria 677/2009 [505]. Experiments reference according to Table 6.3. ............................... 232 

Figure 6.11 – Average particle (fly ash) concentration in the exhaust gases during the combustion 

experiments. The gas sampling was performed after the cyclone, except for references with FM, where the 

gas sampling was downstream of the bag filter. Experiments reference according to Table 6.3. .................. 233 

Figure 6.12 – Average Cl, K, Ca and Na concentration emitted associated with the fly ashes present in the 

exhaust gases during the combustion experiments. These elements were measured as ion Cl-, K+, Ca2+ and 

Na+, and expressed as mg chemical element/Nm3 dry gas, corrected to 6%v O2. Sampling was performed 

downstream of the cyclone (Figure 6.1). Experiments reference according to Table 6.3. ............................. 234 

Figure 6.13 – Relation between the content of K, Ca and Na with Cl in the fly ashes present in the exhaust 

gas during the combustion experiments: (a) K and Cl, (b) Ca and Cl and (c) Na and Cl............................... 235 

Figure 6.14 – Average Cl concentration in the solid phase, measured as ion Cl- in fly ashes (denoted as Cl-

particles), and expressed as mg Cl/Nm3 dry gas corrected to 6%v O2, and in gaseous phase (denoted as Cl-

HCl), measured as HCl in the flue gas and expressed as mg Cl/Nm3 dry gas corrected to 6%v O2, in the 

exhaust gases during the combustion experiments. Sampling was performed downstream of the cyclone 

(Figure 6.1). Experiments reference according to Table 6.3. ......................................................................... 236 

Figure 6.15 – Average composition (Ca, K, Mg, P, Na, Al, Mn and Cl) (and respective standard deviation) of 

the ashes deposited or settled in different locations of the combustion system. ............................................ 237 

Figure 7.1 – OLGA syngas cleaning system [523]. ....................................................................................... 245 

Figure 7.2 – Integrated schematics of Case I ................................................................................................. 246 

Figure 7.3 – Integrated schematics of Case II ................................................................................................ 250 

Figure 7.4 – Integrated schematics of Case III (combination of Cases I and II). ........................................... 252 

Figure 7.5 – Sankey diagram for the main energy flows in the system configurations studied: a) Case I, b) 

Case II and c) Case III. ................................................................................................................................... 257 

Figure 7.6 – Cash-flows through the useful lifetime of the plant for (a) Case I, (b) Case II and (c) Case III.258 

Figure 7.7 – Financial indicators (NPV, IRR and PBP) throughout the useful lifetime of the plant, for (a) 

Case I, (b) Case II and (c) Case III. ................................................................................................................ 260 

Figure 7.8 – Probability distribution for NPV for (a) Case I, (b) Case II and (c) Case III. ............................ 262 



Daniel Torrão Pio 

University of Aveiro  XI 

Figure 7.9 – Impact of changes in selected input variables on the NPV for (a) Case I, (b) Case II and (c) Case 

III. .................................................................................................................................................................. 264 

 

 

 

  



Direct gasification of biomass for fuel gas production 

XII      EngIQ 

LIST OF TABLES 

Table 2.1 – Suggested upper limits of tar concentration for using the PG in distinct applications 

[26,50,113,120–122] ........................................................................................................................................ 25 

Table 2.2 – Feedstock characteristics, types of conversion processes and range of end-products for 

petrochemical refineries and biorefineries ....................................................................................................... 29 

Table 2.3 – Published studies regarding gasification-based biorefinery processes for integration in the PP 

industry. ........................................................................................................................................................... 32 

Table 2.4 – Typical characteristics of different byproducts from the PP industry with potential to be used in 

gasification processes. ...................................................................................................................................... 33 

Table 2.5 – Composition (CO2, CH4, CO and H2), molar ratios (YCH4/H2, YCO/CO2 and YH2/CO) and LHV of the 

PG obtained by wood direct (air) gasification and BLG. ................................................................................. 37 

Table 2.6 – Average composition (CO2, CH4, CO and H2, and tar) and LHV of the PG from different 

industrial gasification plants. ........................................................................................................................... 40 

Table 2.7 – Industrial-scale (>3 MWth) gasification plants in Europe. ............................................................ 53 

Table 2.8 – Average composition (H2, CO, CO2, CH4, N2, CxHy and tar) and LHV of the PG from different 

commercial gasifiers (>3 MWth) in Europe. ..................................................................................................... 57 

Table 2.9 – Investment costs of different industrial-scale (>3 MWth) gasification plants in Europe ............... 63 

Table 3.1 – Experiment references and operating conditions of the studies reported in the literature. ............ 70 

Table 3.2 – Proximate and ultimate analysis of the biomass used for the models development ...................... 74 

Table 3.3 – PCC values for the correlation between operating conditions (temperature (T) and ER) and the 

PG composition (H2, CO and CH4), LHV, Ygas, CGE and CCE, for the experimental results reported in the 

literature and CEM predictions. ....................................................................................................................... 78 

Table 3.4 – Operating conditions during the biomass gasification experiments performed in the pilot-scale 

BFB .................................................................................................................................................................. 89 

Table 3.5 – Comparison between obtained results in direct (air) gasification of biomass experiments in a BFB 

reactor and predicted by the empirical correlations and CEM correlations for the same operating conditions 

(Table 3.4). ....................................................................................................................................................... 90 

Table 4.1 – Characteristics of the different types of biomass used as fuel in the gasification experiments 

performed in Paper IV. ..................................................................................................................................... 95 

Table 4.2 – Operating conditions during the gasification experiments performed in Paper IV. ...................... 96 

Table 4.3 – Survey of some published works in the literature regarding direct and indirect biomass 

gasification in distinct reactors ....................................................................................................................... 103  

Table 4.4 – Range of CO and H2 concentration in the PG, LHV of the PG, Ygas, CGE and CCE during the 

biomass gasification experiments. Comparison of data from this study with other studies of direct and 

indirect gasification, including BFB and other types of reactors (Table 4.3). ................................................ 113 

Table 4.5 – Proximate and elemental analysis of the biomass types used as feedstock in the gasification 

experiments and as input for the thermodynamic equilibrium model (Paper V)............................................ 118 



Daniel Torrão Pio 

University of Aveiro  XIII 

Table 4.6 – Gasification experiments reference and respective operating conditions (Paper V) .................. 119 

Table 4.7 – Proximate and elemental analysis of RDF and biomass types used as feedstock in the G-CG 

experiments in the pilot-scale BFB. .............................................................................................................. 136 

Table 4.8 – Ash fusibility temperature for the different feedstocks used in the G-CG experiments. ............ 137 

Table 4.9 – G-CG experiments reference and respective operating conditions (Paper VI). .......................... 137 

Table 4.10 – Characteristics of the different types of eucalyptus pellets used as feedstock in the gasification 

experiments performed in the BFB (Paper VII) ............................................................................................ 155 

Table 4.11 – Operating conditions during the gasification experiments in the BFB reactor ......................... 156 

Table 5.1 – Characteristics of the different types of biomass used as feedstock in the gasification experiments 

in the pilot-scale BFB (Paper VIII). .............................................................................................................. 182 

Table 5.2 – Characteristics of the different types of low-cost catalysts tested in gasification experiments in 

the pilot-scale BFB (Paper VIII). .................................................................................................................. 183 

Table 5.3 – Pilot-scale BFB gasification experiments reference and respective operating conditions (Paper 

VIII). .............................................................................................................................................................. 185 

Table 5.4 – Parameters of the experiments performed for testing the catalysts in direct (air) gasification 

regime in the pilot-scale BFB (Paper VIII). .................................................................................................. 185 

Table 5.5 – Proximate and elemental analysis of the pine pellets used as feedstock in the gasification 

experiments. .................................................................................................................................................. 202 

Table 5.6 – Physical-chemical characteristics of the low-cost solid materials used as catalysts in the 

gasification experiments performed. ............................................................................................................. 203 

Table 5.7 – Gasification experiments reference and respective operating conditions. .................................. 204 

Table 6.1 – Characteristics of the different types of biomass used as feedstock in the combustion experiments 

in the pilot-scale BFB. ................................................................................................................................... 222 

Table 6.2 – Concentration of Ca, Na, K, Mg, Al, Mn and P in the ashes from the different types of biomass 

used as feedstock in the combustion experiments in the pilot-scale BFB ..................................................... 222 

Table 6.3 – Combustion experiments reference and respective operating parameters. ................................. 223 

Table 7.1 – Characteristics of the eucalyptus RFB considered as feedstock in this work ............................. 244 

Table 7.2 – Operating conditions of the gasifier and characteristics of the PG ............................................. 244 

Table 7.3 – Predetermined data of the PP industry........................................................................................ 246 

Table 7.4 – Assumed concentration for the main compounds present in the tar in the raw PG, and its LHV 

[530–532]. ..................................................................................................................................................... 247 

Table 7.5 – Operating parameters for the plant designed in Case I ............................................................... 249 

Table 7.6 – Operating parameters for the plant designed in Case II .............................................................. 251 

Table 7.7 – Operating parameters for the plant designed in Case III ............................................................ 253 



Direct gasification of biomass for fuel gas production 

XIV      EngIQ 

Table 7.8 – Initial input financial data and cost factors considered to model the plant configurations 

preconized in the developed Cases (I, II and III). .......................................................................................... 254 

Table 7.9 – Eucalyptus RFB consumption, total electricity generated, CaO production and the global 

efficiency of electricity generation for the three configurations studied. ....................................................... 256 

Table 7.10 – Summary of the results of the economic evaluation ................................................................. 261 

Table 7.11 – Parameters of the probability distributions for IRR and PBP, considering Cases I, II and III .. 263 

 

  



Daniel Torrão Pio 

University of Aveiro  XV 

LIST OF PUBLICATIONS 

The following articles are part of this thesis:  

• Article I: D.T. Pio, L.A.C. Tarelho. Gasification-based biorefinery integration in the pulp 

and paper industry: A critical review. Renewable & Sustainable Energy Reviews 2020:133. 

• Article II: D.T. Pio, L.A.C. Tarelho. Industrial gasification systems (>3 MWth) for 

bioenergy in Europe: Current status and future perspectives. In submission in the 

Renewable and Sustainable Energy Review Journal, currently under review. 

• Article III: D.T. Pio, L.A.C. Tarelho. Empirical and chemical equilibrium modelling for 

prediction of biomass gasification products in bubbling fluidized beds. Energy 2020:202 

• Article IV: D.T. Pio, L.A.C. Tarelho, M.A.A. Matos, Characteristics of the gas produced 

during biomass direct gasification in an autothermal pilot-scale bubbling fluidized bed 

reactor. Energy 2017:120. 

• Article V: D.T. Pio, H.G.M.F. Gomes, L.A.C. Tarelho, A.C.M Vilas-Boas, M.A.A. Matos, 

F.M.S. Lemos. Superheated steam injection as primary measure to improve producer gas 

quality from biomass air gasification in an autothermal pilot-scale gasifier. In submission in 

the Renewable Energy Journal, currently under review. 

• Article VI: D.T. Pio, L.A.C. Tarelho, A.M.A. Tavares, M.A.A. Matos, V. Silva. Co-

gasification of refused derived fuel and biomass in a pilot-scale bubbling fluidized bed 

reactor.  Energy Conversion and Management 2020:206. 

• Article VII: D.T. Pio, L.C.M. Ruivo, L.A.C Tarelho, J.R. Frade, E. Kantarelis, K. Engball. 

Tar formation during eucalyptus gasification in a bubbling fluidized bed reactor: Effect of 

feedstock and reactor bed composition. In submission in the Energy Conversion and 

Management Journal, currently under review. 

• Article VIII: D.T. Pio, L.A.C. Tarelho, R.G. Pinto, M.A.A. Matos, J.R. Frade, A. 

Yaremchenko, G.S. Mishra, P.C.R. Pinto. Low-cost catalysts for in-situ improvement of 

producer gas quality during direct gasification of biomass. Energy 2018:165 

• Article IX: D.T. Pio, H.G.M.F Gomes, L.A.C. Tarelho, L.C.M. Ruivo, M.A.A. Matos, 

R.G. Pinto, J.R. Frade, F.M.S. Lemos. Ilmenite as low-cost catalyst for producer gas 

quality improvement from a biomass pilot-scale gasifier. Energy Reports 2020:6 

• Article X: D.T. Pio, H.G.M.F. Gomes, L.C.M. Ruivo, L.A.C. Tarelho, M.A.A. Matos, J.R. 

Frade. Concrete and ilmenite as low-cost catalysts to improve direct (air) biomass 

gasification in a pilot-scale gasifier. In submission in the Energy & Fuels Journal, currently 

under review. 

• Article XI: D.T. Pio, L.A.C. Tarelho, T.F.V. Nunes, M.F. Baptista, M.A.A Matos. Co-

combustion of residual forest biomass and sludge in a pilot-scale bubbling fluidized bed. 

Journal of Cleaner Production 2020:249. 

• Article XII: J.R.C Rey, D.T. Pio, L.A.C Tarelho. Biomass direct gasification for 

electricity generation and natural gas replacement in the lime kilns of the pulp and paper 

industry: A techno-economic analysis. In submission in the Energy Journal, currently 

under review. 

Daniel Torrão Pio (D.T. Pio) is the main author of Articles I to XI. In Article XII, D.T. Pio acted as 

co-author and the major part of the economic and sensitivity analysis was led by José Ramón Copa 

Rey (J.R.C Rey). 



Direct gasification of biomass for fuel gas production 

XVI      EngIQ 

The following articles were performed during this thesis, but are not directly related to this 

document: 

• D.T. Pio, L.A.C. Tarelho. Predicting producer gas composition in bubbling fluidized beds 

using chemical equilibrium and empirical correlations. European Biomass Conference & 

Exhibition Proceedings 2019. 

• D.T. Pio, L.A.C. Tarelho, T.F.V. Nunes, M.F. Baptista, M.A.A Matos. Co-combustion of 

residual forest biomass and sludge in a pilot-scale bubbling fluidized bed. European Biomass 

Conference & Exhibition Proceedings 2019. 

• F.R. Charvet, F. Silva, D.T. Pio, L.A.C Tarelho, M.A.A. Matos, J.J.F. Silva, D. Neves. 

Production from alternative agroforestry woody residues typical of southern Europe 

charcoal. European Biomass Conference & Exhibition Proceedings 2020. 

• L.C.M Ruivo, D.T. Pio, A.A. Yaremchenko, L.A.C Tarelho, J.R. Frade, E. Kantarelis, K. 

Engvall. Iron-based catalyst (Fe2-xNixTiO5) for tar decomposition in biomass gasification. In 

the final phase of preparation for submission. 

• M. Puig-Gamero, D.T. Pio, LA.C. Tarelho, P. Sánchez, L. Sanchez-Silva. Simulation of 

autothermal pilot-scale bubbling fluidized bed reactor using Aspen Plus. In submission in 

the Energy Conversion and Management Journal, currently with the Editor. 

• L.C.M. Ruivo, R.M.B. Lourenço, M.A.A. Russo, D.T. Pio.  Energy efficiency of the 

Portuguese ceramic industry. In submission in the Applied Energy Journal, currently under 

review. 

• M.P. González-Vázquez, F. Rubiera, C. Pevida, D.T. Pio, L.A.C. Tarelho. Comparison of 

two thermodynamic models for fluidized bed gasification using Aspen Plus. Under 

reformulation after rejection in the Chemical Engineering Journal. 

• N. Daniel, H.G.M.F. Gomes, D.T. Pio, L.C.M. Ruivo, M.A.A. Matos, J.R. Frade, L.A.C. 

Tarelho. Relevance of O2/steam addition during biomass air gasification in bubbling 

fluidized bed. In the final phase of preparation for submission. 

• A.C.M. Vilas-Boas, L.A.C. Tarelho, M. Kamali, Hauschild, D.T. Pio, D. Jahanianfard, A.P. 

Gomes, M.A.A. Matos. Biochar produced by biological sludge pyrolysis from wastewater 

treatment from PP industry. In submission in the BioFPR Journal, currently with the Editor. 

• V.A.F Costa, L.A.C Tarelho, D.T. Pio. Mass, energy and exergy analysis of biomass direct 

gasification in an autothermal pilot-scale bubbling fluidized bed reactor. Under 

preparation. 

• L.C.M. Ruivo, H.S.M. Oliveira, H.G.M.F. Gomes, D.T. Pio, L.A.C. Tarelho, J.R. Frade. 

Improvement of catalytic properties of olivine in fluidized bed gasifiers by microwave 

dielectric calcination. Under preparation. 

• J. R. Copa-Rey, D. T. Pio, A. Briones-Hidrovo, V. Silva, L.A.C. Tarelho. Cleaning 

technologies for biomass-derived PG: A critical review. Under preparation. 

 

  



Daniel Torrão Pio 

University of Aveiro  XVII 

NOMENCLATURE AND ABBREVIATIONS 

AAEM  Alkali and Alkaline Earth Metals (Ca, K, Mg, Na and Ba) 

ANN  Artificial neural network 

ASU  Air separation unit 

BAT  Best Available Technologies 

BFB  Bubbling fluidized bed 

BIGCC  Biomass integrated gasification combined cycle 

BLG  Black liquor gasification 

BLGCC Black liquor gasification combined cycle 

BtL  Biomass to liquid 

BTX  Benzene, toluene and xylene 

C(s)  Unconverted solid carbon 

CC  Combined cycle 

CCE  Carbon conversion efficiency [%] 

CCS  Carbon capture and storage 

CEM  Chemical equilibrium model 

CFB  Circulating fluidized bed 

CFD  Computational fluid dynamic 

CGE  Cold gas efficiency [%] 

CHP  Combined heat and power 

CO2,eq  Carbon dioxide equivalent 

daf  Dry ash free 

db  Dry basis 

DFB  Dual fluidized bed 

DME  Dimethyl ether 

EDS  Energy Dispersive X-ray Spectroscopy 

EL  Experiments with secondary sludge 

ELP  Experiments with primary sludge 

ELV  Emission Limit Value 

ER  Equivalence ratio 

ETS  Gasification experiments with a tar sampling start between 17 and 32 minutes 

EU  European Union 

FID  Flame Ionization Detector 

FT  Fischer-Tropsch 

FTIR  Fourier Transform Infrared Spectroscopy 

G-CG  Gasification and co-gasification 

GCC  Gasification combined cycle 

GC-TCD Gas chromatography coupled with thermal conductivity detector 

GHG  Greenhouse gas 



Direct gasification of biomass for fuel gas production 

XVIII      EngIQ 

GIFBR  Green Integrated Forest Biorefinery 

GT  Gas turbine  

H2/CO  Molar ratio between hydrogen and carbon monoxide (mol H2.mol CO-1) 

HPLC  High performance liquid chromatography 

HTSU  High Temperature Sampling Unit 

i  Gaseous compound CO2, CO, CH4, C2H4, C2H6 and C3H8 

ICE  Internal combustion engine 

ICP-MS Induced Coupled Plasma Mass Spectrometry 

ICP-SFMS Induced Coupled Plasma Mass Sector Field Mass Spectrometry 

IEA  International Energy Agency 

IFBR  Integrated Forest Biorefinery 

IGCC  Integrated Gasification Combined Cycle 

IRR  Internal rate of return 

LHV  Lower heating value [MJ/Nm3] 

LHVF  Lower heating value of the biomass [MJ/kg db] 

LHVG  Lower heating value of the dry gas produced [MJ/Nm3] 

LTS  Gasification experiments with a tar sampling start between 119 and 129 minutes 

MC  Molar mass of Carbon [kg/mol] 

mF  Biomass (dry basis) mass flow rate [kg db/s] 

MSW  Municipal solid waste 

NDIR  Nondispersive infrared 

NG  Natural gas 

NL  Refers to L at normal pressure (1.013×105 Pa) and temperature (0 ºC) 

Nm3  Refers to m3 at normal pressure (1.013×105 Pa) and temperature (0 ºC) 

NPT  Normal pressure (1.013×105 Pa) and temperature (0 ºC) 

NPV  Net present value 

OLGA  Dutch acronym for oil based gas washer 

PBP  Payback period 

PCC  Pearson-R correlation coefficient 

PG  Absolute pressure of the dry gas [Pa] 

PG  Producer gas 

PP  Pulp and paper 

PS  Primary sludge 

ppmv  parts per million by volume 

PSA  Pressure Swing Adsorption 

Qair  Air flow rate [NL/min] 

Qbiomass  Biomass flow rate [kg/h] 

Qsteam  Water steam flow rate [kg/h] 

R  Ideal gas constant [8.314 J.mol-1.K-1] 



Daniel Torrão Pio 

University of Aveiro  XIX 

RDF  Refused derived fuel 

RFB  Residual forest biomass 

S/B  Steam to biomass [kg steam/kg biomass] 

SEM  Scanning Electron Microscopy 

SNG  Synthetic natural gas 

SOFC  Solid oxide fuel cell 

SPA  Solid Phase Adsorption 

SPE   Solid Phase Extraction 

SRF  Solid recovered fuel 

SS  Secondary sludge 

ST  Steam turbine 

Tbed  Temperature of the reactor bed [ºC] 

TC  Thermal conductivity 

TCD  Thermal conductivity detector 

Tfreeboard  Temperature of the reactor freeboard [ºC] 

TG  Absolute temperature of the dry gas [T] 

TGA  Thermogravimetric analysis 

VG  Dry gas volumetric flow rate [Nm3/s] 

WCF  Mass fraction of Carbon in the biomass [kg C/kg biomass db] 

WGS  Water-gas shift 

WtE  Waste-to-energy 

Ygas  Dry gas specific production [Nm3 dry gas/kg dry biomass] 

yi  Molar fraction of CO2, CO, CH4, C2H4, C2H6 and C3H8 in the dry gas  

%v  Volume percentage [%] 

wb  Wet basis 

WI  Wobbe Index 

%wt  Weight percentage [%] 

∆G  Gibbs free energy of reaction 

∆H  Enthalpy of reaction 

ɛC,I  Molar fraction of Carbon in i [mol C/mol i]





Daniel Torrão Pio 

University of Aveiro  1 

1 INTRODUCTION 

The foundation of the current society production of services and materials is largely based on finite 

feedstocks extracted from earth, which are being depleted at an unsustainable rate. Current world 

population is growing and developing countries demands are increasing, leading to higher materials 

and services necessities. Environmental and economic issues associated to these feedstocks urge the 

transition to a more sustainable production system. To answer these issues, a partial or complete 

adjustment of the current economy to one based on renewable raw materials, denominated by 

bioeconomy, must happen. These renewable solutions must be introduced into our existing 

production chain and must be acknowledged not as immediate solutions, but as long-term solutions, 

which must be employed as soon as possible and improved and perfected along time. Nonetheless, a 

complete transition of the current production system to a more sustainable one is an enormous and 

difficult challenge. This will require technologies development and significant scientific 

advancements, as well as innovative thinking and research approaches and proper support from 

governments and stakeholders. 

Lignocellulosic biomass is a key material for the transition to a sustainable bioeconomy by being a 

non-intermittent renewable source of energy capable of fitting into the current carbon-based (fossil) 

fuel infrastructure. Biomass can be used for CHP and the production of gaseous/liquid fuels, 

chemicals and other bioproducts, using thermochemical conversion processes. These processes 

include biomass gasification to produce a fuel gas with diverse applications, pyrolysis for production 

of biochar and bio-oils or combustion for direct production of energy. In the bioeconomy context, 

the gasification process is extremely relevant due to: i) the recognition that gaseous fuels have 

practical advantages over solid fuels, such as handling and application, ii) the necessity of renewable 

fuels that can replace gaseous fossil fuels in distinct applications and iii) the flexibility of gasification 

processes, due to the various bioproducts that can be obtained from the produced fuel gas. Thus, 

biomass gasification technologies are expected to have a major role in this future bioeconomy and in 

future biorefineries that will produce a diverse number of value-added products from biomass and 

compete with current petrochemical refineries. 

1.1 OBJECTIVES 

The objectives of this work revolve around obtaining new scientific knowledge to support the 

development of direct gasification of biomass in bubbling fluidized bed (BFB) reactors to produce a 

gaseous fuel with suitable properties to replace natural gas in industrial gas burners, such as the 

burners installed at kiln ovens and boilers of the pulp and paper (PP) industry. This is the first step 

for the integration and development of gasification-based biorefineries in the PP industry. These 

objectives include: 

• Characterization of the state-of-the-art of gasification technologies, including commercial 

and technical barriers, potential gasification-based biorefinery designs and current status 

and implementation in Europe. 

• Development and evaluation of numerical tools to predict and support gasification 

processes. 

• Characterization of the direct gasification process of distinct low-cost feedstocks in BFB 

reactors, including byproducts from the PP industry and refused derived fuel, focusing on 

the influence of the process operating parameters (e.g., bed temperature and ER) and 

feedstock chemical composition, on the combustible gases concentration in the clean and 
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dry PG, tar concentration in the raw PG and efficiency parameters (e.g., carbon conversion 

efficiency). 

• Evaluation of primary measures for the improvement of the PG quality from direct biomass 

gasification: 

o Steam injection in the bottom bed of the reactor. 

o Low-cost catalysts in-situ application above the bottom bed of the reactor. 

• Evaluation of the co-combustion process of byproducts from the PP industry to consider as 

a co-integrable process in a future gasification-based biorefinery design. 

• Development of a technical-economical pre-feasibility analysis for the replacement of the 

natural gas used in the lime kilns of the PP industry by PG from direct gasification of 

biomass wastes. This is the first step for the integration of gasification-based biorefinery 

processes in the PP industry. 

1.2 LAYOUT 

The thesis is composed by 10 Chapters and is based on 12 Articles (Figure 1.1). A short description 

of each Chapter is given below. 

Chapter 1 states the objectives and layout of this thesis, and describes the experimental infrastructures 

and methodologies used in the studies performed. 

Chapter 2 explains the theory behind the biomass gasification process and shows the current status 

of biomass gasification technologies, their future potential and current technical and commercial 

barriers, as well as potential key findings that must be achieved to promote their market 

breakthrough. This chapter is composed by Articles I and II. Article I reviews the integration of 

gasification technologies in the PP industry, focusing on the current technological and commercial 

drivers and barriers and Article II evaluates the current state, progress and utilization of large-scale 

(>3 MWth) gasification plants in Europe. 

Chapter 3 is composed by Article III, which includes the development, comparison and evaluation 

of two models to predict PG composition from direct (air) biomass gasification processes in BFBs, 

namely a non-stoichiometric chemical equilibrium model and an empirical model. These prediction 

tools were developed to support and validate the experimental research and techno-economic 

analysis performed in this work. 

Chapter 4 demonstrates and evaluates distinct direct gasification processes performed in different 

experimental infrastructures and is composed by Articles IV, V, VI and VII. Article IV performed 

the demonstration of the direct (air) gasification process of distinct types of residual forest biomass 

(RFB) in an autothermal pilot-scale 80 kWth BFB, focusing on the composition of the PG and process 

efficiency parameters. An extensive comparison with literature results was also performed. For 

similar operating conditions, Paper V evaluated the effect of superheated steam addition on the 

reactor bottom bed, focusing on the effect of the S/B ratio, and Article VI evaluated the impact of 

using distinct mixtures of RDF with RFB as feedstock. The main objective of steam addition was the 

improvement of H2 concentration and H2/CO molar ratio in the PG, while the main objective of 

mixing RDF with RFB was to seek synergistic effects for the improvement of the PG quality. Article 

VII investigated tar formation and evolution during direct gasification of distinct types of RFB from 

eucalyptus (Eucalyptus Globulus) in a 5 kWth bench-scale BFB reactor. The main objective was the 
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analysis of the effect of the composition of distinct eucalyptus parts, and respective ash and char 

accumulation in the reactor during the gasification process, on the tar concentration in the PG. 

Chapter 5 evaluates the application of low-cost catalysts as primary catalysts, i.e., inserted in a high-

temperature zone of the gasifier, to improve the quality of the PG and gasification process efficiency 

parameters. This chapter is composed by Articles VIII, IX and X. Article VIII tested three distinct 

types of low-cost catalysts, namely synthesized Fe2SiO4, bottom bed eucalyptus ashes and pine 

pellets char particles, in an alternative configuration inserted in an 80 kWth BFB reactor. The Article 

focused on the increment of combustible gases concentration in the PG and efficiency parameters. 

Article IX continued the work performed in Article VIII by analyzing the application of natural 

occurring iron-titanium mineral (FeTiO3, ilmenite) under the same process conditions and in the 

same configuration. Article X further continued this work by performing a more in-depth analysis of 

the application of ilmenite and comparing its results to the application of synthetic concrete. As 

Article X is an extension and more in-depth analysis of the results presented in Article IX, only the 

content of the prior was discussed in this Chapter. 

Chapter 6 is composed by Article XI, which evaluates the co-combustion process of distinct types of 

byproducts from the PP industry in a pilot-scale BFB reactor. This process was evaluated as a valid 

energetic solution, focusing on HCl and NOx emission, because it can potentially constitute a co-

integrable process in future gasification-based biorefinery designs in the PP industry. 

Chapter 7 is composed by Article XII, which performs a comparative techno-economic analysis of 

the integration of eucalyptus RFB direct gasification in the PP industry. For this purpose, three 

possible configurations using BFB gasifiers were considered and analyzed, including natural gas 

replacement in the lime kilns and electricity generation. 

Chapter 8 performs a comprehensive integrated discussion based on the previous Chapters. 

Chapter 9 performs the conclusion of the work. 

Chapter 10 proposes future studies of major relevance.  
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Figure 1.1– Diagram of the thesis layout.  



Daniel Torrão Pio 

University of Aveiro  5 

1.3 EXPERIMENTAL INFRASTRUCTURES 

1.3.1 DAO-UA 80 KWTH PILOT-SCALE BFB GASIFIER (PORTUGAL) 

The 80 kWth pilot-scale BFB gasifier experimental infrastructure is located at the Department of 

Environmental Planning of the University of Aveiro in Portugal, and is the main infrastructure 

supporting this work. The infrastructure was developed/updated during the course of this PhD and 

the final version offers the following functionalities: 

• Direct (air) gasification of distinct types of biomass and wastes feedstocks. 

• Steam insertion at the bottom bed of the reactor for converting residual char. 

• Combustion of the PG before release to the atmosphere. 

• In-situ application of catalytic materials for improvement of the gas quality. 

The layout of the experimental facility is shown in Figure 1.2 (steam injection mode) and Figure 1.3 

(in-situ catalysts mode). 

The experimental facility includes a thermally insulated pilot-scale 80 kWth BFB reactor made of 

AISI 310 SS with a reaction chamber of 0.25 m internal diameter and 2.3 m height (Figure 1.4). The 

bottom bed of the reactor has a (static) height of 0.23 m and is composed by sand (high quartz content; 

particles with size in range 355 mm to 1000 mm); 17 kg of sand composed the bottom bed. The 

biomass is fed at the bed surface, namely 0.30 m above the distributor plate, by means of a screw 

feeder. 

The primary air flow is fed through a distributor plate. The distributor is composed by 19 injectors, 

each one with 3 holes (1.25 mm diameter) placed perpendicularly to the direction of the gas flow in 

the reactor, thus providing an uniform distribution of the primary air to the bottom bed of the reactor. 

The fluidized bed is operated at bubbling regime and atmospheric pressure, with superficial gas 

velocity of around 0.27 and 0.30 m/s (depending on the operating conditions, namely bed 

temperature), which is two times higher than the determined minimum fluidization velocity (0.14 

m/s, for bottom bed particles with an average granulometry of 700 μm). The temperature along the 

reactor height is monitored by 9 thermocouples located above the distributor plate: T1 – 0.05 m, T2 

- 0.18 m, T3 - 0.29 m, T4 - 0.44 m, T5 - 0.66 m, T6 - 0.84 m, T7 - 1.19 m, T8 - 1.66 m and T9 - 2.88 

m. The temperature monitored by the thermocouples T2 to T9 are used for the temperature profiles 

in Articles IV to XI. The bed temperature is assumed to be the value given by thermocouple T2 and 

is maintained at the desired level by regulating the insertion of a set of eight water-cooled probes 

located at the bed level.
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Figure 1.2 - Schematic layout of the 80 kWth autothermal BFB pilot-scale gasification facility (steam injection mode). Dashed line - Electric circuit, Continuous line - Pneumatic circuit, A - Primary air heating system, B - Sand bed, C - Bed solids 

level control, D - Bed solids discharge, E - Bed solids discharge silo, F - Propane burner for preheating, G - Port for visual inspection of bed surface, H - Air flow meter (primary air), I - Control and command unit (UCC2), J - Biomass feeder, L – 

Steam injection probe, M1 - Probe for sampling the raw exhaust gas, N - Water-cooled probe for pressure and temperature monitoring, O - Gas exhaust, P - Gas condensation unit with impingers for condensable gases (water, tars) removal, Q - Gas 

sampling pump, R - Gas condensation unit for moisture and other condensable gases removal, S - Filter for particle matter/aerosol removal, T - Gas flow meter, U - Dry gas meter, V - Computer for data acquisition from the SICK analyzer, X - Computer 

for data acquisition, Y - Security exhaust pipe, Z - Raw gas burner, GENTWO – Paramagnetic online gas analyzer for O2, UCD0, UCD1 - Electro-pneumatic command and gas distribution units, UCE1 - Electronic command unit, Micro GC Fusion - 

Gas chromatograph with TCD, SICK – NDIR and TC online gas analyzer for CO2, CO, CH4, C2H4 and H2. 
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Figure 1.3 - Schematic layout of the 80 kWth autothermal BFB pilot-scale gasification facility (in-situ catalyst mode). Dashed line - Electric circuit, Continuous line - Pneumatic circuit, A - Primary air heating system, B - Sand bed, C - Bed solids level 

control, D - Bed solids discharge, E - Bed solids discharge silo, F - Propane burner for preheating, G - Port for visual inspection of bed surface, H - Air flow meter (primary air), I - Control and command unit (UCC2), J - Biomass feeder, M1 - Probe 

for sampling the raw exhaust gas, M2 - Probe for sampling the raw gas present above the reactor bed, M3 - Fixed bed reactor with catalyst particles, coupled to a gas sampling probe, N - Water-cooled probe for pressure and temperature monitoring, O 

- Gas exhaust, P - Gas condensation unit with impingers for condensable gases (water, tars) removal, Q - Gas sampling pump, R - Gas condensation unit for moisture and other condensable gases removal, S - Filter for particle matter/aerosol removal, 

T - Gas flow meter, U - Dry gas meter, V - Computer for data acquisition from the SICK analyzer, X - Computer for data acquisition, Y - Security exhaust pipe, Z - Raw gas burner, GENTWO – Paramagnetic online gas analyzer for O2, UCD0, UCD1 

- Electro-pneumatic command and gas distribution units, UCE1 - Electronic command unit, Micro GC Fusion - Gas chromatograph with TCD, SICK – NDIR and TC online gas analyzer for CO2, CO, CH4, C2H4 and H2.
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Figure 1.4 – DAO-UA pilot-scale 80kWth BFB reactor. 

The start-up of the reactor until an operating bed temperature of around 500 ºC is done by a 

propane burner (F, Figure 1.2 and Figure 1.3) and by pre-heating (A, Figure 1.2 and Figure 1.3) 

the primary air. After reaching a bed temperature of around 500 ºC, the biomass feeding is started, 

and the gas burner and primary air pre-heating system are switched off. Afterwards, the biomass 

combustion allows the delivery of the necessary heat to achieve the desired operating bed 

temperature and the equivalence ratio (ER) is controlled by adjusting the biomass feeding rate 

while keeping the primary air gas flow rate constant. Then, the direct gasifier is operated under 

autothermal and steady-state conditions without any external auxiliary heating systems being 

used, thus, with the necessary heat for the gasification process delivered from the partial 

combustion of the biomass fuel in the reactor. 

Steam injection (120 to 135 ºC, 4 bar) in the reactor bottom bed can be performed by using a 6.6 

kW steam boiler and an AISI 316 SS steel probe (L, Figure 1.2) installed in the reactor. The mass 

flow rate of steam is controlled and monitored indirectly by continuous measuring of the 

consumption of water in the boiler along the operation time, namely by using a platform weight 

scale placed below the steam boiler. A heated sampling line (at ~350 ºC) is used to transport the 

steam to the top of the injection steel probe (L, Figure 1.2). The steam is then transported from 

the top of the BFB gasifier to the inside of the bottom bed through the steel probe, thus absorbing 
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heat (mainly from the reactor freeboard) and increasing its temperature. During this process, heat 

from the freeboard of the gasifier is absorbed to generate superheated steam, thus avoiding a sharp 

drop in the bed temperature upon the steam release, and boosting water-gas shift (WGS) and char-

steam reforming reactions (explained in Chapter 2) [1]. The bottom point of the injection steel 

probe (L, Figure 1.2) has 4 holes (4 mm diameter) disposed in radial configuration to perform an 

uniform steam injection in the bottom bed of the reactor. 

Insertion of catalysts in the freeboard of the reactor can be performed by placing the solid 

materials in a fixed bed reactor (M3, Figure 1.3) installed in the freeboard of the BFB gasifier, 

just above the bottom bed and biomass feeding location. The effect of the low-cost catalysts in 

the PG and gasification efficiency parameters is evaluated upon a comparison  between the 

composition of the gas sampled after passing the fixed bed (M3, Figure 1.3) and sampled without 

passing the fixed bed (M2, Figure 1.3); this methodology is explained in Section 1.4. 

The sampling and analysis of the PG is performed by two heated hoses, thermally isolated and 

heated at 350ºC to avoid tar condensation, three probes for sampling the gas at different locations, 

namely at the exhaust (M1, Figure 1.2 and Figure 1.3) and above the surface of the bed (M2 and 

M3, Figure 1.3), a gas conditioning unit and a set of gas analyzers. This latter is composed by the 

following equipment: 

• GMS-810 SICK – Online non-dispersive infrared and thermal conductivity analyzer (CO, 

CO2, CH4, C2H4 and H2). 

• GENTWO – Paramagnetic analyzer (O2). 

• SRI 8610C – Gas cromatograph with FID and TCD detector. 

• INFICON Micro GC Fusion – Gas cromatograph with TCD detector. 

The PG is continuously combusted in an atmospheric gas burner located downstream of the 

gasifier, before being released to the atmosphere. The objective is the elimination of the major 

pollutants present in the produced gas, that endanger the local human and environmental health, 

namely CO, CH4, C2H4, C2H6, C3H8 and other heavier hydrocarbons. The elimination is performed 

through the gas burning, thus converting most of the aforementioned gases to CO2 and H2O and 

increasing the safety of the gas release. 

For this purpose, compressed air at 1.7 barg is injected at the bottom of the burner to aspirate the 

produced gas from the reactor and release it from the burner. The aspired produced gas is ignited 

in a pilot flame, sustained by and external propane blowtorch, located at the burner. The 

compressed air flow is 40 NL/min, which only represents roughly 10 % of the stochiometric 

necessities, thus, the burner contains three circular openings close to the pilot flame to allow the 

admission of atmospheric air to contribute to the complete burning of the PG. As a safety measure 

to prevent flame flashback to the BFB reactor, the connection between the reactor and the burner 

is performed by a T-shaped tube. 

1.3.2 DAO-UA 3 KWTH BENCH-SCALE BFB GASIFIER (PORTUGAL) 

The 3 kWth bench-scale BFB gasifier experimental infrastructure (Figure 1.5 and Figure 1.6) is 

located at the Department of Environmental Planning of the University of Aveiro, Portugal. The 

infrastructure is analogous to the 80 kWth BFB autothermal pilot-scale infrastructure and uses the 

same gas conditioning and analysis system (previously described in Section 1.3.1.). However, the 

3 kWth BFB reactor (approximately 49 mm internal diameter and a reaction chamber of 340 mm) 

is operated under allothermal regime, i.e., heat is continuously supplied by an electrical furnace 

(4.2. kWe). The bed material consists of silica sand with particle sizes in the range of 180 to 

250 μm. Nearly 150 g of bed material are placed into the inner cylindrical tube of the reactor 
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leading to a static bed height of ≈50 mm. Considering the bed material and the distributor plate 

performance, the fluidization velocity is ≈ 0.14 m/s at 800 ºC, equivalent to a fluidization gas 

flowrate of ≈ 4 NL/min of air. In-situ testing of low-cost catalyst materials can be performed by 

using a fixed bed reactor (K, Figure 1.5) placed in the freeboard of the bench-scale BFB reactor. 

The fixed bed reactor consists in a cerablanket bed involved in wire and placed at the bottom of 

a sampling probe with 8 mm internal diameter (K, Figure 1.5). The effect of the low-cost catalysts 

on the PG and gasification efficiency parameters is evaluated based on a comparison between the 

composition of the following PGs: 

i) Gas sampled after passing through the sampling probe with a fixed bed of catalyst 

materials. 

ii) Gas sampled after passing through the sampling probe with an equal amount of inert 

material (e.g., sand). 

Steam injection and flow rate is based on the continuous monitoring and supply of liquid water 

by a high performance liquid chromatography (HPLC) pump to an electrically heated evaporator; 

the superheated steam is mixed with the fluidization agent and introduced in the bottom of reactor 

bed at a temperature between 160 and 180 ºC and pressure of 1 barg. 

 

Figure 1.5 - Schematic layout of the 3 kWth allothermal BFB bench-scale gasification facility. Dashed line - Electric 

circuit, Continuous line - Pneumatic circuit, A-1, A-2 – Mass-flow controllers, B – HPLC pump, C – Electrical furnace 

to produce steam from liquid water and preheat air, D – Electrical furnace to supply heat to the BFB reactor, E – Raw 

PG exhaust involved by an electrical furnace to maintain the PG above 400 ºC and avoid tar condensation, F – Filter 

for particle matter/aerosol removal, G – Gas sampling pump, H - Gas condensation unit for moisture and other 

condensable gases removal, I - Computer for data acquisition from SICK analyzer, J - Computer for data acquisition, 

K – Fixed bed of catalysts, L - Probe involved by an electrical furnace to maintain the PG above 400 ºC and avoid tar 

condensation, PG – Raw PG, PG-C - PG that passed through the fixed bed of catalysts, GENTWO – Paramagnetic 

online gas analyzer for O2, UCE-LAB - Electronic command unit, Micro GC Fusion - Gas chromatograph with TCD, 

SICK – NDIR and TC online gas analyzer for CO2, CO, CH4, C2H4 and H2. 
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Figure 1.6 – DAO-UA 3 kWth allothermal BFB bench-scale infrastructure. 

1.3.3 KTH 5 KWTH BENCH-SCALE BFB GASIFIER (SWEDEN) 

The 5 kWth bench-scale BFB gasifier is located at the KTH Royal Institute of Technology in 

Stockholm, Sweden. The experimental facility (Figure 1.7 and Figure 1.8) includes a 5 kWth BFB 

composed of a bottom bed (50 mm inner diameter, 300 mm height) and a freeboard (104 mm 

inner diameter, 450 m height). The larger diameter of the freeboard, in comparison to the fluidized 

bed, allows for a reduction of the gas velocity, thus decreasing the entrainment of particles from 

the bottom bed. 

The bottom bed of the reactor is composed by Al2O3 (approximately 3960 kg/m3 bulk density) 

with a particle size between 63 and 125 µm. For the fluidization of the bed, 8.6 NL/min of a 

synthetic mixture of O2 and N2 (5.8 %v and 94.2 %v, respectively) is used, representing a 

fluidization velocity of 29 cm/s. This is higher than the determined minimum fluidization velocity 

(0.5 cm/s) for these bed material particles. This synthetic mixture has a significantly lower O2/N2 

molar ratio (0.06 mol·mol-1) than atmospheric air (0.27 mol·mol-1) to promote a higher dilution 

of the PG in N2 and consequently reduce tar partial pressure and condensation. A flow of 2 

NL/min of N2 is added to the fuel hopper to prevent hot gases from escaping from the reactor 

through the water-cooled feeding screw, which could cause undesired biomass pyrolysis and 

consequent clogging and blockage in the feeding system. 

The non-condensable gases of the PG (after drying and cleaning) are analyzed with a micro gas 

chromatograph (Thermo Scientific, C2V-200). The tar concentration in the PG (before drying and 

cleaning) is determined according to the Solid Phase Adsorption (SPA) method (explained in the 

next Section). 
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Figure 1.7 - Schematic view of the experimental infrastructure. Adapted from [2]. 

 

Figure 1.8 – KTH 5 kWth allothermal BFB bench-scale infrastructure. 
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1.4 METHODOLOGIES 

The gasification process was evaluated based on the composition of the PG and four efficiency 

parameters determined from the experimental data, namely lower heating value of the dry gas 

produced (LHV), specific dry gas production (Ygas), cold gas efficiency (CGE) and carbon 

conversion efficiency (CCE). CGE is the ratio between chemical energy present in the PG in 

relation to the chemical energy present in the feedstock fed [3,4]. The CCE is the ratio between 

the carbon present in the PG in terms of gaseous compounds (e.g., CO, CO2, CH4, C2H4, C2H6, 

C3H8) and the carbon present in the feedstock fed [3,4]. This is a common procedure in the 

literature for characterizing gasification processes [5]. 

The ER was determined as the ratio between the O2 added to the gasifier and the stoichiometric 

O2 required for the complete oxidation of each biomass feedstock. The stoichiometric O2 was 

determined based on the elemental analysis of the feedstocks used for the gasification 

experiments. The O2 present in the steam injections (H2O) was not considered for this calculation, 

and it was not expressed a specific ER parameter for water-oxidation (flow of H2O in the steam 

injection in relation to the necessary flow of H2O for the complete oxidation of each biomass 

feedstock), as suggested in other works [6]. Instead, the steam injection effect was evaluated based 

on the variation of the S/B parameter (steam flow rate in relation to biomass flow rate). The LHV 

of the PG for the distinct gasification experiments was determined based on the concentration of 

the combustible gases (H2, CO, CH4, C2H4, C2H6 and C3H8) and their respective LHV (at reference 

conditions, 273 K and 101.3 kPa) [7]. The efficiency parameters Ygas, CGE and CCE, were 

determined through Equations 1.1 to 1.3. 

   Ygas =
VG

mF
      (Equation 1.1) 

   CGE [%] =
VG × 𝐿𝐻𝑉G

mF × LHVF
× 100    (Equation 1.2) 

   CCE [%] =
VG×

PG
𝑅×TG

 ×MC×∑ 𝜀𝐶,𝑖×𝑦𝑖𝑖

mF×wCF
× 100  (Equation 1.3) 

The tar concentration in the PG (before drying and cleaning) was determined according to the 

Solid Phase Adsorption (SPA) method [8]. In this regard, a solid phase extraction (SPE) 3 mL 

tube containing 500 mg of amino radical (NH2) was coupled with a gastight syringe, which was 

then used to extract 100 mL gas samples from the exhaust pipe of the reactor in 1-minute 

procedures. Afterwards, the SPE tube was eluted with tert-butylcyclohexane and dichloromethane 

to obtain an aromatic fraction and a phenolic fraction, which were then analyzed by GC-FID. Tar 

sampling was conducted during two distinct times in each experiment, separated by 45 minutes. 

Three tar samples were taken at each time, representing approximately 10 minutes of operation 

time. This tar sampling procedure was only performed in the 5 kWth KTH bench-scale BFB 

gasifier and is still under employment in the DAO-UA infrastructures. 

Feedstock proximate analysis (moisture, volatile matter, ash) was made based on CEN/TS norms 

[9–11] and elemental analysis was performed by external laboratories. The chemical composition 

of the biomass ashes was determined by Induced Coupled Plasma Mass Sector Field Mass 

Spectrometry (ICP-SFMS) analysis in an external laboratory. The surface morphology and 

surface elemental composition of the feedstock ashes were characterized by Scanning Electron 

Microscopy (SEM, Hitachi SU-70) and Energy Dispersive X-ray Spectroscopy (EDS, Bruker 

Quantax 400 detector). The LHV of the feedstocks was determined based on the correlation made 

by Parikh et al., [12]. The crystalline phases of the fresh solid materials were assessed by powder 

X-ray diffraction (XRD) (BrukerD8 Advance DaVinci). Diffraction patterns were analyzed using 

ICDD (International Centre of Diffraction Data, PDF 4). Brunauer–Emmett–Teller (BET) and 
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Barrett–Joyner–Halenda (BJH) measurements were performed to determine the specific surface 

area and average pore diameter of the particles.  

Chemical equilibrium modelling, based on the minimization of Gibbs free energy in the system, 

was performed to predict and support the gasification experiments. For this purpose, it was 

considered the molar input (biomass, gasifying agent and fresh reactor bed) and the predicted 

outputs (most abundant predicted gaseous and solid products) for distinct gasification processes. 

All products were assumed to act as ideals gases, except for solid products. Steady state conditions 

of operation were assumed. Tar formation was neglected and ash was assumed as inert. All the 

reactants were assumed to enter and leave the reactor at process temperature. The process 

temperature was assumed as homogeneous inside the gasifier, which is a common procedure in 

other non-stoichiometric thermodynamic models [13]. Hydrodynamics and kinetics were not 

considered. The chemical equilibrium model was applied to calculate the composition of the PG 

for distinct gasification operating parameters. Then, the respective efficiency parameters were 

calculated based on the obtained compositions. The software tool used for the model development 

was GASEQ (http://www.gaseq.co.uk/). 

This modelling technique was also used to support the evaluation of tar composition and 

concentration in the PG from distinct gasification processes, namely for the determination of the 

reactor bottom bed composition along time and respective influence on tar formation. In this 

regard, the modelled compounds were assumed to reach equilibrium faster than the tar sampling 

start time. Quasi equilibrium conditions in the reactor bed were also assumed during the tar 

sampling interval due to the low quantities of ash fed to the reactor along time, in comparison to 

the bed material. In this case, the ash compounds of the biomass were not assumed as inert and 

the software tool used to implement the model was NASA Chemical Equilibrium with 

Applications (https://www.grc.nasa.gov/www/CEAWeb/). 

Multiple regression tools in Microsoft Excel were used to analyze extensive databases containing 

experimental data from the literature, experimental data obtained by the authors and chemical 

equilibrium predictions results; this allowed the development of linear empirical and chemical 

equilibrium correlations. Pearson’s correlation test was also used to measure the strength of the 

correlation between two variables. In this regard, it is important to note that correlation does not 

imply causation [14].  

http://www.gaseq.co.uk/
https://www.grc.nasa.gov/www/CEAWeb/
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2 STATE-OF-THE-ART OF BIOMASS GASIFICATION TECHNOLOGIES 

This chapter is composed by Articles I and II.  

Article I, named “Gasification-based biorefinery integration in the PP industry: A critical review”, 

reviews the integration of gasification technologies in the PP industry, focusing on the current 

technological and commercial drivers and barriers. The Article was published in the Renewable 

and Sustainable Energy Reviews Journal in 2020 (https://doi.org/10.1016/j.rser.2020.110210). 

Article II, named “Industrial gasification systems (>3 MWth) for bioenergy in Europe: Current 

status and future perspectives”, evaluates the current state, progress and utilization of large-scale 

(>3 MWth) gasification plants in Europe. The Article is currently under submission and review in 

the Renewable and Sustainable Energy Reviews Journal. 

2.1 ARTICLE I - GASIFICATION-BASED BIOREFINERY INTEGRATION IN THE PP 

INDUSTRY: A CRITICAL REVIEW 

2.1.1 ABSTRACT 

The biorefinery design has attracted interest from the industry and scientific community due to 

its main role in a future transition to a sustainable bioeconomy. This Article provides a critical 

review of the integration of biorefinery concepts in the PP industry, focusing on gasification-

based biorefineries, including technological and commercial drivers and barriers, and biorefinery 

general opportunities and challenges. 

The PP industry is commonly recognized as highly suitable to integrate biorefinery concepts. For 

this purpose, various integrable biorefinery designs composed of distinct conversion processes 

are proposed in the literature. However, key technologies and biorefinery concepts must firstly be 

improved and proven at a market level to increase stakeholders confidence. Gasification can be a 

driving force for this integration and efficient replacement of natural gas by PG in burners is the 

first and most immediate step. Nonetheless, drawbacks associated with the contaminants present 

in the PG (e.g., tars) must be addressed. Research rarely focus on this first step and is more 

centered on sophisticated gasification applications (e.g., methanol synthesis), without considering 

associated technological and commercial barriers. Furthermore, supporting policies are generally 

required to make the integration of biomass gasification technologies in the PP industry profitable 

and to avoid the interruption of operation of fully functioning large-scale gasification plants. 

Keywords: Biorefinery; Producer gas; Biomass; Gasification. 

2.1.2 INTRODUCTION 

The main driving force for energy from biomass has been the search for a non-intermittent 

renewable energy source alternative to fossil fuels which can guarantee security in energy supply. 

The interest in biomass is supported by several reasons:  

1. Biomass can be used to complement the intermittence of other renewable energy sources, 

because it can be supplied in increased amounts when the production of intermittent 

renewable energies (e.g., solar, wind) is low [15]. 

2. A wide range of energy vectors and products can be obtained from biomass, such as heat, 

electricity, biofuels, biochemicals and biomaterials [16]. 

https://doi.org/10.1016/j.rser.2020.110210
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3. Biomass provides the necessary flexibility to reduce the reliance on fossil fuels (oil, coal 

and natural gas) in distinct applications [17–19]. In fact, fossil fuels are derivatives of 

decomposed biomass [20]. 

4. Biomass is a carbon neutral fuel that can fit in the existing carbon-based (fossil) fuel 

infrastructure [21]. 

5. Unlike fossil fuels, biomass is a global and widely distributed natural resource, which 

transcends sectors and borders and, consequently, is difficult to be monopolized [21,22]. 

Despite these recognized potentialities, sustainable use of biomass must be assured to avoid 

biodiversity and ecosystem endangerment [23], increased food prices and GHG emissions 

increase [24]. For example, to meet future bioenergy expectations and comply with higher 

biomass demands, significant areas of suitable land to grow biomass are required; this may lead 

to the displacement of food crops to unused lands, which can cause the conversion of forests to 

arable lands and, consequently, harm biodiversity and increase GHG emissions [24,25]. In this 

respect, several potential scenarios have been proposed in the literature to integrate food and 

bioenergy cropping systems within farmlands, without adversely affecting food production or the 

environment [25]. In fact, proper allocation of perennial cropping systems has been found to have 

positive impacts on the environment and biodiversity [25]. Thus, it has been argued that bioenergy 

can have positive and negative environmental impacts, and that the overall net impact can be 

positive or negative depending on the strategies followed [24]. 

Therefore, before establishing large-scale processes for production of multiple products from 

biomass, that can represent an alternative to conventional petrochemical refineries [26–28], food 

security and sustainable biomass growth must be safeguarded [22,24]. Accordingly, to compete 

with current petrochemical refineries, biomass must also be able to provide transports fuels, 

chemicals, fibers and energy for heat and power production, among other products, in an 

economic and environmentally sustainable way. The manufacturing process of modern 

petrochemical refineries is based on separating and converting each component (even residues) 

from crude oil to different products using distinct conversion technologies [27]. Lignocellulosic 

biomass can have analogous conversion process chains [26,27], due to its complex components 

and its potential to yield multiple usable products. 

Biomass can be converted to gaseous [29–31] or liquid fuels [32,33], chemicals and other 

bioproducts [34,35], using biochemical [36] and thermochemical processes [37–39]. The former 

involves the use of bacteria, microorganisms and enzymes to breakdown biomass; a process 

design example may involve an enzymatic pretreatment step of the feedstock [40–42] and 

consequent anaerobic digestion to biogas [43] or fermentation to fuels (bioethanol [43–45] and 

biobutanol [46,47]) and chemicals (e.g., acetone [48]). In thermochemical conversion processes, 

the biomass is broken down by applying heat and through chemical interactions; it mainly 

includes combustion to obtain thermal energy in the form of hot gases, pyrolysis to obtain biochar, 

fuel gases and bio-oil [49,50] and gasification to obtain PG. Regarding combustion, the obtained 

hot gases can be used in process heat applications or electricity production [51]. For electricity 

production, a Rankine Cycle or Organic Rankine Cycle is required to convert heat into work [52]. 

Regarding pyrolysis, the obtained chars can be used as barbecue charcoal [53], fuel in the 

metallurgical industry [49], upgraded to activated carbon for adsorbent processes [49] and applied 

as soil amendment [54], while the bio-oil can be directly used as fuel for heat or power generation 

[49], refined for suitable application in power engines and petrochemical refineries [52,55] and 

reformed with steam for hydrogen production [30]. The fuel gas from gasification can be burnt in 

boilers and kiln ovens for thermal energy production or be used in more advanced applications 

such as the synthesis of chemicals and biofuels (in-depth analysis in Section 2.1.3.). 

In the bioeconomy context, the gasification process is highly promising due to: i) the practical 

advantages that gaseous fuels have over solid fuels, such as handling, transport, storage and 

supply, ii) the necessity of replacing gaseous fossil fuels in various applications and iii) the 

integration potential of the gasification process as a biorefinery concept, due to the various 
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bioproducts that can be obtained from the PG. Thus, biomass gasification technologies are 

expected to have a major role in the transition to a sustainable bioeconomy and in future 

biorefineries for the production of multiple products from biomass [56,57]. However, these 

technologies still face economic and technical drawbacks that may turn the process unprofitable 

in various scenarios [58–60]. For example, high-end catalytic synthesis applications require a 

very clean fuel gas (e.g., low tar and particles concentration), consequently obligating the 

implementation of costly cleaning processes and equipment with high investment and operating 

costs [15]. Another relevant issue is the biomass availability for large-scale gasification processes, 

resulting from biomass seasonality, heterogeneity and potential local shortage, and the necessity 

to safeguard sustainable biomass feedstocks, as previously discussed. The biomass quality 

variability (e.g., moisture content, physical properties), and consequent potentially necessary 

expensive pretreatment processes, is also a major issue than can affect the gasification process 

efficiency and competitiveness. These aspects need to be considered upon the planning, 

construction and operation of gasification plants. 

The PP industry is amongst the world largest biomass consumers and a significant producer of 

bioenergy and biomaterials [61]. In the transition to a bioeconomy, the PP industry must cope 

with declining markets and low-cost competition by adapting its processes and products to 

become more environmentally friendly [62,63]. Nowadays, this is the main challenge that the PP 

industry must face [62]. Accordingly, the PP industry has been giving significant attention to 

integrated biorefinery concepts [63]. Integrating biorefinery concepts in the PP industry can 

contribute to reduce the fossil fuel needs of the manufacturing process while allowing the 

generation of revenue from new bioproducts. Furthermore, the PP industry is highly suited to 

integrate future biorefineries, due to the current infrastructures characteristics and capacity to 

process large volumes of biomass. In this context, the integration of gasification processes in the 

PP industry is particularly relevant due to the potential of the various end-products that can be 

obtained from the PG [64] and because it can serve as a first step for the transformation of this 

industry into complete biorefineries, particularly by replacing the natural gas used in the boilers 

and kiln burners by PG. 

The purpose of this work is to provide an overview and critical review of the integration of 

gasification technologies in the PP industry, focusing on the gasification process specificities, 

including current technological and commercial drivers and barriers, and biorefinery general 

opportunities and challenges. Finally, key technologies and relevant biorefinery concepts for the 

development of gasification-based biorefineries in the PP industry are discussed. This work will 

aid the research and development of gasification key technologies, and their scale-up, and 

consequent integration in future biorefineries, specifically in the PP industry. 

2.1.3 GASIFICATION 

2.1.3.1 REACTIONS AND STAGES 

Gasification is the thermochemical conversion of a solid or liquid feedstock into a mixture of 

combustible gases by using a gasification agent (e.g., air, O2, H2O, CO2) at high temperatures. 

Gasification is a complex process composed of distinct thermochemical phenomena without 

evident boundaries, which often overlap, and whose principal chemical reactions are those 

involving solid carbon, CO, CO2, H2, H2O and CH4 [50,65] (Figure 2.1). 
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Figure 2.1 – Schematics of a typical biomass gasification process, including stages, inputs and outputs.
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In a typical biomass gasification process, the biomass is firstly dried and then undergoes through 

pyrolysis (thermal decomposition). The resulting products from the pyrolysis step react among 

themselves and with the gasification agent, forming the final gaseous product [50]. The energy 

requirements for the main gasification reactions can be supplied externally (indirect gasification) 

or, if air or pure O2 is used as gasification agent, by a limited amount of exothermic combustion 

reactions occurring in the gasifier (direct gasification) [50]. 

The first stage of the gasification process is the evaporation of water from the feedstock, which 

occurs immediately after the biomass enters the reactor and during its heating. Afterwards, as the 

temperature of the solid fuel rises above 150 ºC [50], the pyrolysis of the solid fuel begins 

(Reaction 2.1). This step occurs mainly between 300 and 600 ºC [66] and is particularly important 

in biomass gasification processes due to the large mass fraction of volatile matter present in 

biomass feedstocks [67]. Thus, the main organic constituents (e.g., extractives, cellulose, 

hemicellulose, lignin) of biomass are thermally decomposed and several chemical species, such 

as H2O, H2, CO, CO2, CH4, several light hydrocarbons (CmHn), tars (e.g., toluene, naphthalene, 

oxygenated compounds) and other impurities (e.g., H2S, COS, HCl, NH3 and alkali compounds), 

are formed and released to the gas phase [50,66,68]. Resulting from this stage, the biomass is 

reduced to a carbonaceous material (char) that is mainly composed of carbon [69] and inorganic 

elements [70], with residual amounts of hydrogen and oxygen [68]. 

Biomass + Heat → 𝐻2O +  Char + Tar + Permanent gases (e. g. , CO, 𝐻2, 𝐶𝐻4)  Reaction 2.1 

The gases formed during the pyrolysis step take part in gas-phase reactions (between them and 

with the gasification agent) and gas-solid reactions with the char. The char is also involved in 

several reactions with the gasification agent [50]. The conversion of the remaining carbon and 

hydrogen present in the chars into gases is the main objective of the gasification process. If the 

energy required for the endothermic reactions is to be supplied by exothermic reactions inside the 

reactor, O2 must be present in the gasification agent, and the chars and released gases will partially 

react with O2, resulting in CO2, H2O and CO (Reactions 2.2, 2.3 and 2.4). 

The carbon present in the chars is also converted into CO and H2 according to endothermic 

reactions, e.g., Boudouard reaction and water-gas reaction (Reactions 2.5 and 2.6). The latter is 

often considered as the most relevant char gasification reaction occurring during typical 

gasification processes [50]. Solid carbon can also be converted to CH4 according to the 

hydrogasification reaction (Reaction 2.7), however, this reaction is less relevant in biomass 

gasification processes due to a slower rate in comparison with other gasification reactions [50]. 

Nonetheless, it is an important reaction when the production of SNG is desired [50]. 

Apart from volatile matter combustion (Reaction 2.2), the gas-phase reactions in the gasification 

reactor are often summarized by the WGS reaction and methanation (Reactions 2.8 and 2.9) [71]. 

Methanation is favored by lower temperatures while WGS is favored by high temperatures [71]. 

Depending on the employed temperature, the water-gas shift reaction may be driven towards 

products or reactants, therefore allowing the conversion of CO to H2 or H2 to CO. This is critical 

due to the importance of the H2/CO molar ratio in the fuel gas [50,72]. Accordingly, the following 

homogeneous and heterogeneous reactions are often cited as the most relevant to describe a 

typical gasification process [66,67]: 

Volatile matter combustion:   [CxHy, CO, H2, CH4, 𝑒𝑡𝑐. , ] + O2 → CO2 + H2O + heat Reaction 2.2 [73] 

Char combustion:   C (s) + O2 → CO2  ∆H298K
° = −394 kJ/mol  Reaction 2.3  [59] 

Char partial combustion:  C (s) + 0.5O2 → CO  ∆H298K
° = −111 kJ/mol  Reaction 2.4  [59] 

Boudouard reaction:  C (s) + CO2 ↔ 2CO  ∆H298K
° = +172 kJ/mol  Reaction 2.5 [59] 

Water-gas reaction:   C (s) + H2O ↔ CO +  𝐻2  ∆H298K
° = +131 kJ/mol  Reaction 2.6 [59] 
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Hydrogasification reaction:   C (s) +  2H2 ↔ 𝐶𝐻4  ∆H298K
° = −74.8 kJ/mol  Reaction 2.7  [59] 

WGS reaction:    CO + H2O ↔ CO2 + H2  ∆H298K
° = −41.2 kJ/mol  Reaction 2.8  [59] 

Methanation:    CO + 3H2  ↔ CH4 + H2𝑂  ∆H298K
° = −206 kJ/mol  Reaction 2.9  [59] 

The fuel gas resulting from these reactive processes is commonly denominated by PG and is a 

mixture of the products shown in Reactions 2.1 to 2.9, light hydrocarbons (e.g., C2H2, C2H4, C2H6 

and C3H8) and impurities, such as H2S, NH3, tars and particles. H2S and NH3 are a consequence 

of the sulfur and nitrogen present in the biomass, respectively, while the heavier hydrocarbons 

and tars result mainly from the thermochemical decomposition of the biomass and practical 

gasification processes not attaining chemical equilibrium. Accordingly, this gas is mainly suited 

for heat production and power generation applications, for example burning in boilers and kiln 

furnaces. The PG can also be cleaned and refined (removal of impurities) to be suited for more 

sophisticated applications. After upgrading, if the obtained fuel gas is mainly composed of CO 

and H2, it is denominated by syngas, and can be used  to obtain diverse products as long as certain 

specifications are met (e.g., H2/CO molar ratio, tar concentration), such as Fischer-Tropsch (FT) 

diesel [72], methanol [74], DME [75], methyl tertiary butyl ether, formaldehyde, acetic acid [26], 

among other products [26]. 

2.1.3.2 REGIME CONCEPTS AND DESIGNS 

In order to supply the necessary heat for the gasification process, two main routes are commonly 

used [15,69,76]: the direct process and the indirect process (Figure 2.2). 

 

Figure 2.2 – Schematics of direct and indirect gasification processes, including inputs and outputs. 
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In the direct process, part of the biomass is oxidized (combustion) to generate the heat required 

for the endothermic gasification reactions. The gasification agent can be air or pure O2, or, in 

order to produce a gaseous fuel with higher H2 content, a mixture of these gases with H2O. Under 

these conditions, the reactor should be autothermal and operated under very low ER, for example 

between 0.20 and 0.30 [4,15,69]. Adding H2O can potentially lead to an increase of the H2 

concentration in the PG and be used as a measure to control the temperature of the reactor due to 

the lower temperature of the steam, in comparison with the gasifier reactor bed and freeboard, 

and the promotion of the endothermic water-gas reaction [66].  

When using air as gasification agent, the PG will be diluted in N2 and consequently have LHV (3 

to 7 MJ/Nm3) [4,77–79]. To avoid N2 dilution during direct gasification, enriched air with O2 or 

pure O2 can be used as gasification agents, leading to LHV as high as 15 MJ/Nm3 [77,78]. The 

major drawback associated with this type of gasification is the need of an ASU [66] to produce 

O2. This separation process is currently performed by PSA, cryogenic distillation or membrane 

separation, which are technologies that consume large quantities of energy [80]. At small/medium 

scale biomass gasification plants operating at ambient pressure, air separation is mainly performed 

by N2-O2 sorption systems, such as PSA [66]. These technologies typically consume about 20% 

of the power generated by the biomass to energy conversion plant due to the necessary air feed 

compression, thus causing a significant decrease in energy efficiency [66]. Accordingly, PSA 

present higher economic viability for large-scale oxygen gasification plants (>100 MWth) [66]. 

To increase the economic feasibility of O2 separation, research has been focused on improving 

the design of ASUs [81,82], finding efficient uses for the resulting N2 [83] or performing O2 

separation by conducting membranes [80]. This latter is  argued to be a profitable, clean and 

efficient process to supply pure O2 [80]. Membranes also present advantages for small to medium 

scale systems and can potentially be integrated into biomass gasification processes [66,84], 

including application inside the gasification reactor [85,86]. In this respect, Liu et al., [87] argued 

that using air enriched with O2 (30 %, obtained by membrane separation) as gasification agent is 

more desirable than using air or pure O2, because it allows a potential optimized balance between 

operating costs and the quality of the PG. 

The conventional biomass gasification technologies for direct gasification can be divided in three 

main types of reactor designs, namely fixed beds, fluidized beds and entrained-flow. Gasification 

efficiency is dependent on various distinct operating parameters and can roughly be placed 

between 60 and 80 % for optimized gasification processes in this type of reactors [4,50,88,89]. 

Fixed bed gasifiers are mainly suited for small-scale operation (up 10 MWth) and can be divided 

in updraft and downdraft configuration, which differs in terms of the PG flow direction and the 

zone where the gasification agent is introduced, consequently influencing the PG quality [50,66]. 

The updraft design is capable of processing feedstocks with high moisture content (up to 60 %wt) 

[90], however, this configuration promotes a significantly higher tar concentration (10 to 150 

g/Nm3) in the PG than the downdraft design (0.01 to 6 g/Nm3) [50,66,78,91].  

Fluidized beds are suited for larger-scale operation (5 to 100 MWth) and are mainly divided in 

BFB and CFB gasifiers [50]. These designs are characterized by having enhanced mass and heat 

transfer characteristics and homogeneous temperature at the cross-section of the gasifier, in 

comparison with fixed bed gasifiers. The CFB design employs high temperature cyclones and 

particle separators to capture and recycle solids back into the gasifier, consequently increasing 

solids residence time and carbon conversion efficiency [78,90,92]. Tar concentration in fluidized 

beds can be placed between 1 to 30 g/Nm3, thus being between the values reported for downdraft 

and updraft gasifiers [50,66,70,78].  

The entrained-flow design is characterized by operating with O2 as oxidant, employing very high 

temperatures (up to 1600 ºC), requiring the preprocessing of the feedstocks in very fine particles 

(less than 100 μm), having high complexity and investment costs, and, consequently, being more 

suited for extremely large applications (>100 MWth) [66,90,93,94]. 

The indirect gasification process is allothermal, which means that a supplementary external heat 

source is needed to drive the process, for example a heated fluid or inert solid, such as sand. 
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Accordingly, the gasification agent can be CO2 or H2O because partial oxidation of the feedstock 

is not necessary to supply the thermal energy for the process. This contributes to a PG with higher 

H2/CO molar ratio (up to 8 mol/mol [95,96]) when using H2O as gasifying agent, and also with 

higher LHV (between 10 and 20 MJ/Nm3 [4,77,95,96]), in part because it is not diluted in N2, in 

comparison with the one resulting from direct (air) gasification processes [4,66,97]. Thus, the gas 

produced by indirect gasification is usually suited for more advanced applications (e.g., FT diesel 

synthesis, fuel cells) [98,99]. However, the application of this process at industrial scale is more 

challenging and complex due to the necessity of circulating elevated amounts of thermal energy 

between reactors [86]. 

The most common design for indirect gasification is the fast internal circulating fluidized bed 

reactor [66], often cited as DFB technology [100]. This design is composed of two interconnected 

fluidized beds: one BFB reactor typically operated under H2O gasification regime and one CFB 

reactor operated under combustion regime to supply the necessary thermal energy for the 

endothermic gasification reactions [66]. The biomass is fed into the BFB gasification reactor 

along with H2O [66], where common reactions of the gasification process, such as drying, 

devolatilization, steam reforming and partial char gasification take place [98]. Afterwards, the 

resulting residual char is transported with the bed material to the CFB combustion reactor where 

the char is burnt with air [66]. Then, after gas-solid separation, the heated bed material is 

recirculated from the CFB combustion reactor to the BFB gasification reactor, transporting the 

necessary thermal energy for the endothermic gasification reactions [66,98]. In this configuration, 

using a bed material with catalytic properties is a promising route, since the bed can easily be 

regenerated during its circulation between the gasification and combustion reactor [66]. 

DFB designs are under development since 1952, when Rayner proposed an indirectly heated 

gasifier with a separate CFB for combustion and a BFB for gasification [101]. Since then, several 

distinct DFB designs have been developed worldwide, including the Güssing gasifier in Austria 

(similar to the design described above), Trisaia gasifer in Italy, Battelle Columbus Laboratories 

gasifier in the United States of America and the CAPE FICFB Gasifier in New Zealand [102]. 

Currently, two DFB designs have been implemented at demonstration and industrial scales, 

namely the Güssing type DFB gasification process and the SilvaGas gasification process, initially 

developed by Battelle, which comprises two CFBs [66,101] (Figure 2.3). The Güssing type DFB 

was installed in some commercial plants in Europe (8 to 20 MWth), namely Austria (Oberwart 

and Güssing), Germany (Stadtwerke Ulm/Neu) and Sweden (GoBiGas) [66,101]. With the 

exception of the Stadtwerke Ulm/Neu gasification plant, all the other Güssing DFB type plants 

stopped operation after governmental subsidies finished [103,104]. The SilvaGas process has no 

commercial unit installed so far [66]. Accordingly, the Güssing concept is recognized as the most 

successful and commercial indirect gasification system [101].  

Further development of the indirect gasification process aims to use innovative methods for heat 

circulation, for example by using heat pipes containing liquid fluids that evaporate in the 

combustion reactor and condense in the gasifier reactor (e.g., Biomass Heatpipe Reformer) [101], 

and by combining the gasification and combustion zones in one reactor by having the gasification 

zone surrounded by the combustion zone [66], with heat circulating internally [101]. Examples 

of this latter development include the ECNs MILENA gasifier [105] (Figure 2.4), among others 

[106–108]. Another promising indirect gasification concept is the hydrothermal gasification, 

which can be divided in subcritical and supercritical water gasification, and involves biomass 

gasification in an aqueous medium at a temperature and pressure exceeding or close to water 

critical point [50]. This process can achieve high thermal efficiency for very wet biomass and has 

low tar production [50]. This type of technology is still in a research phase and under development 

[101]. 
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Figure 2.3 – Schematic of the conventional Güssing type (a) [101] and SilvaGas (b) [109] DFB 

gasification processes. 

 

Figure 2.4 – Schematic of the indirect MILENA gasifier [110]. S1 – Sampling point 1; S2 – 

Sampling point 2; Ne and Ar – Tracer gases. 
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2.1.3.3 TAR FORMATION AND REMOVAL STRATEGIES 

Tars in the PG are a common occurrence in biomass gasification processes and are recognized as 

the main technological barrier for the development and implementation of gasification 

technologies at industrial scale [15,59,111–113]. Tars are a mixture of highly aromatic organic 

condensable compounds (Figure 2.5) formed during thermal or partial-oxidation (gasification) 

regimes of any organic material [114]. The composition of tars is highly dependent on the thermal 

conversion process temperature and can be divided in primary (e.g., phenol), secondary (e.g., 

benzene, toluene, xylene) and tertiary (e.g., pyrene, indene, naphthalene) products, roughly placed 

at 200 to 500 ºC, 500 to 1000 ºC and  over 700 ºC, respectively [114,115]; primary and tertiary 

tars are mutually exclusive, being that primary products are destroyed before tertiary products 

appear [114]. 

 

Figure 2.5 – Example of mass composition of biomass tars (excluding benzene, values highly 

dependent on the gasification operating conditions). Adapted from Ref. [116]. 

Tars start to condense downstream of the gasifier when the PG temperature decreases below 

400 ºC (depending on the tar concentration), causing diverse problems in the equipment, such as 

fouling, corrosion, catalyst deactivation, clogging and general malfunction [113,117]. Thus, the 

use of raw PG with high tar concentration in some applications (e.g., fuels and chemicals catalytic 

synthesis) is technically unviable before significant cleaning and refining steps. Tar condensation 

in ducts, heat exchangers and filters also reduce the process efficiency and increase the system 

operation costs [113]. Furthermore, these compounds can evolve into more complex molecular 

arrangements through polymerization, increasing the difficulty of their removal [113]. Tar 

compounds may also contain a significant part of the biomass feedstock energy (up to 10 % in 

updraft gasifiers [118]), which is lost upon their removal from the PG [119]. 

Accordingly, tar concentration in the PG must be reduced to values compatible with the desired 

downstream applications (Table 2.1). This may require expensive gas conditioning processes and 
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equipment, which can turn the process economically unattractive. For direct use as fuel in 

combustion processes in furnaces and boilers, tars do not represent an issue if condensation is 

avoided in the transporting ducts that feed the burners. In this case, the energy content of the tars 

can be used and is not lost. However, more advanced applications such as combustion in internal 

combustion engines or synthesis of secondary fuels, present strict limits for tar concentration in 

the PG. Thus, for biomass gasification technologies to perform a commercial breakthrough and 

be available for integration in distinct biorefinery designs, it is important to develop cost-efficient 

processes to remove or minimize tar formation in the PG from distinct gasification processes 

[119]. In fact, tar compounds may even be converted to lighter gas species, such as CH4, CO and 

H2 [119], thus allowing PG to meet strict tar concentration limits, while converting the energy 

present in the tars into more useful gaseous energy vectors. 

Table 2.1 – Suggested upper limits of tar concentration for using the PG in distinct applications 

[26,50,113,120–122]. 

Application Tar concentration upper limit [mg/Nm3] 

Direct combustion in burners No specified limit 

Internal combustion engine 50 

Gas turbine 5 

Methanol 0.1 

DME 10 

FT diesel 

Below dew point at FT pressure 

Heterocyclic aromatic tars with S or N hetero atoms must be 

removed below ppmv level 

Compressors 50-500 

Fuel cells 1 

In this respect, several processes and technologies are under research for tar removal 

[15,67,113,123]. These can be broadly divided in primary measures, which are applied inside the 

reactor to minimize tar formation, and secondary measures, which are applied downstream of the 

gasification reactor to remove tar from the PG [123,124]. 

Primary measures for tar reduction are promising because they promote more efficient industrial 

applications by preserving and using the thermal energy of the PG and by reducing the necessity 

of downstream cleaning and refining [15,113,124]. In-situ reduction of tar formation can be 

attained by optimizing the reactor design and the process parameters, such as the ER, using active 

bottom bed materials (e.g., dolomite, limestone and olivine) and applying catalytic materials in 

an integrated second section of the gasifier freeboard [15,113,123,124]. Regarding the latter, 

natural minerals and gasification byproducts (e.g., ashes and chars) are under research due to their 

low-cost and abundance [123,125]. Several studies show that primary measures have the potential 

to reduce tar formation and improve the PG quality, however, these are still not fully understood 

and further research and technological development is required [113,123,124]. 

Secondary measures do not interfere with the gasifier operation and consist of tar removal by 

processes located downstream of the gasifier, such as physical processes (e.g., cyclones, 

scrubbers, electrostatic precipitators) and chemical processes (thermal or catalytic tar cracking) 

[113,124]. In fact, in existing gasification plants, removal of tar from the PG is mainly performed 

by physical processes [66,113]. These physical-mechanical treatments can attain high tar removal 

efficiencies, however, they may significantly reduce the energetic efficiency of the process (e.g. 

in result of additional energy consumption), generate hazardous wastes and reduce the gas yield, 

consequently reducing the process economic viability [66,113,124]. Nonetheless, some authors 

argue that secondary measures for tar reduction are more efficient, economical and easier to 

control than primary measures [126]. In this respect, the oil-based OLGA system shows high tar 
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removal efficiencies (~98 %), while generating a waste stream that can be used as feedstock in 

gasification processes [113,127–129]. Other recent studies for tar removal by secondary measures 

include mop fans (multifunctional fiber filters) to remove and retain tar directly from the PG 

[130], the use of gasification solid products as catalysts for tar reforming [123,131], oxidative 

filtration [132] and the combination of tar absorption and adsorption techniques to remove heavy 

and light tar, respectively [126,133]. 

Nevertheless, implementation of economic and environmentally friendly cleaning methods for 

the PG at an industrial level is still a complex and costly task [113]. It seems that the development 

of cost-efficient primary measures for in-situ high temperature gas cleaning and catalytic 

conditioning is mandatory to avoid excessive plant operating costs [15]. However, the application 

of primary measures may also not be sufficient to achieve complete tar removal [134]. In these 

cases, a combination of primary and secondary measures for tar removal, with primary measures 

having the role of removing the majority of tar compounds, can be a promising strategy [113,134]. 

2.1.4 BIOREFINERY OPPORTUNITIES AND CHALLENGES 

Petroleum refining is a method of producing fuels, plastics, chemicals and pesticides [135]. In the 

transition to a bioeconomy, biorefining is gradually becoming a new method to produce energy 

vectors and chemical products, which can replace modern petrochemical refineries [135]. In 

general, biorefineries can be defined as a combination of processes to convert biomass into 

different middle platform compounds (e.g., PG, biogas), which are then used in distinct 

applications or further processed into bioproducts, such as biochemicals, biofuels and 

biomaterials [135,136] (Figure 2.6). The concept seeks the sustainable production of added-value 

biofuels and biochemicals to meet the society energy and material requirements [26]. 

The biorefinery concept is defined by the International Energy Agency (IEA) as “the sustainable 

processing of biomass into a spectrum of bio-based products (food, feed, chemicals, and 

materials) and bioenergy (biofuels, power and/or heat)” [137]. IEA Task 42 has classified 

biorefineries according to four main features: feedstocks, platforms, conversion processes and 

products [138]. For example, a biorefinery can be composed of biochemical platforms and 

thermochemical platforms (Figure 2.6). Nonetheless, any infrastructure that uses biomass for 

producing more than one product can be considered a biorefinery [139]. Accordingly, the concept 

implies that the conventional process of obtaining one product from biomass is replaced (e.g., 

heat production), so that biomass is seen as a natural feedstock for multiple bioproducts [27]. 

In the bioeconomy context, the biorefinery design is recognized as a highly promising concept in 

terms of economics and the environment [140]. Regarding economics, it can potentially allow 

different types of industries to significantly increase their productivity and profitability by 

accessing new markets for bioenergy and bioproducts and generating revenue from new products, 

while improving the industry efficiency [141]. For example, in a conventional sugar factory, sugar 

beet is used as feedstock to produce human and animal food, while in a sugar factory that 

integrates biorefinery concepts, the same sugar beet feedstock can be used for human and animal 

food while being used for energy, biofuels, biochemicals and biomaterials [142]. Furthermore, 

with fossil fuels depletion, increasing environmental restrictions and price rising, implementation 

of biorefineries is becoming more economically viable [139]. 
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Figure 2.6 – Schematic example of integrated biomass conversion processes in a biorefinery 

design, including distinct conversion routes, middle platform compounds and obtainable 

products.  
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Regarding the impact on the environment, the concept of biorefinery is widely accepted as a 

potential cost-competitive way of lowering GHG emissions [136], as long as an adequate 

implementation is performed; this needs to be assessed for each specific case. The biorefinery 

design can also reduce the reliance on fossil fuel consumption and, consequently, increase energy 

supply security and contribute to the transition to a more sustainable material utilization. Thus, 

this concept is in line with circular economy principles and with the Agenda for Sustainable 

Development established by the United Nations [143], constituting a strategic mechanism for 

their realization [144]. However, sustainable production and utilization of “green” feedstocks 

must be safeguarded, environmental impact assessment must be performed for each scenario and 

further research is required to fully ascertain the environmental benefits of the biorefinery 

concept. 

The concept design is analogous to current petrochemical refineries (Figure 2.7), in which 

multiple processes and technologies are used to obtain multiple products from crude oil 

[139,141,142,145]. The main differences are the feedstock used (biomass), conversion 

technologies and range of end-products (Table 2.2) [28,140]. Accordingly, the basis beneath a 

potential biorefinery manufacturing process chain includes: handling and preprocessing 

feedstocks for isolating its components, processing these components and separating the products 

formed [142]. For this purpose, a biorefinery should be composed of equipment to perform the 

pretreatment and separation/extraction of biomass components, thermochemical and biochemical 

conversion technologies, and a set of refining/upgrading processes. Thus, the components of 

biomass are separated and isolated, by using different pre-processing technologies, and processed 

to distinct bioproducts [139]. Future biorefineries may also attain energy efficiency values 

comparable to those of modern petrochemical refineries, due to energy integration and co-product 

development [139,140]. For example, heat released from distinct conversion processes in the 

biorefinery can be used to meet the heat requirements of distinct manufacturing processes 

[139,140].  

 

Figure 2.7 – Products obtainable in petrochemical refineries and biorefineries. 
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Table 2.2 – Feedstock characteristics, types of conversion processes and range of end-products 

for petrochemical refineries and biorefineries. 

 Petrochemical refinery Biorefinery 

Feedstock 

Relatively homogeneous Heterogeneous 

Low oxygen content High oxygen content 

Low inorganic content Can have high inorganic content 

Can have high sulfur content Low sulfur content 

Conversion 

processes 

Chemical processes (e.g., 

Hydrocracking and fluid catalytic 

cracking) 

Biochemical processes (e.g., anaerobic 

digestion, fermentation), thermochemical 

processes (e.g., combustion, pyrolysis and 

gasification) and chemical processes (e.g., 

transesterification) 

End-products Narrower range of products 
Wider range of products (e.g., 

pharmaceutics, food, fuels, PP) 

Based on the aforementioned aspects, there is significant potential for biorefineries deployment, 

however, the practical potential is restricted by current technical and economic barriers [146]. 

Nowadays, development and employment of economically sustainable biorefineries is 

challenging due to low economic margins and significant technological restraints, in comparison 

with petrochemical refineries [140]. Thus, to successfully implement sustainable and profitable 

biorefineries, several weaknesses and threats must be addressed, for example [138]: 

1. Proper definition of biomass value chains, including current and future market volumes 

and prices. 

2. Definition and evaluation of the most promising biorefinery processes and concepts. 

3. Determination of the variability of the quality, availability and energy density of the 

biomass types to use as feedstock. 

4. Stakeholders operating in distinct market sectors (e.g., agriculture and forestry, 

transportation fuels, chemicals, energy, etc.,) must cooperate and work together. 

5. Sustainability of biomass production must be assured, while avoiding competition with 

land for food production. 

6. Governmental policies and subsidies must provide support for the building and operation 

of biorefineries. 

7. Biorefinery concepts must be proven at a commercial market level. 

Furthermore, key technologies must be fully developed and have higher profitability potential 

[27]. In fact, various biochemical, thermochemical and chemical processes (e.g., fermentation, 

gasification, liquefaction, catalytic synthesis, reforming, supercritical extraction) are suggested to 

obtain an immense number of products from biomass, however, the majority of these processes 

are not proven at a competitive market level. Stafford et al., [147] identified a total of 129 

chemical, thermochemical, biological and mechanical process pathways that can be used to obtain 

up to 78 different bioproducts in distinct forestry biorefinery designs, with variable levels of 

technology readiness and market potentials. For example, biomass gasification, which is expected 

to have a main role in future biorefineries and is the basis of gasification-based biorefineries [123], 

is still in research and demonstration level and there exists an evident lack of reliable and 

commercial technologies [4], with several industrial gasification plants interrupting operation 

after the end of governmental subsidies [103]. In the same vein, biofuel production from the 

biochemical route face several economic barriers, such as costs of production, available markets, 

taxation policies and legislation, among others [139]. In fact, using agricultural wastes is too 

expensive to produce biofuels at a competitive price, while biochemical processes using 

lignocellulosic wastes still require technological advancements [139].  
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Another aspect that must be considered is the impact of the variation of the composition and 

quality of the biomass feedstock throughout the year [148]. For example, an annual biorefinery 

feedstock cycle might consist of agricultural wastes in the fall, wood residues or crops in the 

winter, cover crops in the spring and energy crops in the summer, leading to distinct technical and 

economic challenges [148]. Aspects of collection, transport and storage must be addressed in 

future sustainability studies as they have a direct impact on the sustainable utilization of the 

feedstock [144]. Separation of biomass components (lignin, hemicellulose and cellulose) must 

also be perfected for appropriate conversion to multiple bioproducts [27]. As argued by Waldron 

[27], if the components of the biomass feedstock cannot be effectively separated, it is impossible 

to control the quality of the products. Furthermore, if only one component is desired, as occurs 

with cellulose in the PP industry, and the other components are considered as wastes, the 

biorefinery potential is hindered. In this regard, the usage of the organosolv pretreatment method 

for the separation of lignocellulosic polymers into separate high-quality streams is sharing wide 

interest in the research community, with various distinct organosolv systems being developed for 

the pretreatment of different lignocellulosic feedstocks [149]. Specific analysis of this subject 

falls out of the scope of the current work. 

In spite of significant challenges and barriers, the biorefinery concept shows potential to meet the 

interests of the society, environment and industry, and it seems that stakeholders are finally 

perceiving the vital role that biorefineries can have in a future transition to a sustainable 

bioeconomy [141], albeit their specific role still being largely undefined [144]. Available 

information regarding actual biorefinery plants is scarce, however, further investigation 

concerning actual practice is expected in the future, which will contribute to fully determine the 

potential of biorefineries in the circular bioeconomy context and to tackle all the aforementioned 

challenges [144]. In this respect, PG from biomass gasification can act as a major promoter of 

biorefinery designs and have a main role in gasification-based biorefineries, by being a middle 

platform compound to provide process heat and for the synthesis of multiple bioproducts. 

2.1.5 GASIFICATION-BASED BIOREFINERIES IN THE PP INDUSTRY 

2.1.5.1 DRIVERS AND BARRIERS 

The PP industry is considered as highly suitable to integrate biorefinery processes, due to the large 

scale of industry, experience with biomass handling, process integration opportunities (sharing of 

raw materials, byproducts, utilities and infrastructures) and existence of partly processed 

byproducts [64,141,150,151]. Furthermore, integrating biorefinery processes in a production 

chain where fractioning is already performed can potentially allow significant cost reductions for 

the biorefinery [136]. In fact, conventional PP industries can already be considered as operating 

with biorefinery concepts, because distinct products are obtained from biomass, such as pulp, 

paper, electricity and process heat [150]. Accordingly, integrating additional biorefinery 

processes in the PP industry can be feasible and a potential pathway towards long-term sustainable 

growth by transforming this industrial sector into a multiple marketable bioproduct production 

design [61,63,151,152]. Thus, there are various drivers for implementing biorefinery processes in 

the PP industry [136,141]: 

1. Current infrastructures located near sources of biomass and capable of processing large 

volumes of this resource. 

2. Current knowledge and experience on managing and processing biomass using 

mechanical, chemical and thermochemical processes. 

3. Reduction of the industry dependence on fossil fuels. 
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4. Increase of the efficiency of the utilization of biomass feedstocks. Currently, about 50 % 

of the harvested tree can end up as waste [147]. 

5. Providing of chemicals recovery, process heat (e.g., steam) and electricity for the 

manufacturing processes while allowing exportation of liquid fuels, electricity and other 

added-value bioproducts, such as DME and ammonia [44,61,153]. This allows the 

generation of revenue from new products. 

6. Potential increase of annual profits, energy security and rural economic development and 

potential reduction of GHG emissions [44]. 

Nonetheless, for proper implementation of biorefinery concepts in the PP industry, several aspects 

must be considered, such as feedstocks and byproducts logistics, key technologies development 

and improvement, technical and commercial barriers, and uncertain market economics [136,152]. 

In this respect, Daya and Nourelfath [63] performed a sustainability assessment of the integration 

of biorefineries in the Canadian PP industry and found that the integration allows the PP industry 

to generate new revenues and reduce emissions, however, the following main challenges were 

identified: 

1. Complexity of the integration due to the various types of biomass feedstocks and 

conversion technologies that can be used, which leads to the production of different 

bioproducts and distinct efficiency. 

2. Uncertainty regarding the quantification of potential economic and environmental 

impacts. 

3. Optimizing the balance between the economic and environmental impacts. 

Amongst the potential biorefinery concepts to be integrated in the PP industry, the integration of 

biomass gasification technologies can represent a first and main step to upgrade PP mills into 

complete biorefineries. The most immediate integrable biorefinery configuration is based on the 

replacement of the natural gas used in the burners of the PP industry by PG (specifically discussed 

in Section 2.1.5.3). More advanced gasification designs to obtain distinct bioproducts, such as 

methanol and DME, are also under research to be integrated in the PP industry (Table 2.3). The 

integration of gasification technologies in the PP industry is supported by several specific reasons, 

for example: 

1. PG can be obtained from the gasification of PP manufacturing process byproducts, such 

as wood wastes, sludges and black liquor [150]. 

2. PG can be used to obtain various biofuels and biochemicals or to provide steam, 

electricity and heat for the PP manufacturing process, according to the process needs 

[154,155]. 

The use of wood wastes or black liquor in GCC technologies is argued to allow the production of 

steam and electricity at higher efficiencies, in comparison with other conventional technologies 

(e.g., Rankine cycle) typically used in the PP industry [156,157]. 

In this regard, Rafione et al., [151] developed a biorefinery concept denominated by GIFBR, 

which contains a gasification unit to produce PG for the replacement of the natural gas used in 

the boilers and lime kilns of the PP industry. The study indicates that the concept is technically 

and economically feasible, being characterized by low GHG emissions, reduced water 

consumption and effluents production. The main challenges found were related to reaching a 

balanced level of integration between the receptor pulp mill and the biorefinery unit, attaining 

self-sufficiency in terms of energy consumption, and producing excess steam for the 

manufacturing process.  



Direct gasification of biomass for fuel gas production 

32      EngIQ 

Table 2.3 – Published studies regarding gasification-based biorefinery processes for integration 

in the PP industry. 

Product Feedstock References 

Electricity (BIGCC) 
Wood wastes [154,155,158] 

Wood chips [159,160] 

Electricity (BLGCC) Black liquor [61,160,161] 

Hydrogen Black liquor [162,163] 

SNG 
Wood wastes [154,158] 

Black liquor [164] 

FT diesel 

Wood wastes [154,155,158] 

Black liquor [44] 

Black liquor with wood wastes [44] 

Methanol 

Wood wastes [154,155,158] 

Black liquor [165,166] 

Black liquor with pyrolysis liquids [165,166] 

Black liquor with crude glycerol [165] 

Black liquor with fermentation residues [165] 

DME 
Wood chips [159,160] 

Black liquor [44,61,160] 

Ammonia 

Black liquor [153] 

Black liquor with pulp sludge [153] 

Black liquor with waste sludge [153] 

Mixed alcohols (ethanol, etc.,) Black liquor with wood wastes [44] 

2.1.5.2 PP BYPRODUCTS GASIFICATION 

The PP manufacturing process has several byproducts that can be converted by gasification to 

PG, for example black liquor, wood wastes and sludges. Black liquor is the spent liquor that 

results from the kraft pulping process after lignin and hemicellulose are removed from the 

cellulose fibers [153,167]. Wood wastes include residual forest biomass (RFB), e.g., tops and 

branches that are usually left in the forest after wood harvesting, and bark from the wood 

debarking process. Sludges (e.g. primary and biological) result from wastewater treatment 

processes in the PP industry. The typical properties of some of these byproducts (proximate and 

ultimate analysis, and heating value) are shown in Table 2.4. 

Black liquor gasification (BLG) is considered as an alternative technology for energy and 

chemical recovery, that can be integrated in various biorefinery designs [150,168]. In the current 

PP industry, black liquor is mainly used as fuel in boilers to recover the inorganic chemicals and 

to produce process steam and electricity, with excess electricity being sold to the grid [153]. These 

recovery boilers are argued to be the bottleneck of pulp productivity [61]. Furthermore, some 

small pulp mills do not employ chemical recovery cycle, thus considering black liquor as a waste 

stream that must be disposed [164], which leads to additional costs. Despite its high ash and 

moisture content, which is a recognized drawback in several gasification technologies [16], black 

liquor has properties that make it a suitable feedstock for some gasification processes in specific 

scenarios [153], such as its liquid nature, which eases its feeding into pressurized gasifiers, and 

its high reactivity due to its high sodium and potassium content (Table 2.4) [141]. In fact, it is 

argued that the gasification of black liquor can attain faster reaction rates than many other biomass 

feedstocks [28,141]. 
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Table 2.4 - Typical characteristics of different byproducts from the PP industry with potential to 

be used in gasification processes. 

 
Eucalyptus 

globulus RFB  

Eucalyptus globulus 

bark [169] 

Primary 

sludge 

Biological 

sludge 

Black liquor 

[170] 

Proximate 

analysis 

[%wt, db] 

     

Volatile matter 80.5 77.9 na na 55.6 

Fixed carbon 16.6 17.1 na na 8.8 

Ash 1.1 5.0 61.5 26.5 35.6 

Ultimate 

analysis 

[%wt, db] 

     

C 48.2 45.8 32.4 36.7 35.7 

H 6.2 5.7 4.2 5.0 3.7 

N <0.2 0.8 0.5 2.2 na 

S 0.03 na na 0.4 4.4 

O 42.7 42.3 1.4 29.0 35.8 

Cl 0.05 na 0.02 0.19 0.30 

Na na na na na 19.0 

K na na na na 1.1 

LHV 

[MJ/kg db] 
18.4 17.2 15.3 14.7 12.3 

na – not available. 

Accordingly, BLG has been under development since 1960 and is currently designed as an 

alternative chemical recovery process for the replacement of conventional boilers [61]. This 

process allows the possibility of obtaining distinct bioproducts from black liquor and can 

potentially improve the energy efficiency of the plant [161]. For example, it has been argued that 

integrating BLG in a combined cycle can potentially result in higher thermal efficiency than the 

conventional black liquor combustion process integrated with a Rankine cycle [161]. BLG, 

including co-gasification processes of black liquor with wood wastes, sludges, pyrolysis liquids 

or fermentation residues, has also been under research for the production of DME, methanol, FT 

diesel, SNG, hydrogen and ammonia, constituting several possible pathways in various potential 

biorefinery designs (Table 2.3). 

In addition, recovery boilers have been in operation in conventional PP industries for a long time 

and are becoming technically and economically obsolete due to low energy efficiency and 

competitive pressure for biofuels production, thus requiring replacement in the near future 

[153,168]. In these cases, implementing a BLG plant seems to have higher future profit potential 

than installing a new recovery boiler [153]. 

Despite these potential advantages, BLG technologies are still at a demonstration phase [161] and 

require further development. The most commercially advanced BLG technology is the Chemrec 

(Figure 2.8), which typically involves the gasification of black liquor in an entrained flow gasifier 

at high pressures [153,167,168]. In these systems, the black liquor is atomized with O2, forming 

very small particles (~100 µm), and the gasification takes place at significantly higher 

temperatures (~1050 ºC) and pressures (~30 bar) [171,172] than in conventional wood gasifiers 

[4], leading to significantly distinct PG composition [31]. This design was developed by a 

company in Sweden [171] and was employed at the BioDME plant [173,174]. This plant operated 

under 3 MWth capacity and outputted 4 tonne/day of DME, before being placed on hold [173,174]. 

The DME was tested as vehicle fuel and over 80000 km of truck operation were attained [103]. 

However, when governmental subsidies finished, the plant revenues could not support the process 

costs and operation was interrupted [103]. In 2013, the ownership of the plant was transferred to 

Luleå University of Technology to continue with more research-oriented activities [103]. 
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Figure 2.8 - Chemrec entrained-flow gasifier with quenching section for green liquor recovery 

[168]. 

Pettersson et al., [160] analyzed the integration of a BLG plant for the production of DME or 

electricity in pulp mills and PP mills, focusing on the economic performance and CO2 emissions 

impact. The study showed that BLG coupled with DME production was the most profitable 

biorefinery concept amongst all scenarios considered, being profitable for both pulp mills and PP 

mills. From an economic point of view, the BLG plant for DME production in pulp mills should 

be complemented by a biomass gasification plant to produce DME and electricity. In PP mills, 

the BLG plant for DME production should be complemented by a bark boiler to cover steam 

deficits or to produce electricity. BLG to produce electricity also had good economic performance 

in pulp mills, however, this might change if policies and incentives to produce “green” electricity 

are reduced in the future. Furthermore, almost all biorefinery concepts had lower economic 

performance in PP mills than in pulp mills, which is mainly related to the highest steam demand 

considered for PP mills [160]. The authors also showed that carbon capture and storage (CCS) 

technology implementation turned several concepts profitable and led to the reduction of global 

CO2 emissions. In fact, without CCS, several scenarios showed net increase of CO2 emissions. 

Naqvi et al., [164] analyzed the potential of SNG production by integrating BLG in small pulp 

mills without chemical recovery. The work results show that significant production of SNG is 

possible without external biomass import, as well as significant abatement potential of CO2 

emissions by combining SNG production with CCS. Nevertheless, the following main challenges 

were identified: 

1. Improving the understanding of black liquor characteristics as feedstock for gasification 

processes. 

2. Defining a process temperature that avoids inorganics agglomeration without 

significantly diminishing gas production and quality. 

3. Improving the understanding of different gasification configurations to identify the most 

efficient routes to produce specific biofuels. 
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Mongkhonsiri et al., [175] analyzed the integration of biorefinery concepts into an existing pulp 

mill for the production of distinct bioproducts, including BLG and bagasse pith gasification for 

DME synthesis. The authors found the integration of succinic acid and DME synthesis into soda 

pulping process as the most profitable scenario, allowing a net CO2 emissions abatement of up to 

42 % and a maximum profit per year of 48 million dollars. 

Regarding the wood wastes from the PP industry, the bark resulting from the wood debarking 

process is typically used in boilers for power generation, while the RFB resulting from harvest 

processes at the forest is usually left on site. The latter results in an unhealthy management of 

forest residues, which increases wildfire risks and the costs of fire suppression [176]. 

Accordingly, the gasification of these types of biomass has been intensively researched in the 

literature in the last years, and these resources are a proven feedstock to obtain PG from various 

types of gasification technologies [3,4]. Regarding the integration in the PP industry, wood wastes 

gasification has been considered for distinct gasification-based biorefinery concepts, such as the 

production of electricity, SNG, FT diesel, DME and alcohols (Table 2.3). 

Isaksson et al., [155] evaluated the integration of wood wastes gasification in the Scandinavian 

PP industry, considering three distinct gasification-based biorefinery concepts, namely methanol 

production, FT diesel production and BIGCC for electricity production. The study concludes that 

the integration was feasible and presented good potential because the mill has continuous need of 

process heat. Isaksson et al., [154,158] also evaluated the heat integration, economic performance 

and GHG emissions of these concepts in the PP industry, while also considering the possibility 

of producing SNG. It was found that the end-product efficiency has a significant impact on the 

heat integration potential in the PP mill, i.e., higher production efficiency generates less excess 

heat per unit of end-product, and, consequently, less excess heat is available to meet the mill 

heating demands. The authors also show that the net annual profits were positive for all biofuels 

production scenarios, however, the results are highly sensitive to biofuel market prices and CO2,eq 

prices. In terms of GHG emissions, if a CCS process is not in place, the CHP production via 

BIGCC performs better or equal to the biofuel routes. It must be noted that the authors considered 

CCS as unavailable for BIGCC. The authors also show that CCS has an important role to play in 

terms of GHG emissions and process economics. 

Wetterlund et al., [159] evaluated the integration of the gasification of wood wastes and purchased 

wood in the PP industry, namely biomass integrated gasification for DME production and BIGCC 

for electricity production. It was found that the integration of biomass gasification in the PP 

industry can be economically feasible. Nonetheless, it was also stated that the economic results 

obtained in this study were highly dependent on energy market parameters, particularly biofuel 

policy support, thus having a high degree of uncertainty. Furthermore, the potential for CO2 

emissions reduction was low. 

Regarding the sludges resulting from wastewater treatment processes in the PP industry, this 

byproduct is usually disposed by incineration and landfill, and it is argued that it presents potential 

to be valorized as a biorefinery feedstock [177]. Specifically, research on the gasification of this 

feedstock is scarce, which may be related to the high ash content typically present in this type of 

biomass (Table 2.4), and consequent potential occurrence of fouling, corrosion and catalyst 

deactivation during thermochemical conversion processes. Accordingly, other biorefinery 

processes may be more suitable for the conversion of PP sludges (e.g., fermentation). 

Nonetheless, co-gasification with other byproducts (e.g., black liquor and wood wastes), may 

allow the valorization of this feedstock, while also providing technical and logistical benefits. In 

this respect, Akbari et al., [153] analyzed the economic feasibility of synthesizing ammonia from 

syngas resulting from the gasification of three different byproducts from PP mills, namely black 

liquor, and mixtures of black liquor with different types of sludge from wastewater treatment. The 

analyzed process consisted in the following steps: 

1. N2 removal from air in an ASU: 

a. To use the resulting N2 in the ammonia synthesis plant. 

b. To use the resulting O2 as gasifying agent in the BLG reactor. 
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2. Cleaning and refining the syngas obtained from the BLG reactor, so that it is mostly 

comprised of H2. Specifically, acid gases such as COS, H2S and CO2, must be removed 

to avoid poisoning the ammonia synthesis catalyst. 

3. H2 and N2 are used in the synthesis plant to produce ammonia. 

The results of the study [153] showed that ammonia can be produced with competitive market 

prices in PP mills for all cases considered, thus indicating the suitability of PP sludges to be 

integrated in co-gasification processes. 

In terms of the PG composition from the gasification of some of these byproducts, namely wood 

wastes and black liquor, the comparison cannot be made directly because wood wastes 

gasification and BLG are inherently different processes. For example, the conventional 

atmospheric bubbling fluidized beds used for direct (air) wood gasification, that typically operate 

at around 800 ºC and atmospheric pressure [4], are not suited for BLG due to the high ash content 

present in this feedstock, which would cause sintering and defluidization of the reactor bed. Thus, 

BLG is typically conducted in entrained-flow gasifiers (e.g., Chemrec) that operate at higher 

temperature and pressure than conventional wood gasifiers, as previously discussed. Furthermore, 

research regarding woody biomass gasification in entrained-flows is extremely scarce and mostly 

confined to laboratorial scales [178]. This may be related to the non-suitable properties of raw 

woody biomass for this reactor design, such as high particle size, and consequent required 

expensive and energy intensive feedstock pretreatment procedures (e.g., torrefaction and 

pulverization [26,31,179]). 

Nonetheless, typical PG composition reported in the literature for wood direct (air) gasification 

in conventional fixed and fluidized beds and BLG is shown in Table 2.5. It can be observed that 

BLG typically leads to the production of a PG with higher CO2 and H2 concentration, similar CO 

concentration and lower CH4 concentration, in comparison with wood direct (air) gasification. In 

terms of molar ratios in the PG, it can be seen that BLG produces a PG with very high H2:CO 

molar ratio, while wood direct (air) gasification produces PG with higher CO:CO2 and CH4:H2 

molar ratios. It must be noted that high H2:CO molar ratios are desired for advanced PG 

applications, such as the production of FT Diesel (0.6 mol/mol), DME (1 mol/mol) and methanol 

(2 mol/mol) [72,180–182]. Furthermore, as a consequence of the PG composition, the LHV of 

the PG from BLG is higher than the LHV of the PG typically reported in the literature regarding 

wood direct (air) gasification. In this respect, Dahlquist et al., [170] compared BLG and wood 

pellets gasification using numerical simulation and experimental research in similar pilot-scale 

reactive systems using similar operating conditions, and concluded that black liquor was a more 

suitable feedstock for the production of H2, while the wood pellets were more suitable for the 

production of CH4 and CO. 

Thus, the results from these studies show that the integration of gasification to convert distinct 

byproducts from the PP industry into value-added products and energy vectors can be technically 

and economically feasible. Currently, various bioproducts are under research and potentially 

available, and this can serve as a major promoter for the integration of biorefinery concepts in this 

industry. This will allow the generation of revenue from new products (energy and materials) and 

will simultaneously promote the sustainability of the waste management and energy supply of 

this industry, thus acting in accordance with circular economy strategies. It also seems that 

positive net profits can be attained in distinct gasification scenarios for the production of different 

bioproducts. However, CCS systems are mandatory to attain significant CO2 emissions abatement 

and this needs to be further quantified by life cycle assessment and cost-benefit analysis. 

Furthermore, for several distinct scenarios, the economic viability of the processes is highly 

sensitive to biofuel market and CO2,eq prices, which means that supporting policies are required 

to improve stakeholders confidence and to assure that gasification technologies are cost-

competitive with conventional fossil fuel technologies. This highlights that a strong sense of 

concern will be required from governments to support biorefinery competition with conventional 

petrochemical refineries and to avoid the interruption of fully operating biorefineries and 

gasification plants.
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Table 2.5 – Composition (CO2, CH4, CO and H2), molar ratios (YCH4/H2, YCO/CO2 and YH2/CO) and LHV of the PG obtained by wood direct (air) gasification and 

BLG. 

   %v, dry gas mol/mol MJ/Nm3 

Process References Ranges CO2 CH4 CO H2 YCH4/H2 YCO/CO2 YH2/CO LHV 

Wood direct (air) gasification  [4,92,190,111,183–189] 

Min 4.7 1.2 6.9 1.2 0.2 0.4 0.1 2.4 

Max 18.3 6.9 29.9 16.5 5.6 6.4 1.3 7.0 

Average 14.0 3.7 17.6 7.8 0.6 1.5 0.5 5.1 

BLG  [170,172,191,192] 

Min 29.8 0.5 9.8 33.0 0.0 0.3 1.1 5.9 

Max 48.5 4.8 31.0 42.0 0.1 1.0 4.1 8.3 

Average 35.7 1.5 25.2 36.2 0.0 0.7 1.6 7.5 



Direct gasification of biomass for fuel gas production 

38      EngIQ 

2.1.5.3 PG AS GAS/OIL SUBSTITUTE IN THE PP INDUSTRY 

Combustion for thermal energy is the most immediate application for the PG from biomass 

gasification and the first step for the development of PP gasification-based biorefineries. 

Although biomass gasification can be seen as a lower efficiency process for thermal energy 

generation when compared to biomass combustion, the PG has several practical advantages in 

comparison with solid biomass, such as handling, application and transport [4]. Furthermore, in 

certain industrial processes, solid biomass cannot be used as fuel; in these cases, the PG can have 

a particularly important role when integrated in industrial strategies to attain neutral carbon 

footprint. In the PP industry, PG can be obtained from several byproducts (e.g., black liquor, 

wood wastes, sludges) and serve as a middle platform compound to replace the natural gas in 

burners and kiln furnaces or to produce distinct bioproducts (e.g., Methanol, DME, etc.,). The 

application of PG can be interchangeable, according to necessity, i.e., when lower amounts of 

fuel gas are required for the PP manufacturing process, a higher export of bioproducts can be 

performed. 

In this respect, before considering advanced applications for the PG, partial or complete 

replacement of natural gas in industrial burners must be considered. In fact, replacing part of the 

natural gas with PG may even improve the combustion behavior of the boilers and kiln furnaces 

burners [193]. From the combustion process point of view, PG is attractive for use in burners due 

to the following aspects: 

1. Natural gas and PG mixtures present higher laminar burning velocity, allowing 

combustion at leaner conditions and, consequently, leading to lower NOx emissions 

[193]. 

2. Natural gas and PG mixtures have slightly lower adiabatic flame temperature for any 

air/fuel ratio, which leads to lower thermal NOx emissions and lower equipment abrasion 

[193–195]. 

3. Mixing PG with natural gas has been argued as a promising method to increase flame 

stability during lean combustion, consequently contributing to reduce the risk of blowout 

(reactants velocity exceeding the laminar burning velocity) [193]. 

4. The relatively high H2 content present in the PG may reduce particulate and unburnt 

hydrocarbon emissions [195]. 

Despite these advantages, the typical natural gas burner design, and respective operating 

parameters, must be adjusted and optimized for the PG composition and properties [195]. 

Relevant combustion properties to characterize PG combustion include laminar flame speed, 

adiabatic flame temperature, Wobbe Index, flame stability, and extinction limits [194]. The most 

common parameter evaluated in PG combustion studies is the laminar flame speed, which has 

significant influence on the flame spatial distribution and the propensity for flame flashback, and 

reflects the general behavior of the combustion process of a fuel [195,196]. This parameter is 

important to characterize the reactivity, diffusivity and exothermicity of a combustion process, to 

develop predictive models and to estimate the performance and emissions of a combustion 

equipment [195]. Generally, higher temperature and laminar flame speed is observed with higher 

H2 and CO concentration in the fuel mixture [194,196,197]. Flame instability and flashback 

problems have also been associated with higher H2 concentration values [194]. According to the 

review performed by Chanphavong et al., [194], regarding the characterization and challenges of 

the development of PG combustors, similar laminar flame speeds were found for the combustion 

of PG in various numerical and experimental studies. 

The low calorific value of the PG may also become a challenge to its utilization in combustion 

systems [194]. In consequence, larger volumetric flowrates of PG are necessary to replace other 

conventional gaseous fuels in distinct applications (e.g., 5 to 7 times the volumetric flowrate of 

natural gas, under similar conditions of pressure and temperature), which may require equipment 

modifications [194,198]. Furthermore, the low calorific value of the PG may lead to narrow 
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flammability limits, as well as lack of flame stability, during combustion [194]. Derived from 

these aspects, for a first step integration of gasification processes in the PP industry, partial 

replacement of natural gas by PG may be the most suitable pathway, instead of a complete 

replacement, as suggested in distinct works [193,194,199]. In fact, Hernandez et al., [193] 

analyzed laminar premixed flames derived from the combustion of natural gas and PG (25 and 

50 %v) mixtures in a combustion pilot plant, composed of an atmospheric burner and a 

chemiluminescence camera, and suggested 37 %v as the optimum amount of PG to be mixed with 

natural gas. 

Additionally, the PG is composed of various components and impurities (e.g., H2S, NH3, 

particulate matter and tars) and has significantly different composition for different gasification 

operating conditions [4], which leads to complex combustion reaction mechanisms, derived from 

different gaseous mixtures having different thermochemical properties [194], and operational 

problems. For example, the tar content present in the PG may condensate at the fuel inlet of the 

burner and block the fuel gas flow, causing the general malfunction of the equipment. Thus, 

previous gas cleaning may be required. Unpredicted changes in operating parameters of the 

gasifier (e.g., biomass feed ratio and ER) influences the PG composition, which may also lead to 

unpredicted impacts on the burner performance [196]. In fact, current demonstration and 

industrial biomass gasification plants present significantly different PG composition (Table 2.6). 

Thus, to use PG in gas burners, it may be required to adjust the operating parameters of the burner 

according to the PG characteristics.
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Table 2.6 – Average composition (CO2, CH4, CO and H2, and tar) and LHV of the PG from different industrial gasification plants. 

Ref Plant Reactor type Capacity [MWth] 

Gas composition 

[%v, dry gas] LHV [MJ/Nm3] 
Tar 

[g/Nm3] 
H2 CO CO2 CH4 

[66,174,198]  Harboøre Updraft 4 19 29 9 4 7 nr 

[200] Oberwart DFB 9 39 25 22 10 11 nr 

[174,198,201] Güssing DFB 8 37 31 17 9 11 3 

[174,201,202] GoBiGas DFB 32 40 24 20 9 10 1 

[66,174] Skive BFB 26 16 20 12 4 6 nr 

[66,203,204] Värnamo CFB 18 11 18 16 7 6 10 

[205] Lahti Energia Kymijärvi I CFB 70 11 15 18 5 4 10 

[206] LTU Green Fuels DP1+DME pilot Chemrec (entrained-flow) 3 38 26 33 1 8 nr 

[207] Stadtwerke Ulm/Neu DFB 15 38 23 22 11 13 14 

[208] Metsä Fibre Oy, Äänekoski   Mill CFB 87 6 9 12 3 5 24 
Nm3 refers to a m3 at standard conditions of temperature (0 ºC) and pressure (1.013×105 Pa); nr – not referred.
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Therefore, experimental research regarding PG combustion is extremely relevant to serve as a 

tool to support biomass gasification related projects decisions, specifically those that seek to use 

PG in combustion systems or as a middle platform compound in a biorefinery design. 

Nonetheless, reported experimental research on PG combustion is mostly performed in small 

equipment [193,209–212]. There exists some pioneer large-scale gasification plants producing 

PG to replace oil/gas in lime kilns (e.g., Varkaus Stora Enso, OKI, Huangang, Metsä Fibre Oy at 

Joutseno Mill and Äänekoski Mill [173,174,208]), however, specific process information 

regarding these plants was not found. In this respect, Dattarajan [212] developed a combustor to 

burn raw PG in a 38 kWe Stirling engine, with large fuel and air inlets to avoid blockage by 

particulate matter or tar adherence. The developed combustor showed good fuel-air mixing, stable 

flame over a range of operating conditions and complete fuel combustion, including combustion 

of the tar present in the PG. Sutar et al., [211] designed a partially aerated naturally aspirated 

burner for PG from a downdraft gasifier cookstove. The authors found that the burner increased 

the thermal efficiency of the cookstove. Ahrenfeldt [198] evaluated long term gas engine CHP 

operation with PG from three biomass gasification plants (Harboøre, Güssing and Viking), and 

concluded that PG is an excellent fuel for lean burn engines. The study shows that although the 

calorific value of PG is lower than that of natural gas, the first needs a lower stoichiometric air/fuel 

ratio, and, consequently, the energy density of the two fuel-air mixtures and power output can be 

similar. Regarding tar content, no problems were found during the combustion of the three distinct 

PGs.  

Thus, despite some research being conducted for the development of PG burners [194], and the 

existing knowledge regarding PG combustion characteristics, new concepts and equipment must 

be developed to face the challenges of introducing PG as an effective and sustainable replacement 

for natural gas in industrial combustion systems. In this regard, efficient burners for PG must be 

conceived and developed to be applied in large industrial applications, e.g., to replace the existing 

furnaces and boilers at the PP industry. Furthermore, research must be performed, and knowledge 

produced, to support the techno-economic analysis of integrating PG in the PP industry as a 

middle platform compound that can be used to replace natural gas in the manufacturing process. 

These are considered as the main starting steps for the development of complete gasification-

based biorefineries, which may also act as significant promoters for the implementation of other 

biorefinery concepts or advanced gasification processes for more sophisticated applications (e.g., 

DME production). 

2.1.6 FUTURE PERSPECTIVES 

Biorefineries are already a reality and are expected to fulfill a very important role in the combat 

against climate change, but it is necessary to determine its evolution in the following years. In 

theory, the potential of the concept is immense, however, current implementation of sustainable 

biorefineries is challenging due to debatable environmental benefits and significant technological 

and market limitations, in comparison with petrochemical refineries. On one hand, development 

and implementation of biorefineries will require increased biomass crop growing and harvest to 

use as feedstock. The land to grow biomass must not compete with land for food growth and the 

biomass must be sustainably provided to avoid negative environmental impacts. In this respect, 

using industry byproducts and wastes is extremely relevant to reduce biomass crops necessity and 

attain higher economic and environmental benefits; a shift towards this pathway is already 

ongoing and is expected to be continued in the future. This contributes to the sustainability of 

energy supply and waste management, and is in accordance with circular economy principles. On 

the other hand, biorefinery concepts and key technologies must be improved and proven at a 

competitive market level. These aspects will help stakeholders perceive the biorefineries 

economic potential and vital role in a future transition to a sustainable bioeconomy, leading them 

to cooperate and work together.  
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To answer the concerns of the PP industry regarding the integration of biomass gasification 

processes, industrial gas burners adjusted for specific PG compositions must be developed and 

integrated analyses that consider the economic, environmental and technical aspects of replacing 

natural gas by PG in the burners of the boilers and kiln furnaces of the PP industry, must be 

performed. This will allow the determination of the advantages and disadvantages of using PG 

for thermal energy generation in the industry, which is the first step for its transformation into 

complete gasification-based biorefineries. These are relevant drivers to ease the integration of 

gasification processes in the PP industry. 

2.1.7 CONCLUSIONS 

The PP industry is highly suitable to integrate biorefinery concepts and this can be considered as 

a potential pathway to attain economic and environmental sustainability, allowing the industry to 

generate revenues from several new bioproducts (fuels, chemicals and materials) and overcome 

a continuously declining paper market. The use of PG as a middle platform compound that can 

provide heat and electricity for the PP manufacturing process while allowing the export of 

bioproducts, according to necessity, is a key factor for the integration of biorefinery concepts in 

the PP industry. In this context, BLG and wood wastes gasification for the production of 

electricity, hydrogen, SNG, FT diesel, DME, ammonia and alcohols have been proposed and 

researched in the literature. Drivers for the integration of gasification processes in the PP industry 

include revenues from new products, reduced fossil fuel dependence, GHG emission reductions 

and higher energy efficiency. However, gasification technologies are still unreliable and must 

overcome several technological and market barriers associated with scaling-up, tar reduction and 

PG cleaning/refining, in order to be able to play their expected role in the transition to a future 

bioeconomy; this seldom is considered by gasification-based biorefineries proponents. In this 

respect, the development and integration of gas cleaning processes in the gasifier to use and 

preserve the thermal energy of the PG seems to be mandatory to avoid excessive plant investment 

and operation costs. 

Replacement of natural gas by PG in boilers and kiln furnaces is the first and most immediate step 

for the integration of biomass gasification processes in the PP industry, and should be considered 

and evaluated before the implementation of more complex and expensive solutions. However, 

research regarding gasification integration in this industry is often focused on advanced 

applications (e.g., FT diesel production) and rarely considers this first step or the existing 

technological and market barriers associated with these sophisticated gasification processes. In 

fact, research on the development of PG combustors is mostly confined to laboratorial or pilot 

scales and information from existing pioneer gasification processes in the PP industry is extremely 

scarce. It also seems that CCS systems have a main role in terms of the economic and 

environmental impacts of the implemented gasification solutions, being that carbon sequestration 

must be performed to attain significant CO2 emissions abatement, despite biomass gasification 

being typically profiled as CO2 neutral; this needs to be further quantified by life cycle assessment 

and cost-benefit analysis. These are critical aspects that significantly hinder the integration of 

gasification processes in the PP industry.  

The economic viability of various biorefinery projects is highly sensitive to biofuels and CO2,eq 

prices variation, which means that supporting policies are required to reduce the investment risks 

of the integration of gasification processes in the PP industry and to allow biorefineries to compete 

with conventional petrochemical refineries. Accordingly, a stronger commitment from 

governments is required to avoid the interruption of operation of fully functioning gasification-

based biorefineries, as recently has occurred for various large-scale gasification plants in Europe 

(e.g., Oberwart, Güssing, GoBiGas). Thus, technology roadmaps, market-driven research, 

political goals and policy frameworks, are fundamental to reduce the risks and uncertainties 

associated with biorefineries implementation and give stakeholders confidence to invest in this 

industry. Particularly, the first years of biorefinery operation, and development towards market 

maturity and production stability, should be supported by suitable economic and financial tools. 
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2.2 ARTICLE II - INDUSTRIAL GASIFICATION SYSTEMS (>3 MWTH) FOR BIOENERGY 

IN EUROPE: CURRENT STATUS AND FUTURE PERSPECTIVES 

2.2.1 ABSTRACT 

Gasification is a key technology for the use of biomass as a renewable energy source. This work 

provides a detailed survey of the current state, progress and utilization of industrial-scale 

gasification systems (>3 MWth) in Europe, and identifies current challenges and future trends. 

Europe has been active in the implementation and development of large-scale gasification 

processes, with various trends occurring that reflect the need of new knowledge and cost-

competitive technologies. Large-scale gasification processes are becoming increasingly 

considered for biofuels and biochemicals synthesis and the economy of generating renewable 

bioproducts from biomass is becoming more attractive than power, because it creates a new value 

chain. However, large-scale gasification plants still entail significant issues (e.g., biomass 

collection and processing, PG cleaning costs) that decrease the projects economic viability and 

may cause the interruption of operation of existing plants. Identified measures currently occurring 

in Europe that must be further pressed to assure the commercial breakthrough of large-scale 

biomass gasification processes include: replacement of high quality wood by low-cost waste 

feedstocks, development of cost-efficient gas upgrading processes, analysis and integration of 

available information from demonstration and industrial-scale plants, and improvement of 

governmental policies. This will allow biomass gasification to present a stronger answer to 

climate-neutrality concerns.  

Keywords: Industrial; Gasification; Bioenergy; Europe; Biomass. 

2.2.2 INTRODUCTION 

The gasification process history dates over 300 years (Figure 2.9). The earliest investigation 

recorded regarding gasification was performed by Thomas Shirley in 1659, which consisted in 

experiments for methane production [50]. The gasification of coal was then demonstrated in 1733, 

but the first real use of this gas, denominated by town gas at the time, was only performed in 1798 

by William Murdoch for lighting purposes [50]. The first gasification technologies were based on 

a two-step gasification process, consisting of thermal cracking of the coal and consequent steam 

blowing of the remaining char in a fixed bed reactor [213]. Afterwards, Siemens developed the 

first continuous gasification fixed bed reactor, where the combustion and gasification sections 

were physically separated [213,214]. During this time, town gas obtained through these 

gasification technologies was mainly used for lighting and heating purposes [67,215]; In fact, 

various towns and cities in Britain used town gas (also called coal-gas) for street lighting [50]. 

Using this gas for street lighting was significantly cheaper than using oil lamps, which intensively 

promoted the development of gasification technologies [50] and led to the constitution of the 

relevant town gas industry [216]. All gasifiers in operation during this time were air-blown fixed 

bed reactors [213]. Afterwards, the invention of the electric bulb (after 1879) led to a significant 

decline of the town gas industry and gasification was confined to heating and cooking applications 

[50]. During this period, the concept of continuous gasification using cryogenic separation of air 

was demonstrated by Carl Linde [217] and three major commercial gasification technologies were 

developed, namely the Winkler air-blown fluidized bed gasifier in 1926, the Lurgis pressurized 

oxygen-blow gasifier in 1931 and the Koppers-Totzek entrained flow gasifier in 1938 

[67,213,214]. Later, the widespread of natural gas further confined gasification technologies to 

niche applications [50,216]. 



Direct gasification of biomass for fuel gas production 

44      EngIQ 

 

Figure 2.9 – Gasification history and milestones.
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The interest in gasification was renewed during the Second World War due to the Allied bombing 

of Nazi oil refineries and oil supply routes and consequent oil scarcity; This forced Germany to 

synthesize oil from syngas (CO + H2) by using the Fischer-Tropsch process [50]. For this purpose, 

over a million small-scale fixed bed reactors were built for the gasification of wood and wastes 

and the concept of producing biofuels from gasification processes was developed [50,213]. After 

the war, interest in gasification technologies declined again due to the availability of cheap crude 

oil [213]. Nevertheless, in 1952, Rayner developed an indirectly heated gasifier with a separate 

circulating fluidized bed (CFB) for combustion and a bubbling fluidized bed (BFB) for 

gasification, constituting the first dual fluidized bed (DFB) design [101]. After the oil embargo in 

1973, Western countries were forced to develop alternative technologies to reduce their 

dependence on imported oil from the Middle East, and interest in gasification technologies 

resurged [50]; In this phase, gasification found major commercial interest as a process for 

chemical feedstock production, which was provided by petrochemical refineries [50]. This led to 

a development phase that went from 1973 to 1987, mainly led by developments in the USA [218]. 

After the oil crisis, a subsequent drop in oil price damped this gasification development and 

confined the technologies back to niche applications. Thus, the first commercial gasification plant 

was only implemented in 1999 in the United States [217]. 

Nowadays, the interest in biomass gasification technologies mainly results from concerns 

associated to global warming and fossil fuels depletion, and consequent search for an affordable, 

renewable and clean energy source [67,90]. In comparison with other renewable energy sources, 

biomass has the major advantages of being a non-intermittent source of energy [4,219] and its 

gasification allowing the production of a fuel gas that can fit in the current carbon-based energy 

infrastructure through diverse thermal, power and synthesis applications [26,123,220], for 

example production of hydrogen [221,222], FT-liquids [216], DME [75] and methanol [74], and 

application in IGCC technologies [223,224] with CO2 capture [216], SOFCs [225,226] or ICEs 

[227]. 

Despite these advantageous aspects, gasification technologies commercial breakthrough has been 

hindered by various technical and economic aspects that turned the process unprofitable in diverse 

scenarios [58–60] and, consequently, gasification implementation has not been as prominent as 

expected in the last decades [90,103,218]. Currently, CHP from gasification is mainly applied at 

small-scales due to biomass feedstock collection representing a barrier for the establishment of 

large-scale gasification plants, and small-scale decentralized gasification systems showing 

advantages for the effective use of locally produced biomass [90,228,229]. In the future, it is 

expected that CHP remains dominant at a small-scale while biofuels and biochemicals synthesis 

become more relevant for large-scale gasification plants [103]. In fact, large-scale gasification 

processes are argued to be more suitable for efficient biofuels and biochemicals production due 

to its efficiency to investment ratio [90] and scaling-down issues of advanced catalytic synthesis 

processes. Accordingly, it is expected that large-scale gasification technologies represent a main 

role in various biorefinery designs, that are currently under development, for the production of 

high quantities of high-value biofuels and biochemicals with viable process economics 

[26,150,153,158,159]. For this purpose, development and implementation of reliable large-scale 

gasification systems are required. 

In this work, the current state, progress and utilization of industrial-scale (>3 MWth) gasification 

plants in Europe is analyzed. For this purpose, conventional gasification technologies were 

determined and evaluated, and large-scale gasification plants implemented in Europe were 

summarized according to various parameters, including state of operation, location, technology 

type, installed power and investment costs. Thus, the degree of large-scale gasification plants 

implementation in various European countries was determined. Based on this, current challenges, 

potential breakthroughs and future trends for large-scale gasification processes implementation 

in Europe are discussed. 
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2.2.3 CONVENTIONAL GASIFICATION TECHNOLOGIES 

Gasification is the thermochemical conversion of a carbonaceous feedstock into a mixture of 

combustible gases with various potential applications [230]. This complex process is composed 

by various thermochemical phenomena without clear boundaries, which often overlap, and whose 

principal chemical reactions are those involving solid carbon, H2O, CO, CO2, H2, H2O, light 

hydrocarbons and tar compounds (e.g., naphthalene, indene, BTX) [50,65]. In a typical biomass 

gasification process, the biomass is firstly dried and then undergoes through thermal 

decomposition. Afterwards, the resulting products react among themselves and with the 

gasification agent, forming the final gaseous product [50]. This product is commonly 

denominated by PG and is a mixture of various components, such as CO, CO2, H2, light 

hydrocarbons (e.g., C2H2, C2H4, C2H6 and C3H8), unconverted tars and particles. The raw PG is 

only suited to be used as fuel in thermochemical applications but can be cleaned and refined to 

be suitable for the catalytic synthesis of liquid fuels and chemicals or other appliances 

[26,75,225].The current commercially available gasification technologies are classified according 

to various parameters, including the heat supply method, gasifying agent used and reactor design 

[66]; The choice of these parameters has a major influence on the quality of PG and the efficiency 

of the process.  

The gasification process can be autothermal or allothermal depending on the necessity of an 

external heat source to support the endothermic gasification reactions. In the autothermal regime, 

also know as direct process, the gasifying agent contains O2 to promote a controlled partial 

oxidation of the biomass inside the gasifier for heat generation. In the allothermal regime, also 

known as indirect process, the gasifying agent does not contain O2, which means that heat must 

be provided by an external source [50]. Direct gasification is technically easier to perform than 

indirect gasification and has lower investment costs [86], thus being more suitable for lower-scale 

implementation [90]; However, when using air as gasification agent, the resulting PG will be 

diluted in N2 and consequently have lower calorific value [4,227]. The heat supply method has 

significant impact on the process and will influence the desired reactor design, further impacting 

the obtainable products. 

The conventional biomass gasification technologies can be divided in three main types of reactor 

designs, namely fixed bed, fluidized bed and entrained flow, which are currently the most 

common options for biomass gasification implementation at demonstration and large-scale in 

Europe (Section 2.3). All these designs present advantages and disadvantages and the selection is 

dependent on the scale of operation, feedstock characteristics and desired downstream PG 

application (Figure 2.10).
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Figure 2.10 – General characteristics of conventional gasification technologies.
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2.2.3.1 FIXED BED 

The fixed bed gasifiers are the pioneer reactor design for gasification (Figure 2.11) [90]. Fixed 

bed gasifiers are mainly suited for small-scale operation, up to some MWth, and are mainly divided 

in updraft and downdraft configurations [50,66]. These reactors are characterized by having the 

gasification process taking place in a fixed bed, in which different reactions occur in different 

zones [50,66]. Both updraft and downdraft types of reactors allow the attainment of high 

temperatures and efficiency but present poor mass and heat transfer characteristics, making it 

difficult to achieve uniform temperature and gas composition at the cross sections of the reactor 

[113]. Updraft and downdraft configuration differ in terms of the product gas flow direction and 

the zone where the gasification agent is introduced, thus influencing the contact between the 

gasifying agent and the biomass fed and consequently changing the order and location of the 

reaction zones (Figure 2.11), and the quality of the PG [50,66,70].  

In the updraft design (Figure 2.11, (a)), the gasifier agent is introduced at the bottom of the reactor, 

and the PG is released at the top, where the biomass is fed. Therefore, the biomass and gasifying 

agent move in counter-current. This leads to two main factors that highly influence the impact of 

this design on the process efficiency and PG quality. On one hand, the PG will be in contact with 

the biomass in the drying zone, leading to its sensible heat being used to dry the biomass. On the 

other hand, the PG immediately flows to the cooler part of the reactor after formation, leading to 

low tar cracking into gases and low pyrolysis gases oxidation [90]. Accordingly, this design is 

capable of using biomass feedstocks with high moisture content (up to 60 %wt) [90], but is 

becoming obsolete and considered only viable in immediate thermal applications due to the high 

tar concentration present in the PG (10-150 g/Nm3) [78,91]. In fact, updraft gasifiers are the 

simplest and were the first type of gasifier developed [231]. 

 

Figure 2.11 – Schematic representation of an updraft (left) and downdraft (right) gasifier. 

In the downdraft design (Figure 2.11 (b)), the biomass is also fed on the top of the gasifier, 

however, the gasification agent is introduced at the sides or at the top, and the PG exits at the 

bottom. Thus, the biomass and the gasifying agent move in co-current flow [90], leading the 

pyrolysis gases to flow through a high temperature oxidation zone, which causes the cracking and 

oxidation of tars [50,66]. Consequently, the tar concentration in the PG will be low (0.01-6 g/Nm3) 

[50,66]. On the other hand, this also causes the oxidation of the pyrolysis gases, consequently 

decreasing the heating value of the PG. Furthermore, in this design, the heat transfer between the 

hot and cold zones is poor, restricting the usage of biomass feedstocks with moisture content over 

30 %wt, and the residence time of biomass is low, due to the drag force of the gasifying agent 

being aligned with gravity, which promotes lower carbon conversion efficiency. The low tar 
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content present in the PG simplifies the gasification process and turns this gasifier configuration 

highly suitable for small-scale CHP applications (10 to 1 MWth) [50,90,232], however, its 

capacity is limited to a feed rate of approximately 500 kg/h due to physical limitations of the 

reactor diameter in relation to the particle size [213]. 

2.2.3.2 FLUIDIZED BED 

Fluidized bed gasifiers (Figure 2.12) are divided in BFBs and CFBs and can have installed power 

over 100 MWth [66]. The principle of gas-solid fluidization is the basis of these reactors, in which 

the fuel together with the inert bed material behaves like a fluid when interacting with the upward 

gasifying agent flow [70]. By adopting the fluidization mechanism, the fluidized beds offer 

enhanced mass and heat transfer characteristics and more homogenous temperature distribution 

at the cross section of the gasifier, leading to higher gas yield and carbon conversion efficiency, 

in comparison with fixed bed gasifiers. Thus, these designs are more suited for large-scale 

applications [90,113,218]. The fresh reactor bed is constituted by nonfuel granular solids that act 

as heat carriers and the gasifying agent is inserted at the bottom of the reactor at a velocity that 

induces the desired level of fluidization [50]. Silica sand is the most common option for bed 

material due to its abundancy and price, however, using other solids, particularly those that exhibit 

some catalytic activity, such as olivine, limestone and dolomite, can improve tar cracking and 

consequently increase the quality of the PG [66,70,100]. Tar concentration in fluidized beds 

typically revolves between 1 to 30 g/Nm3, thus being between the values reported for downdraft 

and updraft gasifiers (Section 2.1.3.3) [50,66,70,78]. These designs are also suited to be 

pressurized, which can be an interesting strategy when the downstream application for the PG 

requires a pressurized input, and may lead to higher throughput capacity [70]. 

 

 

Figure 2.12 – Schematic representation of a BFB and CFB gasifier. 

The BFBs operates with a fluidization velocity three to five times lower than CFBs, thus working 

in a bubbling regime in contrast with a turbulent state [90]. Furthermore, in BFBs there is always 

incomplete carbon conversion due to small char particles entrainment and elutriation [68]. When 

the particle terminal velocity becomes lower or equal to the superficial gas velocity in the reactor 

(resulting from devolatilization and gasification), the char is entrained and elutriated with the 

exhaust gas, contributing to lower carbon conversion efficiency [68]. The CFB design minimizes 

this issue by recirculating elutriated char particles back to the reactor bed. For this purpose, CFBs 

designs integrate high temperature cyclones and particle separators to capture and recycle solids 
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back into the gasifier [92]. This increases the solid residence time and carbon conversion 

efficiency, and may also promote lower tar concentration in the PG, in comparison with BFB 

gasifiers  [78,90,92]. However, this is achieved at the expense of a much more complex operation 

and higher investment and operation costs [90]. 

The hydrodynamics characteristics of these fluidized bed reactors, such as the heat and mass 

transfer characteristics and the possibility for solid circulation between different reaction zones 

of even between different gasifiers [101], turn this type of reactors suitable for specific regimes 

of operation. For example, the dual fluidized bed (DFB) configuration (Figure 2.13), which 

typically consists in the combination of a BFB and a CFB, is the most common technology to 

perform indirect gasification [101,233]. The principle beneath this design is the physical 

separation of the endothermic gasification reactions and exothermic combustion reactions [233].  

In a typical DFB design, one BFB reactor is operated in indirect gasification regime and one CFB 

reactor under combustion regime to supply the necessary thermal energy for the endothermic 

gasification reactions [66]. Thus, biomass is fed into the BFB gasifier along with the gasifying 

agent (e.g., steam), where endothermic gasification reactions occur [66,98]. The resulting residual 

char is transported with the bed material to the CFB combustor where it is burnt with air [66]. 

After gas-solid separation in the high temperature cyclone, the hot bed material is recirculated 

from the CFB combustor to the BFB gasifier, transporting the required thermal energy for the 

endothermic gasification reactions [66,98]. The contact between the gas streams of each reactor 

is avoided by using loop seals fluidized with inert gases [101]. The BFB gasifier employs a higher 

thermal load than the CFB combustor, for example a thermal load ratio of 3:2 [202]; the CFB 

combustor can stand alone operation dedicated to CHP production and chars from the BFB 

gasifier can sustain the process as main fuel, with recirculated byproducts from the downstream 

processes serving as supplementary fuels [202].  

Under this typical configuration, it may be required to combust part of the PG or natural gas to 

sustain the process under certain conditions (e.g., start-up), therefore adding external biomass 

feeding to the CFB combustor may simplify the process and reduce operational costs [202]. The 

PG quality can also be improved by using a bed material in the BFB gasifier with catalytic 

properties [234], since the bed can easily be regenerated during its circulation between the 

gasification and combustion reactor [66]. To avoid the complexity of circulating bed material, 

heat pipes connecting the two reactors can be integrated for heat transportation [101]. In this case, 

the heat pipes are closed and contain a liquid acting as heat carrier that evaporates in the 

combustion reactor and condenses in the gasifier reactor (e.g., Biomass Heatpipe Reformer) 

[101].  

In the DFB configuration, the gasifying agent does not contain N2 and, consequently, the PG will 

present higher combustible gases concentration and higher heating value, in comparison with PG 

obtained from direct (air) gasification in a single BFB or single CFB. However, the addition of a 

second fluidized bed significantly increases the costs and complexity of the system [94]. In theory, 

the DFB design generates a PG with a composition comparable to that obtained in direct 

gasification with steam/oxygen used as gasifying agent [101], thus it also represents a trade-off 

between the additional fluidized bed and the employment of an air separation unit. Currently, two 

DFB designs have been implemented at demonstration and industrial scales, namely the Güssing 

DFB gasification process, which is analogous to the DFB design described above, and the 

SilvaGas gasification process, initially developed by Battelle, which comprises two CFBs 

[66,101]. Further development of the indirect gasification process aims to combine the 

gasification and combustion zones in one reactor, by having the gasification zone surrounded by 

the combustion zone [66], and the heat circulated internally [101]. Examples of these designs 

include the ECNs MILENA gasifier [105], among others [106–108], which are still under 

development [101]. 
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Figure 2.13 – Schematic representation of a DFB gasifier. 

2.2.3.3 ENTRAINED-FLOW 

Entrained-flow reactors are characterized by operating in direct gasification regime with O2 as 

oxidant, employing very high temperatures (up to 1600 ºC), requiring the preprocessing of the 

feedstocks in very fine particles (less than 100 μm), having high complexity and investment costs, 

and, consequently, being more suited for extremely large applications (>100 MWth) 

[66,90,93,94]. The high temperature employed promotes the thermal conversion of tar, light 

hydrocarbons (including CH4) and solid carbon, with carbon conversion efficiency attaining 

values close to 100 % [50]. Thus, in comparison with other gasifier designs, the composition of 

the obtained PG is significantly closer to chemical equilibrium [70]. In conventional entrained-

flow reactors (Figure 2.14) the feedstock is inserted by a high-velocity gasifying agent jet that 

forms a recirculation zone near the entry point [50]. Thus, as it is observed in downdraft gasifiers, 

this type of reactor operates in co-current flow. Fuel particles are rapidly heated by radiative heat 

from the hot walls of the reactor and downstream hot gases, and start burning with the available 

O2. Therefore, the majority of the fuel is consumed near the entrance zone through devolatilization 

and partial oxidation [50]. Afterwards, downstream of the devolatilization/combustion zone, O2 

is no longer available and the residual char undergoes gasification reactions in a reduction 

environment [50]. This type of reactor has been highly applied for large-scale gasification of coal, 

petroleum coke and refinery residues, however, biomass has significant distinct properties than 

these materials, including ash behavior, feeding and pressurizing properties [50,235]. In fact, the 

suitability of this kind of reactor for lignocellulosic biomass gasification is debatable [50] due to 

a number of factors:  

1. Woody biomass has non-suitable properties for this process and consequently require 

expensive and energy intensive feedstock pre-treatments (e.g., torrefaction and grinding 

[26,31,179]). In fact, grinding fibrous biomass to a particle size below 100 µm needs 

significant energy consumption and is highly difficult [50]. 

2. The high temperature employed in this reactor causes the melting of biomass ash, whose 

melting point is significantly lower than coal ash due to its alkali content [50]. This 

biomass molten ash is highly aggressive and can cause significant fouling in the reactor, 

consequently decreasing the gasifier life span [50]. 
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Thus, regarding biomass feedstocks, this type of reactor is being considered mainly for the 

gasification of black liquor in the PP industry. The specific developed reactor design is 

denominated by Chemreq and was developed by a company in Sweden [171]. In this entrained-

flow reactor, the black liquor is atomized with O2, forming very small particles (~100 µm), and 

the gasification takes place at significantly higher temperatures (~1050 ºC) and pressures (~30 

bar) [171,172] than in conventional biomass gasifiers [4]. 

 

Figure 2.14 – Schematic representation of an entrained-flow gasifier. 

2.2.4 STATUS IN EUROPE 

In this Section, it is analyzed and evaluated the status of gasification technologies in Europe, 

focusing on Sweden, Finland, Germany, The Netherlands, Austria, Denmark and Italy. In Table 

2.7, it is shown current industrial-scale (>3 MWth) gasification plants in Europe, according to 

operation status, location, technology, inputs and outputs. In Table 2.8, the typical composition 

of the PG obtained in some of these plants is shown. In Figure 2.15, it can be observed the spatial 

distribution of these projects in Europe.
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Table 2.7 – Industrial-scale (>3 MWth) gasification plants in Europe. 

Reference Plant Status Location Reactor type Capacity Input Final output 

[103,173,174] Oberwart On hold Austria DFB 

9 MWth input 

3 MWe power output 

4 MWth heat output 

Wood chips CHP 

[103] Güssing On hold Austria DFB 
8 MWth input 

3 MWe power output 
Wood chips CHP 

[66,103,174,198]  Harboøre Operational Denmark Updraft 

4 MWth heat input 

2 MWth heat output 

1 MWe power output  

Wood chips CHP 

[103,173,174] Pyroneer Canceled Denmark CFB 6 MWth heat output Wheat straw Heat 

[173] 
Sindal District Heating 

Company 
Operational Denmark Updraft 

9 MWth input 

5 MWth heat output 

1 MWe power output 

Wood wastes CHP 

[236] Skive Operational Denmark BFB 

20 MWth input 

6 MWe power output 

12 MWth heat output 

Wood pellets CHP 

[174] Kiteen Lämpö Oy Operational Finland Updraft 6 MWth heat output Wood chips Heat 

[173] Jalasjaerven Lämpö Oy Operational Finland Updraft 6 MWth heat output 
Wood chips, 

pellets and peat 
Heat 

[174] 
Ilomantsin district 

heating 
Operational Finland Updraft 6 MWth heat output 

Wood chips and 

peat 
Heat 

[174,208] Varkaus Stora Enso Operational Finland CFB 12 MWth input 
Bark and wood 

wastes 

Fuel gas to 

lime kiln 

[174] 
Kauhajoen Lämpöhuolto 

Oy 
Operational Finland Updraft 13 MWth heat output 

Wood chips and 

peat 
Heat 

[174] 
Metsä Fibre Oy, Joutseno 

Mill 
Operational Finland CFB 48 MWth input 

Bark and wood 

wastes 

Fuel gas to 

lime kiln 

[173,174,208,237] Varkaus Corenso Operational Finland BFB 50 MWth h input Plastic wastes Syngas 

[173,238] 
Lahti Energia Kymijärvi 

I 
Operational Finland CFB 70 MWth input Wood wastes CHP 
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Table 2.7 – (cont.). 

Reference Project name/owner Status Location Reactor type Capacity Input Final output 

[173] 
Metsä Fibre Oy, 

Äänekoski   Mill 
Operational Finland CFB 87 MWth output Bark 

Fuel gas to 

lime kiln 

[173,174] 
Lahti Valmet Kymijärvi 

II 
Operational Finland CFB 

160 MWth input 

50 MWe power output 

90 MWth heat output 

SRF CHP 

[174,239] Bioliq Operational Germany 
Pressurized 

entrained flow 

5 MWth input 

608 t/y gasoline-type fuels 

output 

Straw 
DME and 

gasoline 

[173] RegaWatt Abensberg    Operational Germany Updraft 
4 MWth heat output 

2 MWe power output 
Woody biomass CHP 

[173,201] Blue Tower On hold Germany Specific design 13 MWth input Wood wastes H2 

[240] 
Stadtwerke Ulm/Neu 

 
Operational Germany DFB 

15 MWth input 

5 MWe power output 
Wood chips CHP 

[173] 
Muensterland Energy 

Gmbh    
Operational Germany Downdraft 

8.6 MWth heat output 

6 MWe power output 

Wood pellets 

and chips 
CHP 

[173,241] 
Waermeversorgung 

Grossenhain 
Operational Germany BFB 

21 MWth heat output 

6 MWe power output 
Woody biomass CHP 

[240] 
Choren Freiberg BtL 

production β-plant 
On hold Germany Entrained flow 

45 MWth input 

2 m3/hour FT diesel 
Wood chips FT diesel 

[173,174, 

242] 

Duchi Fratelli Societa 

Agricola/Agroenergia 
Operational Italy Downdraft 

7 MWth input 

1 MWe power output 

3 MWth heat output 

Wood chips CHP 

[173,174, 

243] 
Rossano Calabro Operational Italy Specific design 

20 MWth input 

4 MWe power output 

Wood and 

agricultural 

wastes 

Electricity 

[173,174] 
LTU Green Fuels 

DP1+DME pilot 
On hold Sweden Chemrec 

3 MWth input 

2 MW syngas output 

4 t/day DME 

4 t/day methanol 

Black liquor 

and pyrolysis 

oil 

Syngas, 

DME and 

methanol 

  



Daniel Torrão Pio 

55 

 

Table 2.7 – (cont.). 

Reference Plant Status Location Reactor type Capacity Input Final output 

[173,174] Chalmers gasifier Operational Sweden DFB 4 MWth heat output Woody biomass Heat 

[174,244] 
Växjö Värnamo Biomass 

Gasification Center AB 
On hold Sweden CFB 

18 MWth input 

6 MWe power output 

8 MWth heat output 

Woody biomass 

and agricultural 

wastes 

CHP and 

syngas 

[103,104,174,201,202] GoBiGas Cancelled Sweden DFB 

32 MWth input 

3 MWe power input 

11 MWth heat output 

20 MWth methane output  

Wood wastes 
Heat and 

SNG 

[174,205,242] Värmlandsmetanol AB 

Awaiting 

investment 

(390 M €) 

Sweden CFB 

125 MWth input 

130000 m3/year methanol 

output 

Woody biomass Methanol 

[174,205,245,246] Bio2G 

Awaiting 

investment 

(450 M €) 

Sweden 
Pressurized 

BFB 

345 MWth input 

200 MWth SNG output 

55 MWth heat output 

15 to 23 MWe power output 

Wood wastes 
CHP and 

biomethane 

[173,247] 
Kombi Power System 

Charmey 
Operational Switzerland Updraft 

5 MWth heat output 

1 MWe power output 
Wood chips CHP 

[173,242,247] Puidoux Woodgasifier    Operational Switzerland Updraft 

6 MWth input 

5 MWth heat output 

1 MWe power output 

Wood chips CHP 

[174] CFB Tzum On hold 
The 

Netherlands 
CFB 3 MWth heat output 

Chicken 

manure 
CHP 

[173,248] Baas Energie BV Operational 
The 

Netherlands 
Updraft 

5 MWth input 

4 MWth heat output 

0.5 MWe power output 

Wood chips CHP 

[173,174] 
ESKA Waste Paper 

Rejects Gasification 
Operational 

The 

Netherlands 
CFB 

15 MWth input 

12 MWth heat output 
Paper wastes Heat 
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Table 2.7 – (cont.). 

Reference Plant Status Location Reactor type Capacity Input Final output 

[249] BioMCN Farmsum Operational 
The 

Netherlands 
Specific design 

200000 ton/year methanol 

output 
Glycerin Methanol 

[173,250] BioMCN Groningen Operational 
The 

Netherlands 
Specific design 

413000 ton/year methanol 

output 
Wood chips Methanol 

[103,174] 
Wood gasifier RWE 

Essent 
On hold 

The 

Netherlands 
CFB 

85 MWth heat input 

34 MWe power output 

Wood wastes 

and RDF 
Power 

[173] GoGreenGas 
Under 

construction 

United 

Kingdom 
Fluidized bed 4 MWth input 

RDF and waste 

wood 
SNG 
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Table 2.8 – Average composition (H2, CO, CO2, CH4, N2, CxHy and tar) and LHV of the PG from different commercial gasifiers (>3 MWth) in Europe. 

   Gas composition [%v, dry gas]   

Reference Plant/Company Gasifier design H2 CO CO2 CH4 N2* CXHY LHV [MJ/Nm3]* Tar [g/Nm3] 

[200] Oberwart DFB 39 25 22 10 2 3 11 nr 

[201] Güssing DFB 37 31 17 9 3 2 11 3 

[174] Harboøre Updraft 19 29 9 4 41 nr 7 nr 

[251] Pyroneer CFB 8 15 18 10 34 nr 6 nr 

[174] Skive BFB 16 20 12 4  nr 6 nr 

[205] Lahti Energia Kymijärvi I CFB 11 15 18 5 51  4 10 

[252] Bioneer Updraft 11 30 7 3 49 nr 6 75 

- Metsä Fibre Oy, Äänekoski   Mill CFB 6 9 12 3  2 5 24 

[253] Bioliq Pressurized entrained-flow 31 33 23 0 15 nr 8 nr 

[207] Stadtwerke Ulm/Neu DFB 38 23 22 11  4 13 14 

[254,255] Choren Freiberg BtL production β-plant Entrained-flow 34 41 24 0 1 nr 9 nr 

[256] PRMES Model KC-18 Gasifier Specific design 14 18 12 5 50 nr 5 nr 

[206] LTU Green Fuels DP1+DME pilot Chemrec (Entrained-Flow) 38 26 33 1 1 nr 8 nr 

[207] Chalmers gasifier DFB 40 14 30 6 4 2 9 12 

[257] Växjö Värnamo Biomass Gasification Center AB CFB 11 18 16 7 50 nr 6 10 

[202] GoBiGas DFB 40 24 20 9 5 2 10 1 

[258] Puidoux Woodgasifier Updraft 18 27 nr 4 nr nr 7 nr 

[259] ESKA Waste Paper Rejects Gasification CFB 4 6 15 3 66 3 4 15 

[238] Wood gasifier RWE Essent CFB 11 13 15 4 51 nr 6 nr 
*- N2 in DFB designs often result from inserting N2 to pressurize feeding silos; LHV was sometimes determined by the author using the methodology detailed in [4]; nr – not referred.
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Figure 2.15 – Industrial-scale (>3 MWth) gasification plants in Europe, countries participating on 

IEA Task 33. Green – Operational; Yellow – On hold; Red – Cancelled; Blue – Planned.  

2.2.4.1 SWEDEN 

In Sweden, there are several large-scale gasification plant projects for the production of biofuels 

at various stages, however, most of them are currently cancelled or awaiting investment [205]. 

Amongst these, the GoBiGas in Gothenburg can be considered as one of the most relevant, which 

was funded by the Swedish Energy Agency and recognized by the European Commission 

[26,103]. The plant performed the gasification of wood wastes and refined the obtained PG to 

biomethane in a methanation process [26]. The obtained biomethane was mixed and fed in the 

natural gas grid [26]. The plant was in operation from 2014 to 2018, with a 32 MWth thermal load 

capacity and an output of 20 MWth of biomethane [104,202]. It was built to reduce local 

emissions, such as soot particles from buses, as well as restricting GHG emissions [104]. The 

project included two main phases, the first phase was the construction of a demonstration plant to 
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produce 20 MWth of biomethane, and the second was the construction of a commercial plant of 

100 MWth [104]. The first phase accumulated over 12000 hours of operation since 2014 [103]. 

However, due to unfavorable market conditions, particularly the actual price of biomethane not 

following projections and imported biomethane (biogas) from Denmark being cheaper [103], the 

second phase was not initiated [104]. The company decided to stop the project in 2018 due to 

direct production cost being higher that sales revenues [103]. The Chalmers demonstration 

gasifier (4 MWth heat output), which is still in operation [173], served as a pilot plant for the 

GoBiGas project. 

In Sweden, it was also built a pioneer large-scale plant for black liquor gasification, namely the 

LTU Green Fuels plant (Table 2.7). This technology is extremely relevant for the integration of 

gasification in the PP industry. The plant operated under 3 MWth capacity and outputted 4 t/day 

of DME. The DME was used in trucks for transportation purposes, resulting in about 400 tons of 

DME produced and over 80000 km of truck operation [103]. However, when subsidies ended, the 

plant revenues could not support the process costs and commercial operation was stopped [103].  

The largest gasification plant project in Europe is also associated to Sweden, namely the Bio2G 

project, which consists in a 345 MWth pressurized BFB to be located somewhere in the Scania 

province. The plant has suffered significant delays in construction due to other “green” energy 

projects having priority, and is currently on hold and awaiting investment (450 million Euro) 

[205]. The decision regarding its construction is pending on oil prices variations in combination 

with uncertainties in Sweden policies [205]. Nonetheless, a grant of 203 million Euro was 

approved in 2014 [205]. The objective is the production of biomethane for distribution in the 

natural gas grid, thus providing natural gas supply security [245]. The gas cleaning procedure will 

include hot gas filters, catalytic reforming and acid gases removal. Furthermore, the gas will be 

cooled and pressurized to the required conditions of methane synthesis [245].  

2.2.4.2 FINLAND 

In Finland, there are several large-scale gasification plants in operation, such as Joutseno, Lahti 

Energia Kymijärvi I, Lahti Valmet Kymijärvi II, Varkaus Stora Enso, Varkaus Corenso and 

Äänekoski, whose technology has been supplied by Andritz, Valmet, Volter, VTT, among others 

[208]. There seems to be a trend in this country for the use of large-scale gasification processes 

to produce district heating and fuel gas for the PP kilns. Employed gasification technologies 

include BFBs and CFBs at higher scales (12 to 160 MWth) and updrafts at lower scales (6 to 13 

MWth). Amongst these, is the largest gasification plant currently operating in Europe, namely the 

Kymijärvi II located in Lahti, with 7 years of commercial operation [208]. The infrastructure 

includes two 80 MWth atmospheric CFB gasifiers (installed by Valmet) and produces 50 MWe of 

electricity and 90 MWth of district heat [174]. This covers the heating need of 30000 single-family 

homes for an entire year and the annual electricity consumption of 75000 apartments [174]. The 

total investment for this plant was 160 million euros [260]. 

 In the Kymijärvi II plant, the gasifiers are started with natural gas before switching to solid 

recovered fuel (SRF) gasification, which takes place between 850 and 900 ºC. The fuel feeding 

has been reported as working properly, however, some blockages occur due to metals and oversize 

particles present in the SRF [238]. The gas cleaning process includes cooling down and hot 

filtration. The gas cooling is a relevant process because impurities present in the PG from SRF 

(e.g., alkali chlorides) must be removed prior to the gas combustion to avoid corrosion of the 

boiler [174]. Thus, the PG is cooled down from 900 ºC to 400 ºC, to condense these impurities 

while avoiding the condensation of tars. The cooling is performed by a heat exchanger with water 

as working fluid, which is then used to preheat the feedwater to the boiler [174]. The cooled PG 

is cleaned of particulate material by heated filters, which are replaced every 2 to 3 years [174]. 

The combustion boiler contains 4 burners, which are designed to use both PG (4.6 to 5.8 MJ/Nm3) 

and natural gas, and are firstly ignited with natural gas before switching to PG [174,238]. The PG 
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combustion produces a temperature of 850 ºC and the obtained steam temperature and pressure is 

540 ºC and 121 bar, respectively [174]. The plant operated over 6000 hours per year from 2013 

to 2016 [238]. The first year of operation (2012) only had 4267 hours of operation due to carbon-

containing ash clogging the gas filter [238]. This drawback led to the oxidation of these particles 

during start-up and shutdown procedures and consequent local overheating [238]. Thereafter, an 

alternative solution was implemented, involving periodic offline filter cleaning procedures, which 

presented satisfactory results and consequently increased the operation time of the plant [238]. 

Nonetheless, despite the promising results obtained with the operation of the Kymijärvi II plant, 

Valmet has not installed another similar gasification plant elsewhere [238]. 

2.2.4.3 GERMANY 

In Germany, about 400 biomass gasification plants have been built until 2015, providing 

approximately 35 MWe of electricity [90]. In the last decades, several companies have been 

developing and building small-scale gasification plants, namely Burkhardt GmbH, Spanner Re2 

GmbH, Holzenergie Wegscheid GmbH and REGAWATT GmbH [90,103]. A higher degree of 

decentralized small-scale gasification implementation can be found in the country, in comparison 

with large-scale gasification plants implementation, which is a common behavior in the central 

and southern Europe [103]. Nonetheless, some large-scale gasification plants are also in operation 

and development, for example the CHP Agnion Biomasse Heizkraftwerk Pfaffenhofen (45 

MWth), which seems to be the largest plant in operation, however, information about this 

infrastructure is scarce and uneven [174,240], thus it was not considered here for further analysis. 

Another large-scale facility in operation is the Waermeversorgung, which includes a 21 MWth 

input BFB [173,241], and is located in Grossenhain. The largest DFB gasification plant currently 

in operation in Europe is also located in Germany, specifically in Neu-Ulm. This infrastructure 

presents a thermal load of 15.1 MWth and an output of 4.6 MWe [240], and has been in operation 

since 2011 [174]. The plant employs a gas engine and an ORC [174], and provides power for 

21000 inhabitants of Senden, a town in the district of Neu-Ulm, Germany [240]. 

In Germany, the planning, construction and operation of large-scale gasification plants for the 

production of synthetic fuels, such as bioliq, Choren Freiberg BtL production β-plant and Blue 

Tower facility, is also occurring. The bioliq is composed by a 2 MWth fast pyrolysis reactor 

coupled with a 5 MWth pressurized entrained flow gasifier (up to 8 MPa) [240]. The facility is a 

demonstration plant for the bioliq process, which was developed at the Karlsruhe Institut für 

Technologie (KIT), and seeks the production of DME and gasoline from biomass [240]. The β-

plant of Choren in Freiberg is planned to be a BtL 45 MWth plant based on biomass gasification 

in an entrained flow gasifier (Carbo-V process) in combination with FT synthesis, for the 

production of  2 m3/hour of FT liquids [240]. The plant is in a commission phase and the 

investment costs are reported to be approximately 190 million euros [240]. The Choren 

Industrietech-nik Carbo-V concept for air-blown gasification of biomass was initially tested in a 

1 MWth alpha pilot in Freiberg in 2003 [26]. The Blue Tower project remounts to 2009 [174], and 

is reported to be planned for construction in Herten [240]. The project concept includes a multi-

stage reforming process to produce H2 from wood wastes (roadside greenery) [174]. It seems the 

project is currently on hold and awaiting an investment of 25 million euros [173,240]. 

2.2.4.4 THE NETHERLANDS 

In The Netherlands, due to the country specificities, the biomass resources are limited and there 

is an even higher focus in gasifying wastes (e.g., wood and plastics), with various projects 

currently under research and ongoing [103,174,249]. The Essent/RWE wood waste gasifier is the 

largest plant built in the country and includes an 85 MWth CFB reactor based on Lurgi technology 

[103]. This infrastructure is connected to a 600 MWe coal-fired power plant and was operated 

from 2001 to 2013 at approximately 5000 hours per year, with interruptions caused by feeding 



Daniel Torrão Pio 

61 

 

issues and tar related fouling [249]. Subsidies on renewable power for this plant ended in 2013 

and since then the gasifier has been offline [261]. In this respect, new options to attain an 

economically viable operation, such as gasifying cheaper waste materials, have been under 

research [249,261].  

In this country, another relevant large-scale gasification plant is the BioMCN in Delfzijl, which 

produces methanol from biomass, with an output capacity of 200 kton/year, representing the 

second largest biofuel plant in the world [249]. The process is based on the gasification of crude 

glycerin, thus turning biodiesel synthesis into a more sustainable process by reducing the problem 

of surplus glycerin disposal [26]. BioMCN has another plant planned for the production of more 

400 kton/year of methanol, which seems to have started operating recently [250]. For this 

installation, a grant of 199 million euro through European NER300 innovations program was 

obtained [249].   

Another large-scale gasification plant was installed by ESKA at Hoogezand in 2016. The 

infrastructure is currently in operation and includes a 15 MWth CFB plant for the gasification of 

paper rejects from the manufacturing process of high quality solid board [103,173]. The main 

objective is the production of fuel gas to replace natural gas in the manufacturing process of solid 

board [262]. The plant also comprises a boiler for the production of steam (5 to 16 ton/hour at 

196 ºC and 13.6 bar) [259]. During the operation of this plant, the following challenges have been 

identified: difficulties to maintain continuous full capacity, large variation in the composition and 

LHV of the PG and blockages in the gasifier and boiler [259]. 

2.2.4.5 AUSTRIA 

In Austria, implementation of gasification technologies is scarce and the focus has been more 

centered on small-scale gasification for CHP (e.g., Urbas Energietechnik, 100 to 150 kWe), 

because large-scale gasification plants operation seldom is economically viable [90,103,263]. 

Regardless, the most successful and commercial indirect gasification system was developed by 

the Vienna University of Technology, namely the Güssing type DFB gasifier [15,101,263], which 

is highly suitable for large-scale operation. This concept of gasifier (described in Section 2.2.3) 

has been installed in Austria, Germany (Neu-Ulm plant) and Sweden (GoBiGas project), with 

different thermal load capacities [66,101,103].  

The two largest gasification plants built in Austria, namely at Güssing and Oberwart, included 

this concept of DFB gasifier. However, both the Güssing and Oberwart plants were closed due to 

economic reasons [103]. Regarding the Güssing plant, the operation was economically viable 

from 2001 to 2016 due to supporting tariffs, which ended recently, leading the owners to stop the 

operation [103,263]. The PG from this plant was used in various research projects, including 

production of FT diesel and SNG and application in SOFCs [263]. From a technical viewpoint, it 

is argued that the plant could still be operated for several years [103,263]. The Oberwart plant 

and the Güssing plant shared similar designs, particularly the gasification process occurring in a 

Güssing type DFB gasifier and the PG cleaning performed in a bag filter followed by a tar 

scrubber; after cleaning, the PG was used in two gas engines for power generation [263]. In this 

process, the PG is cooled immediately after the gasification reactor to the necessary operation 

temperature of the bag filter (<200 ºC), which may lead to tar condensation in the gas coolers and 

consequent fouling during operation [264]. The main differences between these two plants were 

the installation in the Oberwart plant of a larger gasification reactor, with increased inner reaction 

volume in relation to the thermal biomass input, a biomass drying unit and an ORC for electric 

efficiency increase [263,264]. This infrastructure was also in operation for several years, namely 

from 2008 to 2015 [263]. 
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2.2.4.6 DENMARK 

In Denmark, there has been a green and sustainable energy policy since the oil embargo in 1973 

[236]. Accordingly, there are various subsidies to support gasification projects, however, it is 

questionable if they are sufficient and as attractive as other green energy subsidies available in 

the country, for example subsidies for biogas [236]. In this country, 4 large-scale gasification 

plants were implemented, namely Harboøre, Pyroneer, Sindal, and Skive, with capacities of 4, 6, 

9 and 20 MWth, respectively (Table 2.7). Amongst these, the gasification plants in Harboøre and 

Skive have been operating for several years with success [103], while the Sindal plant has started 

operation more recently (2018) [173], and the Pyroneer plant was mothballed in 2015 after 4 years 

of operation [236]. The Harboøre plant is composed by a 3.7 MWth updraft gasifier with an output 

of 1 MWe power and 2 MWth heat [236]. The plant operates 8000 hours per year and supplies heat 

to approximately 700 consumers [236]. The plant includes an updraft gasifier with an ash 

extraction system, air humidifier, gas cooling and cleaning system, two ICEs for CHP and a waste 

water cleaning system [236]. The Skive gasification plant is composed by an 20 MWth BFB 

gasifier with an output of 6 MWe power and 11.5 MWth heat [236]. The PG is cleaned in a catalytic 

process and used in three ICEs for CHP application [236]. The produced heat is consumed in the 

local district heating network and the electricity is sold to the grid  [236]. The plant seeks to be 

further upgraded to use the gas for the synthesis of gasoline and other biofuels [103].  

2.2.4.7 ITALY 

In Italy, there has been a long and significant focus on the energetic valorization of biomass 

wastes, with gasification attracting considerable interest [265]. In this country, gasification plants 

are mostly confined to small-scales, with over 150 biomass gasification plants installed with 

capacities between 100 and 150 kWth [90]; only two plants were found over 3 MWth (Table 2.7) 

[174,265]. The total nominal power installed seems to be around 50 MWth, with a higher number 

of plants located in the north of Italy due to the presence of forestry industry [103]. However, 

there are various commercial gasifier technologies installed in almost all Italian regions [265]. 

The designs implemented are essentially downdraft gasifiers, developed and supplied by ESPE 

SRL and CMD SpA [103,265]. This design has been preferred due to the production of a PG with 

low tar concentration, thus not requiring filters and increasing the system reliability at long term 

[103]. These aspects show that the use of gasification for biofuels production has not been a 

priority in this country. Nevertheless, gasification processes are being researched in the Enea 

Trisaia Research Center, which is a R&D infrastructure focused on the development of 

gasification technologies [265]. In this infrastructure, various pilot-scale gasification reactors (10 

kWth to 1 MWth) are under research, including DFB, downdraft, CFB, multi-stage and updraft 

designs [265]. Primary and secondary PG cleaning methods are being researched to reduce 

particle and tar concentration. In this respect, the integration of a high-temperature gas 

purification system in the freeboard of a 1 MWth BFB showed promising results, namely a particle 

removal efficiency of 99 % from the PG [265]. 

2.2.5 FUTURE TRENDS AND PERSPECTIVES 

Europe has been a pioneer in the development and implementation of biomass gasification 

technologies, with significant research and technological development performed [266]. 

Germany, The Netherlands, Finland, Denmark and Sweden are leaders in this area with several 

distinct types of gasification technologies planned and implemented at a commercial level. In the 

southern and central Europe, gasification technologies are more relevant at small-scales, while in 

the northern Europe large-scale installations have been more relevant [103], which can be 

associated to district heating necessities. In fact, Nordic countries have always been forerunners 

in the development of large-scale biomass thermal and co-generation plants [202]. The investment 

costs of industrial-scale (>3 MWth) gasification plants in Europe can be grossly placed between 
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171 and 1000 €/kWth (611 €/kWth average) for CHP generation and between 1304 and 5000 

€/kWth (3114 €/kWth average) for bioproducts synthesis (Table 2.9). 

Table 2.9 – Investment costs of different industrial-scale (>3 MWth) gasification plants in Europe. 

Reference Plant 
Capacity 

[MWth input] 
Investment [M€] 

Investment 

[€/kWth] 

[238] Varkaus Corenso 50 20 400 

[238] Lahti Energia Kymijärvi I 70 12 171 

[238] Lahti Valmet Kymijärvi II 160 160 1000 

[238] 
ESKA Waste Paper Rejects 

Gasification 
15 14.5 967 

[238] Wood gasifier RWE Essent 85 44 518 

[103] GoBiGas 32 160 5000 

[103] Värmlandsmetanol AB 125 390* 3120 

[103] Bio2G 345 450* 1304 

[240] 
Choren Freiberg BtL 

production β-plant 
45 190* 4222 

[240] Blue tower 13 25* 1923 
*- Predicted necessary investment for planned large-scale gasification plants 

Currently, various shifts can be observed regarding gasification implementation in Europe in 

recent years and several trends can be predicted for the future. For example, in the last years 

several new large-scale gasification plants were planned or built, while others were closed [103]. 

Furthermore, using clean and expensive woody biomass is no longer considered economically 

viable for gasification processes [103]. Using expensive feedstocks to obtain PG turns the 

gasification process unprofitable in almost all scenarios. Thus, the scientific community is highly 

focused on developing and improving gasification and co-gasification technologies to use various 

abundant low-cost wastes (e.g., wood wastes, plastics and sludges) as feedstock [3,267,268]. The 

valorization of these wastes can help overcome their disposal problem, consequently increasing 

the sustainability of waste management and energy supply in the future [3,269]. For example, 

RFB resulting from forestry operations increases wildfire risks when left on site [176] and 45 % 

of the wastes generated (25 % being MSW) in the EU are still disposed in landfills, constituting 

several environmental risks [3]; both these low-cost wastes are potential feedstocks for 

gasification and co-gasification processes. Furthermore, mixing distinct feedstocks can lead to 

synergistic effects and be used as a technique to achieve desired PG quality and consequently 

reduce gas cleaning needs [3,270]. In fact, various large-scale gasification plants are already 

operating on waste feedstocks or seeking potential wastes feedstocks, for example paper rejects 

in the ESKA gasification plant in The Netherlands, glycerin in the BioMCN gasification plant in 

The Netherlands, SRF in the Energia Kymijärvi II gasification plant in Finland and RDF in the 

planned GoGreenGas plant in United Kingdom. 

Another relevant trend is CHP applications becoming more relevant at small-scale gasification 

plants, and biofuels and biochemicals synthesis applications more relevant at large-scale 

gasification plants [103]. On one hand, this is related to the high market potential of decentralized 

small-scale gasification systems for CHP, which allows an effective valorization of local biomass 

resources collection and use  [90]. On the other hand, this is related to scaling-down issues of 

advanced gasification processes, for example BFBs, CFBs and DFBs are not suited for small-

scale implementation; it is also argued that large-scale gasification processes usually offer 

benefits in terms of efficiency to investment ratio [90]. 

In Europe, small-scale gasification implementation has been significantly prominent in the recent 

years, with over 1100 small-scale gasifiers installed [263], and this trend seems to be continued 

in the future. Germany and Italy have been particularly active at implementing small-scale 

gasifiers, with various companies and stakeholders involved. Regarding large-scale gasification 

plants, these are becoming increasingly considered to produce FT-diesel, methanol, SNG and 
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hydrogen, among other bioproducts, and there are already some plants in operation, for example 

the BioMCN in The Netherlands (methanol) and the Bioliq in Germany (DME and gasoline). The 

importance of generating these bioproducts from renewable sources is acknowledged due to 

environmental aspects and policies based on renewable energy sources [263].  

Furthermore, the economy of generating renewable bioproducts from wastes is becoming 

significantly more attractive than power or CHP [238], mainly because it creates a new chain of 

value, contributing to fulfil the goals of circular economy and sustainable development, instead 

of competing with well-established renewable technologies [238], such as waste incineration and 

biomass power plants; this further highlights the interest of large-scale gasification plants. 

Nevertheless, these plants are still having trouble penetrating the market, due to high investment 

costs and economically unviable commercial operation, despite significant quantities of RFB and 

wastes being available [238]. On one hand, these large-scale processes may present issues related 

to biomass availability resulting from biomass seasonality, heterogeneity and local shortage. A 

high amount of local and sustainable biomass supply is required to support large-scale gasification 

plants, and local existing RFB by itself may not be enough to satisfy the needs at all times, which 

means that significant local areas to grow biomass are required. This may lead to the displacement 

of food crops to unused lands and consequent potential conversion of forest to arable lands, which 

may also cause biodiversity harm and increased GHG emissions [24,25]. In fact, it is considered 

that due to the logistical costs of transporting biomass feedstocks from far distances often turns 

bioenergy plants larger than 50 MWth economically unviable [271]. These aspects must be 

addressed when implementing large-scale gasification plants, for example by integrating food and 

bioenergy cropping systems within farmlands [25] and by mixing local existing solid wastes in 

the feedstock, as previously discussed. This further supports the shift to using various types of 

wastes, such as wood and agricultural wastes, sludges, RDF and SRF, as feedstock in large-scale 

gasification plants. On another hand, high-end catalytic synthesis applications require a very high 

quality PG, with high H2/CO molar ratio and low tar and particles concentration [272], among 

other requirements, leading to the mandatory implementation of expensive gas cleaning and 

upgrading processes and equipment (e.g., water-gas shift reactor, H2S and CO2 scrubbers, 

OLGA/RME scrubber, ceramic filters, bag filters), which have significant investment and 

operating costs.  

Based on these aspects, it can be stated that without significant supporting economic subsidies 

and incentives, the implementation of large-scale gasification plants seldom can compete with 

fossil fuels technologies. For example, the GoBiGas plant in Sweden was in operation from 2014 

to 2018, producing methanol from the gasification of wood wastes, however, when subsidies 

ended in 2018, the company decided to stop operation due to direct production cost being higher 

that sales revenues [103]. Other similar examples include the Güssing and Oberwart plants in 

Austria, as discussed in Section 2.2.4.5. Furthermore, in large-scale gasification plants, various 

distinct gasification technologies are employed with distinct PG cleaning procedures, including 

specific gasifiers designs (Table 2.7), which shows that the technology is neither mature or based 

on proven technologies that are more cost-efficient and reliable, in comparison with one another 

[238]. This leads to uncertainty and lack of confidence from the stakeholders. 

The economic viability of large-scale waste gasification processes can be improved by the 

development and implementation of innovative gas upgrading processes, for example those that 

are integrated within the gasifier to use and preserve the thermal energy of the PG [15,123]. In 

this regard, catalysts for in-situ application have been developed with high activity for tar 

reforming [123,124]. However, these materials have been mostly tested at a laboratory-scale and 

the obtained results may diverge from real large-scale application, where various unpredictable 

factors have impact on the activity of the catalyst [125]. Using natural minerals or gasification 

byproducts (e.g., ashes and chars) as catalysts is also a promising pathway due to its proven 

activity, low-cost and abundance [123,125]. Development of low-cost catalysts with known 

composition, that can be easily regenerated in large-scale infrastructures, can also be an 

alternative approach [125]. Other potential strategies to improve the economic viability of the 

process can include retrofitting existing fluidized bed boilers to reduce investment costs 
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[15,104,273], residual char and ash valorization in suitable processes [274–276] and using 

polygeneration strategies for the production of more than one product in a combined process, such 

as combined SNG, heat and power [15]. Furthermore, projects on hold (e.g., GoBiGas) obtained 

significant sets of information, for example experimental and costs data, that must be used to plan 

future investments in advanced large-scale gasification plants for bioproducts [104]. These 

aspects are of major relevance because the current status of gasification and PG cleaning 

technologies is still in a demonstration phase and consequently entails technical and non-technical 

risks [238]. 

2.2.6 CONCLUSIONS 

Biomass is the only non-transient renewable energy source that can be adjusted to current 

consumption needs. Gasification is a key technology for the use of biomass because it allows the 

production of fuel gas that can fit in the current carbon-based energy infrastructure through 

distinct thermal, power and synthesis applications. Despite still being at a demonstration level, 

biomass gasification technologies, and respective integration in biorefineries, have been profiled 

as a potential answer to global warming and fossil fuel depletion concerns.  

The survey performed in this work shows that Europe has been active in the implementation and 

development of gasification technologies, with various large-scale gasification plants planned, 

idle and in operation. Recent trends and shifts, that reflect the need of new knowledge and cost-

competitive technologies to attain the commercial breakthrough of biomass gasification, were 

identified and analyzed. CHP applications are becoming more relevant at small-scale gasification 

plants, due to an easier sustainable local biomass collection, while large-scale applications are 

becoming increasingly considered for the catalytic synthesis of bioproducts, due to scale-down 

issues of advanced gasification processes. Small-scale implementation of gasification for CHP 

has been prominent in recent years and this trend seems to be continued in the future. However, 

this will not be enough to answer climate neutrality or energy supply concerns, and significant 

implementation of large-scale processes for bioproducts synthesis is also required. 

The economy of generating renewable bioproducts from biomass wastes is becoming 

significantly more attractive than power or CHP, because it creates a new value chain, instead of 

competing with well-established renewable technologies, and allows biomass to compete with 

current petrochemical refineries. However, large-scale gasification plants still entail significant 

issues and risks (e.g., biomass availability, PG upgrading costs) that decrease the project 

economic viability, and can cause the interruption of the operation of existing gasification plants 

upon the end of governmental subsidies. Furthermore, there are various distinct types of 

gasification technologies employed in gasification plants, and investments costs vary greatly, 

which hinders techno-economic analyses and reveals the lack of gasification technology maturity 

and proven cost-efficiency. These aspects cause significant investment risks and decrease 

confidence from stakeholders, consequently hampering the implementation of large-scale 

gasification projects, particularly for bioproducts synthesis. 

To avoid drawbacks associated with biomass costs, availability and logistics, and competition 

with food supply and other land uses, the replacement of high quality wood by low-cost wastes 

feedstocks (e.g., RFB, RDF, SRF and respective mixtures) is under research by the scientific 

community and already occurring in some demonstration and large-scale gasification plants. The 

valorization of these wastes can also help overcome the problematic of their disposal, 

simultaneously promoting the sustainability of waste management and energy supply, and thus 

acting in accordance with circular economy principles. To reduce the costs associated to the 

required PG upgrading for synthesis applications, development and implementation of innovative 

and cost-efficient gas upgrading processes, particularly those that are integrated within the gasifier 

to use and preserve the thermal energy of the PG, are mandatory. To further increase stakeholders 

confidence, available information from pioneer demonstration and industrial-scale gasification 

plants should be used to optimize gasification technologies and support future plants construction 
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and operation. Governments should also present a stronger sense of concern and ensure necessary 

policies for gasification technologies to be cost-competitive with conventional fossil fuel 

technologies.  Furthermore, to avoid biased markets, economic subsidies should always present 

levels equivalent to the ones provided to other “green” energies.  
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3 NUMERICAL TOOLS TO PREDICT PG COMPOSITION DURING BIOMASS 

GASIFICATION 

This Chapter is composed by Article III, named “Empirical and chemical equilibrium modelling 

for prediction of biomass gasification in an autothermal pilot-scale bubbling fluidized bed 

reactor”. This Article develops, compares and evaluates two distinct types of models to predict 

PG composition from direct (air) biomass gasification processes in BFBs, namely empirical and 

chemical equilibrium modelling. This Article was published in the Energy Journal in 2020 

(https://doi.org/10.1016/j.energy.2020.117654). 

3.1 ARTICLE III - EMPIRICAL AND CHEMICAL EQUILIBRIUM MODELLING FOR 

PREDICTION OF BIOMASS GASIFICATION IN AN AUTOTHERMAL PILOT-SCALE 

BUBBLING FLUIDIZED BED REACTOR 

3.1.1 ABSTRACT 

In this work, two approaches to predict the PG composition obtained by direct (air) biomass 

gasification in bubbling fluidized beds were developed and compared, namely empirical 

modelling based on reported experimental results in the literature and non-stoichiometric 

chemical equilibrium modelling. For this purpose, an extensive database containing a set of 19 

published experimental results from the literature was compiled and a non-stoichiometric 

chemical equilibrium model developed. 

The prediction capability of the empirical and chemical equilibrium model was evaluated by 

comparison with experimental data obtained in an 80kWth bubbling fluidized bed direct (air) 

biomass gasifier. The empirical model shows moderate accuracy in the determination of the PG 

composition (CO, H2 and CH4), whereas the chemical equilibrium clearly overestimates the 

concentration of H2 and CO, and underestimates the concentration of CH4, leading to subpar 

accuracy in the determination of typical gasification efficiency parameters. Thus, the empirical 

model is suited for preliminary estimates of gasification products, while black-box chemical 

equilibrium modelling, without experimental knowledge integration, is considered as unreliable 

for these gasification conditions. 

Keywords: Biomass; Bubbling fluidized bed; Gasification; PG; Chemical equilibrium; Empirical 

modelling. 

3.1.2 INTRODUCTION 

Biomass gasification modelling is recognized as a promising approach for designing, up-scaling 

and operating gasification processes and technologies [52,277,278], serving as an useful 

complement to experimental research [56,278–280]. This technique allows the evaluation of the 

impact of operating parameters, such as ER, feedstock composition and temperature on the PG 

quality and overall process efficiency [26]. The desired composition of the PG is a major 

parameter that defines the configuration and design of the gasifier and the selection of the process 

operating parameters. Thus, numerical modelling is a relevant supporting tool for the 

configuration and design of gasification plants, including equipment size, startup and shutdown 

requirements, process control and the determination of the necessary infrastructures to handle the 

feedstock and the gasification agent [277]. During the gasification plant operation, modelling 

tools can also be important to predict the impact of unintended operating parameters 

modifications, such as the variation of feedstock characteristics, to interpret the causes behind gas 

https://doi.org/10.1016/j.energy.2020.117654
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composition changes [277], to assist in reducing problems related to tar and char formation [52] 

and to be able to continuously optimize the process. 

In this respect, several mathematical modelling approaches have been under research and were 

proposed in the literature to characterize and predict this complex process [52,279,281–283]. 

Generally, these can be classified into the following main groups [13,52]: 

i) Kinetic models. 

ii) CFD models. 

iii) ANN models. 

iv) CEM. 

Kinetic models study the progress of reactions in the reactor, giving the products composition in 

distinct locations along the gasifier [52]. It is argued that these models provide accurate and 

reliable results, however, they are complex and computationally intensive and have limited 

application for distinct gasification plants with different design and characteristics [13,283]. CFD 

models can simulate physical phenomena, solving equations of balance of mass, momentum and 

energy over a discrete region of the gasifier, providing an accurate prediction of temperature and 

gas yield in the whole reactor [13,52]. However, these models require large amount of information 

(detailed reactor design, material properties, etc.,) and high computational resources [13]. ANN 

models are relatively novel for modelling gasification processes [52]. These models do not require 

a mathematical description of the phenomena associated with the system [279] but require large 

amount of consistent experimental data to train the network to be able to predict the behavior of 

the gasifier with accuracy [52]. A more detailed explanation and in-depth review of these models 

is out of the scope of this work. Readers can refer to other published works [56,281,283,284]. 

CEMs are the most common modelling approach for biomass gasification [56,285]. These models 

can predict the products of gasification by assuming that the reactants are allowed to react in fully 

mixed conditions for an infinite period of time [286], reproducing ideal gasification performance 

and predicting the maximum yields attainable by the reagent system [52]. The main advantages 

are the possibility of running the model without knowing the gasifier design [278,283] and the 

simplicity and reduced computational time [52]. CEMs are promising to determine first estimates 

of the composition of the PG, taking in account the influence of the process operating parameters 

(e.g., ER, temperature and pressure) and the feedstock characteristics (e.g., the chemical 

composition) [286] and to perform concept studies, preliminary analysis and optimization 

procedures [278]. These models are commonly used as a first approach to predict the PG 

composition from biomass gasification and to determine the optimal biomass feedstock for 

specific applications [52,69,287–289]. 

There are two main types of CEMs: stoichiometric models, which are based on equilibrium 

constants and require knowledge regarding the reactions paths and reactions equations, and non-

stoichiometric models, which are based on minimizing the Gibbs free energy in the system and 

do not require knowledge of the process reactions mechanisms [282,283,286]. Puig-Arnavat et 

al., [283] argues that the two approaches are equally suitable to model biomass gasification 

processes. Sikarwar et al., refer that stoichiometric models can present significant deviations from 

real life scenarios if important reactions are neglected, and that the non-stoichiometric approach 

is more suitable for biomass gasification processes due to the uncertainty of gasification reaction 

mechanisms [26]. These modelling techniques can also have different approaches, for example 

by integrating experimental knowledge [290,291] and kinetics [283] or considering that only part 

of the process attains equilibrium [278]. In this respect, modified CEMs [292–294] and restricted 

CEMs [285,295] are under research. 

In practical gasifier plants, the chemical interactions inside the gasifier take place in a finite time, 

and the CEM predictions have mixed success depending on the reaction temperature and 

residence time [26]. Therefore, assumptions of infinite reaction speed and that all reactions will 

be complete can be far from realistic for several practical gasifiers [286]. In fact, it is argued that 

chemical equilibrium may not be achieved when the gasification temperature is lower than 900 ºC 

and only a finite time is available for the reactants to react in the gasifier [52,66,278]. Besides, it 
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is also suggested that CEMs are not reliable when the ER of the gasification process is between 

0.10 and 0.30 [296]. Unfortunately, the common operating conditions for biomass direct (air) 

gasification in BFBs fall between these ranges (Bed temperature: 600-900 ºC and ER: 0.20-0.30 

[4]). Accordingly, it has been argued [13,26] that CEMs typically present better results for 

entrained flow gasifiers and downdraft gasifiers than for fluidized beds. In fact, reasonable 

agreement has been reported by some authors regarding CEMs predictions and experimental 

biomass gasification data obtained in these type of gasifiers [13,297–302]. Nonetheless, CEMs 

have also been intensively used for biomass gasification in fluidized beds [283,285,295,303–305]. 

Furthermore, several assumptions are also reported to lead to deviation between experimental 

observed values and predicted values [26]. For example, assuming ash as inert [26], neglecting 

tar production, even though tar is one of the major barriers of biomass gasification [4,286], and 

considering char as pure solid carbon [26]. Thus, CEMs determine ideal yields [52] that may not 

be attained in practical gasifiers (e.g., H2 and CO overestimation [286] and hydrocarbon 

underestimation [66]), consequently leading to deviations in the prediction of the lower heating 

value (LHV) of the PG and the process efficiency parameters. These aspects need to be analyzed 

to determine the suitability of CEMs to support and model direct (air) gasification of biomass in 

BFBs. 

In this work, two models to predict PG composition from direct (air) biomass gasification 

processes in BFBs were developed, compared and evaluated, namely a non-stoichiometric CEM 

and an empirical model. For this purpose, an extensive database regarding direct (air) gasification 

experiments of biomass in BFB reactors, including experimental data obtained in previous works 

performed by the authors [4,123], was compiled and organized. First, the CEM predictions were 

compared to the experimental database to identify deviations. Afterwards, correlations were 

derived from this experimental data and from the CEM predictions. The objective of both these 

correlations is to be used as tools for determining first estimates of gasification products from 

direct (air) gasification processes in BFBs. The empirical and CEM correlations prediction 

capability was addressed briefly by comparison with experimental data obtained in an 80 kWth 

BFB gasifier with different operating conditions.  

The comparison and evaluation of these two types of modeling approaches can help in 

determining weaknesses and strengths, and consequently in guiding researchers to adopt and 

develop more suitable and integrated modelling approaches. This may contribute for the 

successful development of these numerical prediction tools, which represents an important step 

for the up-scale, demonstration and commercial breakthrough of biomass gasification 

technologies, potentially diminishing the gap between existing theoretical and practical 

knowledge in the estimation of gasification products and process efficiency parameters. 

3.1.3 METHODS AND LITERATURE DATA COLLECTION 

The database was compiled by collecting and organizing published experimental results from the 

literature (Table 3.1), regarding direct (air) gasification processes in BFBs reactors with distinct 

biomass types (Table 3.2) and different operating conditions [4,183,307–314,184–

188,229,287,306].  
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Table 3.1 – Experiment references and operating conditions of the studies reported in the 

literature. 

Experiment reference Biomass type BFB scale T [ºC] ER Ref 

AE 

AE0.17 Woodchips Pilot 718 0.17 [183] 

AE0.18 Woodchips Pilot 722 0.18 [183] 

AE0.23 Woodchips Pilot 733 0.23 [183] 

BC 

BC0.22 Rice husk Pilot 784 0.22 [229] 

BC0.24 - 790 Rice husk Pilot 790 0.24 [229] 

BC0.24 - 828 Rice husk Pilot 828 0.24 [229] 

BC0.28 - 821 Rice husk Pilot 821 0.28 [229] 

BC0.28 - 823 Rice husk Pilot 823 0.28 [229] 

BC0.28 - 846 Rice husk Pilot 846 0.28 [229] 

BC0.28 - 874 Rice husk Pilot 874 0.28 [229] 

BC0.28 - 781 Rice husk Pilot 781 0.28 [229] 

BC0.32 - 812 Rice husk Pilot 812 0.32 [229] 

BC0.32 - 866 Rice husk Pilot 866 0.32 [229] 

BC0.34 Rice husk Pilot 864 0.34 [229] 

CP CP0.35 Wood pellets Pilot 812 0.35 [184] 

GE-CE 

GE-CE-1 RFB eucalyptus type A Pilot 804 0.22 [4] 

GE-CE-2 RFB eucalyptus type A Pilot 798 0.24 [4] 

GE-CE-3 RFB eucalyptus type A Pilot 812 0.25 [4] 

GE-CE-4 RFB eucalyptus type A Pilot 810 0.26 [4] 

GE-CE-5 RFB eucalyptus type A Pilot 818 0.28 [4] 

GE-CE-6 RFB eucalyptus type B1 Pilot 706 0.28 [4] 

GE-CE-7 RFB eucalyptus type B1 Pilot 714 0.30 [4] 

GE-CE-8 RFB eucalyptus type B1 Pilot 700 0.36 [4] 

GE-CE-9 RFB eucalyptus type B2 Pilot 736 0.17 [4] 

GE-CE-10 RFB eucalyptus type B2 Pilot 709 0.18 [4] 

GE-CE-11 RFB eucalyptus type B2 Pilot 719 0.20 [4] 

GE-CE-12 RFB eucalyptus type B2 Pilot 800 0.25 [4] 

GE-CE-13 RFB eucalyptus type B2 Pilot 813 0.35 [4] 

GE-CP 

GE-CP-1 RFB pine Pilot 786 0.23 [4] 

GE-CP-2 RFB pine Pilot 811 0.26 [4] 

GE-CP-3 RFB pine Pilot 830 0.30 [4] 

GE-CP-4 RFB pine Pilot 824 0.29 [123] 

GE-CP-5 RFB pine Pilot 786 0.24 [123] 

GE-CP-6 RFB pine Pilot 798 0.19 [123] 
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Table 3.1 – (cont.). 

Experiment reference Biomass type BFB Scale T [ºC] ER Ref 

GE-WP 

GE-WP-1 Wood pellets Pilot 816 0.22 [4] 

GE-WP-2 Wood pellets Pilot 802 0.24 [4] 

GE-WP-3 Wood pellets Pilot 854 0.25 [4] 

GE-WP-4 Wood pellets Pilot 833 0.30 [4] 

GE-WP-5 Wood pellets Pilot 793 0.24 [123] 

GE-WP-6 Wood pellets Pilot 828 0.21 [123] 

IPE IPE0.29 Torrefied woodchips Bench 760 0.29 [185] 

IPP IPP0.24 Straw pellets Bench 780 0.24 [185] 

IPPC IPPC0.21 Softwood pellets Bench 760 0.21 [185] 

KC 

KC0.25 - 650 Rice husk Pilot 650 0.25 [287] 

KC0.25 - 675 Rice husk Pilot 675 0.25 [287] 

KC0.25 - 700 Rice husk Pilot 700 0.25 [287] 

KC0.25 - 725 Rice husk Pilot 725 0.25 [287] 

KC0.35 - 600 Rice husk Pilot 600 0.35 [287] 

KC0.35 - 650 Rice husk Pilot 650 0.35 [287] 

KC0.35 - 700 Rice husk Pilot 700 0.35 [287] 

KC0.35 - 725 Rice husk Pilot 725 0.35 [287] 

KC0.35 - 750 Rice husk Pilot 750 0.35 [287] 

KC0.45 - 600 Rice husk Pilot 600 0.45 [287] 

KC0.45 - 650 Rice husk Pilot 650 0.45 [287] 

KC0.45 - 700 Rice husk Pilot 700 0.45 [287] 

KC0.45 - 725 Rice husk Pilot 725 0.45 [287] 

KC0.45 - 800 Rice husk Pilot 800 0.45 [287] 

KCA 
KCA0.36 Cotton stalk Bench 770 0.36 [307] 

KCA0.71 Cotton stalk Bench 770 0.71 [307] 

KCS 
KCS0.25 Hazelnut shell Bench 775 0.25 [307] 

KCS0.68 Hazelnut shell Bench 775 0.68 [307] 

KE 

KE0.32 Rubber woodchip Pilot 750 0.32 [315] 

KE0.36 Rubber woodchip Pilot 770 0.36 [315] 

KE0.38 Rubber woodchip Pilot 790 0.38 [315] 

KE0.41 Rubber woodchip Pilot 810 0.41 [315] 

KE0.43 Rubber woodchip Pilot 840 0.43 [315] 

KP KP0.19 Wood pellets Pilot 775 0.19 [186] 
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Table 3.1 – (cont.). 

Experiment reference Biomass type BFB Scale T [ºC] ER Ref 

KP 

KP0.24 Wood pellets Pilot 775 0.24 [186] 

KP0.27 Wood pellets Pilot 775 0.27 [186] 

KP0.32 Wood pellets Pilot 775 0.32 [186] 

KWP 
KWP0.19 Pistachio shell Bench 770 0.19 [308] 

KWP0.37 Pistachio shell Bench 770 0.37 [308] 

KWS 
KWS0.19 Walnut shell Bench 770 0.19 [308] 

KWS0.37 Walnut shell Bench 770 0.37 [308] 

MC 

MC0.25 - 670 Rice husk Pilot 670 0.25 [309] 

MC0.25 - 700 Rice husk Pilot 700 0.25 [309] 

MC0.25 - 665 Rice husk Pilot 665 0.25 [309] 

MC0.30 - 744 Rice husk Pilot 744 0.30 [309] 

MC0.30 - 750 Rice husk Pilot 750 0.30 [309] 

MC0.30 - 766 Rice husk Pilot 766 0.30 [309] 

MC0.35 - 811 Rice husk Pilot 811 0.35 [309] 

MC0.35 - 822 Rice husk Pilot 822 0.35 [309] 

MC0.35 - 828 Rice husk Pilot 828 0.35 [309] 

MM 

MM0.18 Miscanthus Pilot 750 0.18 [310] 

MM0.26 Miscanthus Pilot 800 0.26 [310] 

MM0.27 Miscanthus Pilot 750 0.27 [310] 

MM0.30 Miscanthus Pilot 800 0.30 [310] 

MM0.31 Miscanthus Pilot 850 0.31 [310] 

MM0.37 Miscanthus Pilot 850 0.37 [310] 

NS 

NS0.26 Pine sawdust Bench 800 0.26 [187] 

NS0.32 Pine sawdust Bench 800 0.32 [187] 

NS0.36 Pine sawdust Bench 790 0.36 [187] 

NS0.37 Pine sawdust Bench 800 0.37 [187] 

NS0.47 Pine sawdust Bench 810 0.47 [187] 

SB SB0.27 Sugarcane bagasse Bench 800 0.27 [311] 

SC 

SC0.30 Rice husk Pilot 850 0.30 [188] 

SC0.40 Rice husk Pilot 860 0.40 [188] 

SC0.50 Rice husk Pilot 870 0.50 [188] 
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Table 3.1 – (cont.). 

Experiment reference Biomass type BFB Scale T [ºC] ER Ref 

SCT 

SCT0.26 Bana grass Bench 800 0.26 [311] 

SCT0.27 Bana grass Bench 800 0.27 [311] 

SCT0.30 Bana grass Bench 800 0.30 [311] 

SCT0.33 Bana grass Bench 800 0.33 [311] 

SF 

SF0.30 Coir pith Pilot 750 0.30 [188] 

SF0.40 Coir pith Pilot 760 0.40 [188] 

SF0.50 Coir pith Pilot 770 0.50 [188] 

SP 
SP0.25 Alfalfa pellets Pilot - 0.25 [312] 

SP0.30 Alfalfa pellets Pilot - 0.30 [312] 

SS 

SS0.30 Sawdust Pilot 840 0.30 [188] 

SS0.40 Sawdust Pilot 860 0.40 [188] 

SS0.50 Sawdust Pilot 880 0.50 [188] 

VC 

VC0.20 - 750 Olive kernel Bench 750 0.20 [313] 

VC0.20 - 800 Olive kernel Bench 800 0.20 [313] 

VC0.20 - 850 Olive kernel Bench 850 0.20 [313] 

VC0.30 - 750 Olive kernel Bench 750 0.30 [313] 

VC0.30 - 800 Olive kernel Bench 800 0.30 [313] 

VC0.30 - 850 Olive kernel Bench 850 0.30 [313] 

VC0.40 - 750 Olive kernel Bench 750 0.40 [313] 

VC0.40 - 800 Olive kernel Bench 800 0.40 [313] 

VC0.40 - 850 Olive kernel Bench 850 0.40 [313] 

XM 

XM0.23 Miscanthus Pilot 639 0.23 [314] 

XM0.26 Miscanthus Pilot 645 0.26 [314] 

XM0.28 Miscanthus Pilot 693 0.28 [314] 

XM0.37 Miscanthus Pilot 723 0.37 [314] 
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Table 3.2 – Proximate and ultimate analysis of the biomass used for the models development. 

The database information was processed for equivalent units and basis, namely: i) biomass 

composition was expressed by mass fractions in dry ash-free fuel basis (C,H,O,N,S, kg i/kg daf 

fuel) and by mass fractions in dry basis (ash content, kg ash/kg dry fuel), ii) gas composition was 

 % wt, daf % wt, db  

Biomass C H N S O Ash Reference 

CEM        

Cellulose (C6H10O5) 44.45 6.22 0.00 0.00 49.34 - - 

Lignin 63.77 5.99 0.27 0.32 29.45 - [289] 

Miscanthus 49.20 6.00 0.40 0.15 44.20 3.00 [316] 

Rice husk 49.30 6.10 0.80 0.08 43.70 18.00 [316] 

RFB from eucalyptus 49.66 6.53 0.07 0.00 43.74 1.19 [4] 

Empirical model        

Alfalfa pellets 50.10 5.90 2.88 0.30 40.88 16.98 [312] 

Bana grass 49.33 5.54 0.46 0.17 43.89 4.50 [311] 

Coir pith 47.18 3.60 1.01 0.01 48.20 6.00 [188] 

Cotton stalk 52.80 5.62 1.00 0.18 40.71 6.91 [307] 

Hazelnut shell 56.96 5.05 0.43 0.13 37.42 2.60 [307] 

Miscanthus-1 44.50 5.20 5.30 0.00 45.00 - [310] 

Miscanthus-2 47.63 6.19 0.40 0.00 45.78 4.47 [314] 

Olive kernel 48.59 5.73 1.57 0.05 44.06 2.17 [313] 

Pine sawdust 50.42 5.75 0.20 0.03 44.47 0.85 [187] 

Pistachio shell 50.03 5.93 0.40 0.10 43.55 0.27 [308] 

RFB from eucalyptus-1 47.08 6.29 0.36 0.00 46.00 2.60 [4] 

RFB from eucalyptus-2 49.66 6.53 0.07 0.00 43.74 1.19 [4] 

RFB from pine 51.42 6.58 0.25 0.01 41.75 1.20 [4] 

Rice husk-1 45.41 7.23 4.11 0.01 43.24 19.40 [229] 

Rice husk-2 47.00 6.78 0.48 0.04 45.70 20.00 [309] 

Rice husk-3 49.07 3.79 0.63 0.01 46.42 21.68 [287] 

Rice husk-4 38.92 5.10 2.17 0.12 53.69 19.33 [188] 

Rubber woodchip 46.40 5.70 0.20 0.00 47.70 1.10 [315] 

Sawdust 51.33 6.13 0.12 0.02 41.97 1.80 [188] 

Softwood pellets 54.61 5.83 0.00 0.03 39.53 0.57 [185] 

Straw pellets 52.86 6.11 0.82 0.14 40.07 6.32 [185] 

Sugarcane bagasse 49.15 5.59 0.13 0.05 45.01 5.80 [311] 

Torrefied woodchips 58.77 5.53 0.15 0.01 35.50 0.18 [185] 

Walnut shell 54.84 5.50 0.44 0.12 39.10 1.95 [308] 

Wood pellets-1 47.65 6.22 0.09 0.00 46.04 0.32 [4] 

Wood pellets-2 51.02 7.16 0.09 0.00 41.73 0.80 [186] 
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expressed in volumetric dry basis (%v, dry gas). Conversions between basis were performed as 

deemed necessary. The recorded data comprises the following parameters: 

1. Biomass feedstock characteristics: 

a. Category (woody or non-woody) and type (miscanthus, rice husk, wood pellets, 

sawdust, bagasse, etc.,). 

b. Elemental composition (C,H,N,O,S). 

c. Ash content. 

2. BFB characteristics and operating parameters: 

a. Scale (bench or pilot). 

b. Average bed temperature (600-880 ºC). 

c. ER (0.17-0.71). 

3. Experimental results: 

a. PG composition (CO2, CH4, CO and H2). 

b. PG LHV. 

c. Efficiency parameters (Ygas, CGE and CCE). 

Additional operating parameters, such as the fluidization velocity, residence time of gases and 

biomass, particle size of the biomass or heat supply, were not considered for the empirical model 

development because they are seldom detailed in the literature. Furthermore, the CEM approach, 

whose comparison with empirical modelling was the main focus of this work, only requires the 

knowledge of the feedstock and gasifying agent composition and the definition of the temperature, 

pressure and most common products. Accordingly, the strict CEM approach is a function of these 

parameters and is independent of the reactor design, and its hydrodynamics. 

The methodologies used in the studies organized in this database were also briefly addressed for 

comparison purposes. In the analyzed literature, distinct measurement techniques are referred for 

determining the PG composition, for example infrared analysis for determination of CO, CO2 and 

CH4 concentration, thermal conductivity measurement for determination of H2 concentration and 

paramagnetic analysis for determination of O2 concentration [4,185,307,311]. N2 concentration 

determination by mass balance is referred in some works [4,123,185,307]. Collection of gas 

samples in sampling bags, such as Flexfoil bags [4], with the objective of determining the PG 

composition (H2, CO2, CO, CH4, etc.,) in GC-TCD equipment is also commonly referred 

[4,123,287,311,312,314]. Chemiluminescence analysis for detection of nitrogen oxides as NO 

was referred by one author [311]. The flow rate of the PG is determined by mass flow meters by 

some authors, such as Coriolis mass flow meters [314], and by calculation methodologies by other 

authors, namely nitrogen mass balances [4,123,312]. Regarding the necessary PG conditioning 

measures for sampling and equipment analysis, it is commonly referred tar condensation and 

particle removal by moisture traps, impinger bottles filled with isopropanol, ceramic filters, 

among other equipment [4,313,314]. 

Some parameters were not reported in all the analyzed studies; thus, their determination was 

performed as necessary when the required data was available. The LHV of the distinct types of 

biomass was determined according to the correlation developed by Parikh et al., [12]. The LHV 

of the PG and the process efficiency parameters (Ygas, CGE and CCE) were determined based on 

the methodology explained in Section 1.4. Some deviations can occur due to some authors 

including other combustible gaseous species in the LHV calculation formula (e.g., propane). In 

this work, the gaseous species considered for the determination of the LHV were CO, H2, CH4 

and C2H4. The reasoning behind this consideration results from the concentration of other minor 

components (e.g., propane) seldom being available in the published works and their abundance 

being relatively low, consequently presenting low contribution to the LHV value. 

The CEM was developed considering the biomass and gasifying agent composition (CHNOS) 

and the chemical products of the process containing these elements; the products selected are the 

most commonly reported in biomass gasification processes. Other minor elements, such as 

Chlorine, were not considered. Thus, a total of 13 compounds in the products of gasification were 

considered:  N2, H2O, CO2, CO, O2, H2, CH4, C2H4, C2H6, C3H8, H2S, SO2 and unconverted solid 
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carbon (C(s)). All products were assumed to act as ideals gases, except for C(s). Steady state 

conditions of operation were assumed. Tar formation was neglected and ash in the feedstock was 

assumed to be inert. All the reactants were assumed to enter and leave the reactor at process 

temperature. The process temperature is assumed as homogeneous inside the gasifier, which is a 

common procedure in other non-stoichiometric thermodynamic models [13]. Hydrodynamics and 

kinetics were not considered. More information about the methodology employed for the 

development of the CEM can be found in Section 1.4. 

The CEM was applied to calculate the composition of the PG for distinct direct (air) gasification 

parameters. Then, the respective efficiency parameters were calculated based on the obtained 

compositions. The software tool used for the model development was GASEQ 

(http://www.gaseq.co.uk/). The following parameters were used as input in the model: 

- Feedstock: RFB from eucalyptus, rice husk, miscanthus, cellulose (C6H10O5) and lignin 

(Table 3.2). 

- Bed temperature: 600 ºC, 700 ºC, 800 ºC and 900 ºC. 

- ER: 0 (pyrolysis), 0.10, 0.20, 0.25, 0.30 and 0.40. 

- Pressure: 1 atm. 

The compiled experimental database and the CEM predictions were analyzed using multiple 

regression tools in Microsoft Excel according to the methodologies described in Section 1.4. This 

type of regression describes the relationship between the analyzed data and outputs functions for 

the determination of process parameters. Linear empirical and CEM correlations were developed 

due to finding similar coefficients of determination (R-Squared and adjusted R-Squared) for 

distinct regressions (e.g., linear, polynomial) for the experimental and CEM data. Thus, linear 

correlations were adopted due to their simplicity and easier interpretation. The prediction 

capability of the correlations was briefly addressed by comparison with experimental biomass 

gasification data obtained in an 80kWth BFB direct (air) gasifier. Pearson’s correlation test was 

used to measure the strength of the correlation between two variables. It must be noted that 

correlation does not imply causation [14]. PCC was determined between inputs and outputs for 

both experimental and CEM results and between actual and predicted outputs for both empirical 

and CEM correlations. 

3.1.4 EXPERIMENTAL AND CEM RESULTS COMPARISON 

In this Section, the experimental results reported in the literature and the CEM predictions are 

compared, and correlations based on these data were developed and evaluated. The objective of 

these correlations is to serve as simple and immediate tools for determining first estimates of 

gasification products. The main parameters of the gasification process were considered, namely 

the reactor bed temperature and ER. The comparison between reported experimental results and 

CEM predictions is performed for similar operating conditions: ER between 0.20 and 0.40 and 

bed temperature between 600 and 900 ºC. Accordingly, both empirical and CEM correlations 

were developed for those conditions. Reported experimental results with other conditions and 

CEM predictions for pyrolysis conditions (ER=0) and gasification under unsuitable low ER 

(ER=0.10) are shown for comparison purposes, but not used in the correlations development. The 

CEM results for lignin and cellulose were not included in the correlations development and are 

analyzed separately. Pearson’s correlation test was performed to measure the strength of the 

correlation between operating parameters and results.  

http://www.gaseq.co.uk/
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3.1.4.1 PROPERTIES OF THE PG 

3.1.4.1.1 Combustible gases yield (H2, CO and CH4) 

The influence of the reactor bed temperature and ER in the hydrogen concentration in the PG is 

shown in Figure 3.1. For similar operating conditions, the experimental H2 results (2.0 to 24.0 %v) 

are lower than those predicted by the CEM (12.9 and 29.1 %v). Furthermore, the relation between 

H2 concentration and reactor bed temperature or ER is distinct for both CEM and experimental 

results. The CEM shows that H2 concentration is dependent on the employed ER, while the 

experimental results do not show any evident relation for both ER and temperature. Accordingly, 

PCC was found close to -1 for the relation of H2 concentration and ER in the CEM results (Table 

3.3). These differences may be justified by the impact of other parameters that were not analyzed 

in this work and are not related to chemical equilibrium, e.g., the physical properties of the 

biomass feedstock. 

 

(a) 

 

(b) 

Figure 3.1 – Influence of the ER (a) and bed temperature (b) on the H2 concentration in the PG 

for the experimental results reported in the literature and CEM results. 
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For pyrolysis conditions (ER=0) and gasification conditions with ER=0.10, the CEM results show 

H2 concentration values between 32.0 and 54.9 %v for the range of temperatures considered 

(600 ºC to 900 ºC). Thus, higher production of H2 is expected for pyrolysis conditions and 

gasification conditions with lower ER than that typically employed in practical gasifiers. The 

maximum value of H2 concentration was found for pyrolysis of RFB from eucalyptus (T=700 ºC). 

The CEM results for lignin conversion indicate higher H2 concentration values in the PG than 

those predicted for the biomass feedstocks studied (miscanthus, rice husk and RFB from 

eucalyptus), predicting a maximum of 61.4 %v for pyrolysis condition (T=700 ºC, Figure 3.1). 

Table 3.3 – PCC values for the correlation between operating conditions (temperature (T) and 

ER) and the PG composition (H2, CO and CH4), LHV, Ygas, CGE and CCE, for the experimental 

results reported in the literature and CEM predictions. 

 H2 CO CH4 LHV Ygas CGE CCE 

PCC Exp CEM Exp CEM Exp CEM Exp CEM Exp CEM Exp CEM Exp CEM 

T -0.2 0.2 -0.4 0.8 0.2 -0.9 -0.2 0.6 0.3 0.4 -0.2 0.8 0.0 0.8 

ER 0.0 -0.9 -0.3 -0.4 -0.4 -0.3 -0.5 -0.7 0.5 0.7 0.1 -0.3 0.3 0.3 
*- Exp refers to the experimental results reported in the literature; CEM refers to the chemical equilibrium model predictions. 

In Figure 3.2, it is observed that the CO concentration values predicted by the CEM are higher 

than the CO concentration values found in the experimental results. For similar operating 

conditions, experimental results show CO concentration values between 7.2 and 26.6 %v, while 

the CEM results show CO concentration values between 11.3 and 38.6%v. Furthermore, the CEM 

results show that CO concentration increases significantly with temperature increase, which is a 

phenomenon not observed in the experimental results (Figure 3.2 (b)). The PCC value for the 

relation between the predicted CO concentration value in the CEM and the process temperature 

is close to 0.8, showing positive correlation between these variables (Table 3.3). On the other 

hand, the PCC value for the relation between the CO concentration value found in the 

experimental results and the process temperature is close to -0.4, showing a slightly negative 

correlation. The reasoning behind this difference may be associated to the fact that in practical 

autothermal direct (air) gasifiers, the increase of bed temperature is associated to the increase of 

ER, which is known to lower CO concentration in the PG. In fact, in the developed database in 

the present work, the average ER for experimental studies with bed temperature above 800 ºC is 

0.32 (Table 3.1). Nonetheless, it is observed a similar tendency for the decrease of CO with the 

increase of ER in both experimental and CEM results (Figure 3.2 (a)). 

Analogous to the observations previously made regarding H2 concentration, higher concentration 

values of CO were predicted by the CEM for pyrolysis conditions and gasification with ER=0.10. 

For these conditions, the CEM results show CO concentration values between 13.8 and 47.3 %v, 

with the maximum value found for the pyrolysis of miscanthus at 900 ºC. Nonetheless, a higher 

CO concentration value (49.21 %v) was predicted for the pyrolysis of cellulose at 900 ºC. 
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(a) 

 

(b) 

Figure 3.2 – Influence of the ER (a) and bed temperature (b) on the CO concentration in the PG 

for the experimental results reported in the literature and CEM results. 

In contrast to the observations made regarding the concentration of CO and H2, the concentration 

of CH4 is typically higher in the reported experimental results than in the CEM results (Figure 

3.3). For similar operating conditions, experimental results show CH4 concentration between 0.7 

and 8.4 %v, while the CEM results show CH4 concentration between 0.0 and 2.6 %v. A similar 

negative correlation between CH4 concentration and ER is observed in both experimental and 

CEM results (Figure 3.3 (a)). However, CEM results shows a significant decrease of CH4 

concentration with temperature increase, which is not observed in the experimental results (Figure 

3.3 (b)). The determined PCC values are in accordance with this analysis (Table 3.3). 



Direct gasification of biomass for fuel gas production 

80      EngIQ 

 

(a) 

 

(b) 

Figure 3.3 – Influence of the ER (a) and bed temperature (b) on the CH4 concentration in the PG 

for the experimental results reported in the literature and CEM results. 

CEM results for biomass pyrolysis conditions shows CH4 concentration values between 0.3 and 

10.2 %v, with the highest value predicted for the pyrolysis of RFB from eucalyptus at 600 ºC; 

this concentration value is higher than the values typically found in the experimental results 

analyzed. Furthermore, CEM results for lignin conversion show even higher values of CH4 

concentration, attaining a maximum value of 12.7 %v for pyrolysis conditions at 600 ºC (Figure 

3.3). 

The developed empirical correlations based on experimental results reported in the literature 

(Equations 3.1, 3.2 and 3.3) show a significantly lower R2 and observable deviations from the 

correlations developed using the CEM results (Equations 3.4, 3.5 and 3.6). This shows the high 

variability of the values reported in the literature regarding the composition (e.g., H2, CO and 

CH4) of the PG obtained in biomass direct (air) gasification processes in BFB reactors, and their 

significant differences from chemical equilibrium predictions, for similar operating conditions. 
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𝑌𝐻2,𝑒𝑥𝑝 = −0.01564 × 𝑇 − 0.65738 × ER + 21.45107  (Equation 3.1) 

𝑅2 = 0.04 

𝑌𝐶𝑂,𝑒𝑥𝑝 = −0.02735 × 𝑇 − 15.3379 × ER + 41.0061  (Equation 3.2) 

𝑅2 = 0.23 

𝑌𝐶𝐻4,𝑒𝑥𝑝 = 0.005132 × 𝑇 − 9.99971 × ER + 2.401523  (Equation 3.3) 

𝑅2 = 0.26 

𝑌𝐻2,𝑒𝑞 = 0.008173 × 𝑇 − 49.5472 × ER + 30.2562  (Equation 3.4) 

𝑅2 = 0.93 

𝑌𝐶𝑂,𝑒𝑞 = 0.060842 × 𝑇 − 47.7011 × ER − 6.70893  (Equation 3.5) 

𝑅2 = 0.79 

𝑌𝐶𝐻4,𝑒𝑞 = −0.00563 × 𝑇 + −2.91807 × ER + 5.6700002  (Equation 3.6) 

𝑅2 = 0.81 

3.1.4.1.2 Gas phase products yield ratios 

The relation between H2:CO molar ratios and the temperature and ER is shown in Figure 3.4. This 

ratio is relevant for the configuration of gasification processes for production of fuel gas for 

advanced applications that require specific H2:CO molar ratios, such as methanol production (2 

mol.mol-1), synthetic fuels production through FT synthesis (0.6 mol.mol-1) and DME production 

(1 mol.mol-1) [72,180–182]. Figure 3.4 shows that the H2:CO molar ratios for the CEM results 

are typically higher than the H2:CO ratios found in the experimental results. This is a consequence 

of the H2 experimental yield being further away from equilibrium than the CO experimental yield, 

as observed in the previous Section. 

For similar operating conditions, the H2:CO molar ratio was found between 0.1 and 1.7 for the 

experimental results, which is in accordance with typical values referred for gasification processes 

in BFBs [72], and between 0.7 and 1.9 for the CEM results. Thus, concerning H2:CO molar ratio 

requirements, it can be observed that the PG from direct (air) gasification in BFB might be 

potentially used for FT synthesis but need further refinement to be used in other advanced 

applications, such as methanol synthesis. CEM results for pyrolysis conditions and gasification 

with ER=0.10 show higher H2:CO molar ratios, namely between 0.8 and 3.5, with the maximum 

value observed for the pyrolysis of RFB from eucalyptus at 600 ºC. Furthermore, CEM results 

for lignin conversion show an even higher H2:CO molar ratio, with a maximum value of 4.6 

predicted for lignin pyrolysis at 600 ºC (Figure 3.3). 

In Figure 3.3 (a), it can be observed a tendency for the decrease of the H2:CO molar ratio with the 

increase of ER for the CEM results, which is not observed in the experimental results. 

Furthermore, in the CEM results, it is also observed a significant decrease of this molar ratio with 

temperature increase, which is not observed in the analyzed experimental results (Figure 3.3 (b)). 

A decrease of H2:CO molar ratio with temperature increase has also been discussed in the 

literature [317] and can be justified by the occurrence of the exothermic WGS reaction (Reaction 

2.8) thus, high temperatures do not favor the CO conversion rate, leading to lower H2:CO molar 

ratio values [317]. 
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      (a)  

 

      (b) 

Figure 3.4 – Influence of the ER (a) and bed temperature (b) on the H2:CO molar ratio in the PG 

for the experimental results reported in the literature and CEM results. 

The CO:CO2 molar ratio is shown in Figure 3.5, and although this ratio is not commonly referred 

in the literature, it can be used as an indicator of the efficiency of the process and the balance 

between the occurrence of gasification/combustion reactions [318]. It can be noticed that the 

experimental CO:CO2 molar ratio values are significantly lower than the ones predicted by the 

CEM (Figure 3.5). For similar operating conditions, experimental results show CO:CO2 molar 

ratios between 0.6 and 2.1, while CEM results show CO:CO2 molar ratios between 0.7 and 22.1. 

Furthermore, CEM results show higher CO:CO2 molar ratios, between 0.7 and 84.7, for pyrolysis 

and gasification with ER=0.10, with the maximum value obtained for gasification of RFB from 

eucalyptus at ER=0.10 and 900 ºC. 

The influence of ER and bed temperature on the experimental CO:CO2 molar ratios is not evident 

(Figure 3.5). On the other hand, the CEM results show that there is an increase of this molar ratio 

with temperature increase and ER decrease. For similar operating conditions, it is also observed 
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that biomass with higher total carbon content typically leads to higher CO:CO2 molar ratio in the 

PG for both CEM and experimental results. The reasoning behind this phenomenon may be 

related to a higher occurrence of carbon gasification by CO2 (Boudouard reaction, Reaction 2.5). 

 

(a) 

 

(b) 

Figure 3.5 – Influence of the ER (a) and bed temperature (b) on the CO:CO2 molar ratio in the 

PG for the experimental results reported in the literature and CEM results. 

3.1.4.2 PROCESS EFFICIENCY PARAMETERS 

3.1.4.2.1 LHV and Ygas 

The LHV of the PG for the experimental results reported in the literature and CEM results is 

shown in Figure 3.6. It is observed that the experimental LHV values are slightly lower than the 

LHV values predicted by the CEM. For similar operating conditions, the experimental and CEM 

results show LHV between 2.4 and 7.8 MJ/Nm3 and between 3.6 and 7.9 MJ/Nm3, respectively. 

Pyrolysis conditions and gasification with ER=0.10 show a higher LHV, namely between 6.7 and 
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11.7 MJ/Nm3, with the maximum value obtained for the pyrolysis of RFB from eucalyptus at 

900 ºC. For lignin conversion, an even higher LHV value (12.5 MJ/Nm3), is observed in the CEM 

results for pyrolysis conditions and 600 ºC. 

 

      (a) 

 

      (b) 

Figure 3.6 – Influence of the ER (a) and bed temperature (b) on the LHV of the PG for the 

experimental results reported in the literature and CEM results. 

Regarding the variation of LHV with the operating parameters, there is an evident trend for the 

decrease of LHV with ER increase for both experimental and CEM results (Figure 3.6 (a)). The 

influence of temperature on LHV is not evident for the experimental results (Figure 3.6 (b)). For 

the CEM results, there is an observable tendency for the increase of LHV with temperature 

increase. PCC values are in concordance with this analysis and indicate that the CEM results 

present less dispersion (Table 3.3). Accordingly, the empirical correlation (developed based in 

experimental data) for LHV (Equation 3.7) presents a lower R2 value than the correlation 

developed based in the CEM results (Equation 3.8). 
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𝐿𝐻𝑉 𝑒𝑥𝑝 = −0.00299 × 𝑇 + −8.87018 × ER + 9.637507  (Equation 3.7) 

𝑅2 = 0.24 

𝐿𝐻𝑉𝑒𝑞 = 0.006549 × 𝑇 + −12.4161 × ER + 4.339622  (Equation 3.8) 

𝑅2 = 0.85 

The Ygas for both experimental and CEM results is shown in Figure 3.7. For similar operating 

conditions, the experimental and CEM results show Ygas values between 1.2 and 3.5 Nm3/kg 

biomass db and 1.4 and 2.9 Nm3/kg biomass db, respectively. CEM results for pyrolysis 

conditions and gasification with unusually low ER (ER=0.10), show significantly lower Ygas, 

namely between 0.6 and 1.8 Nm3/kg biomass db. Nonetheless, the maximum Ygas value (3.7 

Nm3/kg biomass db) was found in the CEM results for lignin gasification with ER=0.40 and 

800 ºC. In the experimental results, a higher Ygas value is referred in the literature, namely 4.1 

Nm3/kg biomass db during gasification of sawdust with ER=0.50 and T=880 ºC [188]. However, 

these conditions are not suitable for typical direct (air) biomass gasification processes in BFB 

reactors due to the high ER employed, which leads to excessive combustion and low PG quality. 

 

      (a) 

 

      (b) 

Figure 3.7 – Influence of the ER (a) and bed temperature (b) on the Ygas for the experimental 

results reported in the literature and CEM results. 



Direct gasification of biomass for fuel gas production 

86      EngIQ 

In Figure 3.7 (a), it can be observed an evident tendency for the increase of Ygas with the ER for 

both experimental and CEM results. This can be explained by the higher ratio of gasifying agent 

per unit of biomass, which results directly from the increase of ER. A slight positive tendency is 

also observed between Ygas and temperature increase, for both experimental and CEM results 

(Figure 3.7 (b)). Accordingly, the developed empirical and CEM correlations for Ygas 

determination (Equations 3.9 and 3.10) present closer R2 values than the correlations developed 

for other parameters. 

𝑌𝑔𝑎𝑠,𝑒𝑥𝑝 = 0.001936 × 𝑇 + 4.630323 × ER − 0.97472  (Equation 3.9) 

𝑅2 = 0.30 

𝑌𝑔𝑎𝑠,𝑒𝑞 = 0.001246 × 𝑇 + 3.400375 × ER + 0.31634   (Equation 3.10) 

𝑅2 = 0.62 

3.1.4.2.2 CGE and CCE 

The CGE and CCE are parameters typically used in the literature to evaluate the efficiency of 

biomass gasification processes [4,123]. 

Regarding CGE, the experimental results show significantly lower values than the CEM 

predictions (Figure 3.8). For biomass gasification processes under similar operating conditions, 

CGE values are between 23.5 and 78.8 % for experimental results and between 45.1 and 98.7 % 

for CEM results. The CEM results for pyrolysis conditions and gasification with unsuitable low 

ER (ER=0.10) show lower CGE values, namely between 24.8 and 93.6 %. Nonetheless, a 

maximum CGE value of 105.9 % was predicted by the CEM for cellulose gasification with 

ER=0.10 at 900 ºC; this value means that the PG has higher energy content than the initial 

biomass, which is not possible according to the laws of thermodynamics. This inconsistency may 

be related to the equation used to estimate the LHV of the distinct biomass types [12] (see Section 

3.1.3). 

The CEM results show a tendency for the increase of CGE with temperature increase, whereas 

no clear tendency is observed in the experimental results (Figure 3.8 (b)). No evident tendency is 

observed between CGE and ER for both experimental and CEM results (Figure 3.8 (a)). This may 

be related to the fact that low ER favor the concentration of combustible gases in the PG but also 

favor a decrease in gas production, thus creating a trade-off between these parameters, as it has 

been previously suggested by the authors [4]. Accordingly, PCC values for the relation between 

CGE and the operating parameters typically indicate high dispersion (Table 3.3), except for the 

PCC value found for the relation between the CGE predicted by the CEM and the process 

temperature (0.8). Thus, the developed empirical correlation (Equation 3.11) presents a 

significantly lower R2 value than the correlation developed based on CEM results (Equation 3.12). 

 

𝐶𝐺𝐸𝑒𝑥𝑝 = −0.03761 × 𝑇 + 15.64463 × ER + 73.98776  (Equation 3.11) 

𝑅2 = 0.06 

𝐶𝐺𝐸𝑒𝑞 = 0.12096 × 𝑇 + −59.3921 × ER + 0.916735  (Equation 3.12) 

𝑅2 = 0.71 
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(a) 

 

(b) 

Figure 3.8 – Influence of the ER (a) and bed temperature (b) on the CGE for the experimental 

results reported in the literature and CEM results. 

The influence of temperature and ER in the CCE, for both CEM and experimental results, is 

shown in Figure 3.9. For biomass gasification under similar operating conditions, the 

experimental and CEM results show similar values for CCE, namely between 55.0 and 94.8 % 

and 59.0 and 99.5 %, respectively. The CEM results for pyrolysis conditions and gasification with 

unsuitable low ER (ER=0.10) show lower CCE values, namely between 22.9 to 86.3 %, 

depending on biomass type and temperature. The CEM results for lignin and cellulose also show 

similar CCE values (20.5 to 99.5 %). The highest CCE value (99.5 %) was predicted by the CEM 

for various conditions, for example RFB from eucalyptus gasification with ER=0.20 and 800 ºC. 

A tendency for the increase of CCE with ER is observed for both experimental and CEM results 

(Figure 3.9 (a)). A tendency for the increase of CCE with temperature can also be observed for 

the CEM results (Figure 3.9 (b)), which is in accordance with some other works [68]. For the 

experimental results, no evident tendency for the relation between CCE and temperature is 
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observed. Accordingly, PCC values for the experimental results are significantly low and indicate 

high dispersion (Table 3.3) and the developed empirical correlation (Equation 3.13) has a 

significantly lower R2 value than the correlation developed based on CEM results (Equation 3.14). 

 

𝐶𝐶𝐸𝑒𝑥𝑝 = 0.005378 × 𝑇 + 45.36009 × ER + 58.86143  (Equation 3.13) 

𝑅2 = 0.07 

𝐶𝐶𝐸𝑒𝑞 = 0.093148 × 𝑇 + 52.28168 × ER + 5.825285  (Equation 3.14) 

𝑅2 = 0.7 

 

(a) 

 

(b) 

Figure 3.9 – Influence of the ER (a) and bed temperature (b) on the CCE for the experimental 

results reported in the literature and CEM results. 
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3.1.5 EMPIRICAL AND CEM CORRELATIONS EVALUATION 

In this section, the empirical and CEM correlations prediction capability was briefly evaluated. 

For this purpose, direct (air) gasification experiments were performed in the DAO-UA 80 kWth 

pilot-scale BFB gasifier (described in Section 1.3.1) with distinct biomass types and operating 

conditions. The operating conditions of the gasification experiments performed are detailed in 

Table 3.4. The correlations were evaluated by using these operating conditions (ER and bed 

temperature) as inputs and comparing the predicted results with the experimental results.  

Table 3.4 – Operating conditions during the biomass gasification experiments performed in the 

pilot-scale BFB. 

Biomass feedstock 
Average bed temperature  

[ºC] 
ER 

Biomass feed rate 

[kg/h] 

Air feed rate  

[L NPT/min] 

Eucalyptus RFB 747 0.26 11.1 200 

Eucalyptus RFB 754 0.26 11.1 200 

Eucalyptus RFB 775 0.26 11.1 200 

Wood pellets 814 0.33 8.7 200 

Wood pellets 815 0.32 8.9 200 

Eucalyptus RFB 816 0.28 10.5 200 

Eucalyptus RFB 816 0.20 14.8 200 

Wood pellets 817 0.33 8.8 200 

Eucalyptus RFB 825 0.26 11.1 200 

In Table 3.5, the experimental results and the empirical and CEM correlations predictions are 

summarized and compared. The composition of the PG (H2, CO and CH4), LHV, Ygas, CGE and 

CCE are considered as parameters. Pearson’s correlation test was performed to measure the 

strength of the correlation between the empirical and CEM correlations predictions and the 

experimental results, thus characterizing the accuracy of the predictions. In this analysis, a PCC 

value of 1 indicates that the values predicted by the correlations are perfectly linearly correlated 

with the observed experimental results [319]. 

The comparison between the empirical correlations predictions and the experimental results 

(Table 3.5) allowed the following general observations: 

• Prediction of CH4 concentration, H2/CO molar ratio, LHV, Ygas and CCE with low 

relative errors. 

• Overestimation of H2 and CO concentration and slight overestimation of CGE. 

Maximum relative mean error associated to the prediction of H2 and CO concentration (16.9 and 

13.2 %, respectively), with the remaining relative mean errors being lower than 8.0 % (CGE). 

High positive PCC values were found for CH4, H2/CO molar ratio, Ygas and CCE, showing 

positive correlations between the experimental results and the empirical correlations predictions. 

However, a significantly lower PCC value was found for LHV (close to 0), despite this parameter 

prediction average relative error being low. Furthermore, PCC values were found negative for H2 

(-0.9), CO (-0.5) and CGE (-0.4), showing negative correlations. These phenomena can be related 

to the high dispersion of values found in the literature for similar operating conditions, which 

were used in the development of the empirical correlations, as indicated by the low R2 values 

found previously (see Section 3.1.4). Thus, for direct (air) gasification processes in BFB reactors, 

the developed empirical correlations show capacity to predict first estimates of gasification 

products and process efficiency parameters, specifically CH4 concentration, H2/CO molar ratio, 

Ygas and CCE, however, require further improvement for higher reliability. 
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Table 3.5 – Comparison between obtained results in direct (air) gasification of biomass 

experiments in a BFB reactor and predicted by the empirical correlations and CEM correlations 

for the same operating conditions (Table 3.4). 

  % vol, db Mol.mol-1 MJ/Nm3 Nm3/kg biomass db % 

  H2 CO CH4 H2/CO LHV Ygas CGE CCE 

Experimental results 
x̅ 7.3 12.9 3.8 0.6 4.6 1.8 44.5 73.2 

σ 1.0 1.7 0.4 0.1 0.5 0.2 7.8 10.2 

Empirical correlations 

x̅ 8.8 14.9 3.7 0.6 4.8 1.9 48.4 75.8 

Error x̅ [%] 16.9 13.2 -2.0 4.1 3.0 5.3 8.0 3.5 

σ 0.5 1.1 0.4 0.0 0.4 0.2 1.1 1.9 

Error σ [%] -114.8 -48.1 2.2 -142.5 -21.2 1.4 -602.5 -432.1 

PCC -0.9 -0.5 0.6 0.7 0.0 1.0 -0.3 0.9 

CEM correlations 

x̅ 22.9 28.5 0.4 0.8 6.2 2.3 85.7 94.7 

Error x̅ [%] 68.1 54.6 -926.0 29.7 25.4 22.0 48.1 22.8 

σ 2.0 2.3 0.2 0.1 0.5 0.2 3.5 3.8 

Error σ [%] 51.2 27.3 -76.2 -16.0 4.1 -36.3 -125.3 -166.9 

PCC -0.4 0.8 -0.2 -0.4 0.5 1.0 0.8 0.9 

The lack of accuracy of the CEM correlations to determine gasification products was expected 

due to the previously noticed difference between the PG composition predicted by the CEM and 

the gas composition reported in the literature regarding direct (air) biomass gasification in BFB 

reactors (see Section 3.1.4). These combined observations prove that chemical equilibrium is not 

attained in practical BFB direct (air) gasifiers. Nonetheless, H2/CO molar ratio values obtained 

through the CEM are significantly closer to the values observed experimentally (relative mean 

error of 29.7 %). A positive PCC value (0.8) was found for the correlation between CO 

concentration found in the experimental results and predicted by the CEM, however, negative 

correlations were found for H2, CH4 and H2/CO molar ratio (PCC = -0.2 to -0.4). Positive PCC 

values (0.5 to 1.0) were also found for LHV, Ygas, CGE and CCE. 

Thus, these results indicate that the developed CEM correlations are not suited to characterize and 

predict gasification products from direct (air) biomass gasification processes in BFBs reactors. 

Nevertheless, these correlations present higher accuracy for the prediction of H2/CO molar ratios 

and efficiency parameters, than for the prediction of the volumetric concentration of major 

combustible gases (CO, H2 and CH4) present in the PG. The lack of accuracy of CEMs for the 

prediction of the PG composition under certain operating conditions has also been recognized in 

other works [13,26,66,283], nonetheless, chemical equilibrium modelling is still the most 

commonly used approach for determining PG composition in biomass gasification [56,285], and 

has been intensively used for fluidized beds in recent years [283,285,295,303–305,320]. 

Therefore, these results also indicate that the focus of modelling studies should be shifted from 

black-box chemical equilibrium modelling to other modelling approaches, such as approaches 

that integrate experimental knowledge. In this respect, integrating chemical equilibrium 

modelling with experimental knowledge, for example an integration between the CEM and 

empirical model developed in this work, may allow higher agreement between the model 

predictions and experimental data. These aspects are relevant to increase confidence in the 

predicted results from numerical tools and consequently facilitate the upscaling of biomass 

gasification technologies to the industrial level. 

3.1.6 CONCLUSIONS 

This works shows that the PG composition reported in the literature regarding direct (air) biomass 

gasification in BFB gasifiers has significant deviations from the one predicted by chemical 
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equilibrium. In fact, H2 and CO concentrations are grossly overestimated by the CEM predictions, 

while CH4 is largely underestimated. Furthermore, in some cases, the effect of temperature and 

ER on these concentration values is distinct for the reported experimental results and the CEM 

predictions. For example, the CEM predicted a significant decrease of H2 concentration with ER 

increase and this phenomenon was not observed in the reported experimental results. Regarding 

typical gasification efficiency parameters (LHV, Ygas, CGE and CEE), it was also observed 

deviations from the CEM predictions, however, these were not as significant as the ones observed 

for the PG composition. Thus, for the analyzed operating conditions, it is considered that non-

stoichiometric chemical equilibrium modelling is not suited to predict gasification products and 

support the design and operation of BFB reactors in direct (air) biomass gasification. At most, 

black-box chemical equilibrium modelling should be used to obtain first estimates of LHV, Ygas 

or CCE. 

On the other hand, the empirical model development was hindered by the variability of the 

experimental results (for similar operating conditions) reported in the literature and by the lack of 

information regarding the specific design and operating conditions of the BFB gasifiers. 

Nonetheless, the empirical model showed moderate accuracy for the prediction of preliminary 

estimates of gasification products and process efficiency parameters, specifically CH4 

concentration, H2/CO molar ratio, Ygas and CCE. However, further development is necessary to 

improve the accuracy of the model predictions (with special emphasis on the prediction of H2 and 

CO concentration), and consequently increase its reliability in the design, up-scale and operation 

of direct (air) BFB gasifiers. For this purpose, outlier exclusion, increase of database size and the 

inclusion of the biomass feedstock elemental composition in the correlations development, may 

be beneficial. 

Currently, despite some studies revealing the flaws of the CEM approach, this is still the most 

commonly used technique to predict the products composition from biomass gasification and has 

been intensively used for simulating fluidized bed gasification in recent years. Accordingly, this 

work clearly shows that using CEMs to predict PG composition from direct (air) biomass 

gasification processes in BFBs can result in significant deviations from practical experimental 

results. Thus, alternative modeling techniques, for example approaches that integrate theoretical 

and experimental knowledge, such as integrating CEMs with empirical modelling, could be more 

reliable for the up-scale, design and operation of gasification technologies. 

Biomass gasification technologies still require significant improvements to be cost-competitive 

and to be able to compete with conventional technologies based on fossil fuels. In this respect, 

modelling approaches are less expensive and time consuming than experimental research, and 

may improve the research progress of biomass gasification technologies and optimize the 

operation and design of gasification plants, leading to reduced costs. For this purpose, models 

based on suitable modelling approaches must be developed, for example by integrating practical 

knowledge from available experimental works. Accordingly, this Article results give a relevant 

insight on the variability of reported experimental results regarding direct (air) biomass 

gasification in BFBs and the applicability and accuracy of empirical and chemical equilibrium 

modelling approaches. In result, adopting and developing suitable modelling approaches is 

facilitated. 
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4 CHARACTERIZATION OF THE PG FROM DIRECT BIOMASS 

GASIFICATION 

This Chapter characterizes the PG obtained from the direct gasification of distinct types of 

biomass in three distinct BFB reactors, namely the DAO-UA 80 kWth pilot-scale BFB gasifier, 

the DAO-UA 3 kWth bench-scale BFB gasifier and the KTH 5 kWth bench-scale BFB gasifier 

(Section 1.3). The Chapter is composed by Articles IV, V, VI and VII. 

Article IV, named “Characteristics of the gas produced during direct gasification of biomass in 

an autothermal pilot-scale bubbling fluidized bed reactor”, demonstrated the direct (air) 

gasification process of distinct types of RFB in the DAO-UA pilot-scale BFB gasifier (Section 

1.3) for the replacement of natural gas in some applications, such as gas furnaces for process heat 

production. This study also includes an extended survey of published data concerning direct 

gasification of biomass in fluidized beds, which is integrated with the new data obtained in this 

work, constituting a helpful tool to support decisions on biomass gasification related projects. 

This Article was published in the Energy Journal in 2017 

(https://doi.org/10.1016/j.energy.2016.11.145). 

Article V, named “Superheated steam injection as primary measure to improve PG quality from 

biomass air gasification in an autothermal pilot-scale gasifier”, evaluated the influence of 

superheated water steam injection in the DAO-UA 80 kWth pilot-scale BFB gasifier during the 

direct (air) gasification of distinct types of biomass, focusing on the effect of steam to biomass 

ratio in the PG composition and gasification efficiency parameters. The process was also 

evaluated in the DAO-UA 3 kWth bench-scale BFB gasifier (Section 1.3) and simulated in a 

thermodynamic equilibrium model. The Article is currently submitted and under review in the 

Renewable Energy Journal. 

Article VI, named “Co-gasification of refused derived fuel and biomass in a bubbling fluidized 

bed reactor”, demonstrated the direct (air) co-gasification process of RDF with woody biomass 

in the DAO-UA 80 kWth pilot-scale BFB gasifier as a valid WtE solution. The main objective 

was the evaluation of the RDF weight percentage in the feedstock mixture (0, 10, 20, 50 and 

100 %wt). The Article was published in the Energy Conversion and Management Journal in 2020 

(https://doi.org/10.1016/j.enconman.2020.112476). 

Article VII, named “Tar formation during eucalyptus gasification in a bubbling fluidized bed 

reactor: Effect of feedstock and reactor bed composition”, determined and evaluated tar 

concentration in the PG from the direct gasification of distinct types of RFB in the KTH 5 kWth 

BFB gasifier (Section 1.3). The main objective was the evaluation of the feedstock chemical 

composition and gasifier operation time. The Article is currently submitted and under review in 

the Energy Conversion and Management Journal.  

https://doi.org/10.1016/j.energy.2016.11.145
https://doi.org/10.1016/j.enconman.2020.112476
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4.1 ARTICLE IV - CHARACTERISTICS OF THE GAS PRODUCED DURING DIRECT 

GASIFICATION OF BIOMASS IN AN AUTOTHERMAL PILOT-SCALE BUBBLING 

FLUIDIZED BED REACTOR 

4.1.1 ABSTRACT 

Direct (air) biomass gasification was demonstrated in a pilot-scale bubbling fluidized bed reactor 

and the influence of process parameters analyzed. For the operating conditions used, namely ER 

between 0.17 and 0.36 and bed temperature between 700 and 850ºC, the process was 

demonstrated as autothermal and operating under steady-state. The dry gas produced shows the 

following composition (volumetric basis): 14.0 to 21.4 % CO, 14.2 to 17.5 % CO2, 3.6 to 5.8 % 

CH4, 1.3 to 2.4 % C2H4, 2.0 to 12.7 % H2 and 48.9 to 61.1 % N2. The lower heating value of the 

dry gas was between 4.4 and 6.9 MJ/Nm3, with the highest values observed during the 

experiments with lower ER. The specific dry gas production was between 1.2 and 2.2 Nm3/kg 

biomass (dry basis), the cold gas efficiency between 41.1 and 62.6 % and the carbon conversion 

efficiency between 60 and 87.5 %. 

The integrated analysis of new data from this study and a survey of published data shows that 

direct (air) biomass gasification produces gas mixtures with a wide range of variation in 

characteristics, that can be correlated with the biomass fuel properties and operating conditions 

used. Therefore, for each type of process application it is required specific experimental 

information to support an adequate scaling to the industrial scale. 

Keywords: Biomass; Bubbling fluidized bed; Gasification. 

4.1.2 INTRODUCTION 

The use of biomass for useful energy production has been increasing in the recent years and makes 

part of the energy strategies of developed and developing countries. The driving force for this 

interest in biomass has been the search for alternatives to fossil fuels that allow the use of 

established energy conversion technologies and promote the decrease of greenhouse gases 

emissions. Biomass is considered a renewable fuel and its thermochemical conversion to energy 

has been considered neutral in terms of global carbon balance. Several thermochemical processes 

are available for heat and power production from biomass, even though combustion is the most 

widely used [69]. However, the need for renewable fuels that can replace gaseous fossil fuels in 

distinct applications has turned the worldwide research to biomass gasification. Two main routes 

have been applied for biomass gasification [15,69]: the direct process and the indirect process. In 

the direct process the gasification agent can consist in air or pure oxygen, or, in order to produce 

a gaseous fuel with higher hydrogen content, a mixture of these gases with steam; under these 

conditions the reactor should be autothermal and operated under very low ER [15,69], and, part 

of the fuel is oxidized (combustion) to supply the heat needed for the endothermic gasification 

reactions. In the indirect process, the fluidizing agent is usually steam, thus allowing the 

production of a raw gas with higher heating value when compared to the one produced by the 

direct process. However, the process is allothermal, which means that a supplementary external 

heat source is necessary. 

A recognized setback of biomass gasification is related to the high tar content of the raw gas; 

which causes some problems in the equipment downstream of the gasification reactor and 

contributes to the decrease of the quality of the raw gas [69]; as a result, an upgrade of the raw 

gas is needed in order to obtain a gaseous fuel with suitable quality for its diverse possible 

applications. Therefore, several primary and secondary measures have been developed and are 

under research in order to improve the raw gas quality through the decrease of the tar content 

[15,69,78,124,287,321–323]. 
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Unlike biomass combustion, where the composition of the main product gases (CO2, H2O) is 

relatively easy to be predicted, the composition of the produced gas from biomass gasification, 

namely the relative amounts of main gases such as H2O, CO2, CO, CH4, C2H4 and H2, seems to 

vary in a wide range and is strongly influenced by the biomass characteristics, reactor 

configuration and operating conditions [69,78,188], and, therefore, it is relatively difficult to be 

predicted with accuracy. In this context, thermodynamic equilibrium models [69,287–289], 

kinetic models [324], or combinations of both [325], have been used as an approach to predict the 

gas composition from biomass gasification. Nevertheless, experimental validation of theoretical 

approaches is recognized as of major importance to support decisions related to biomass 

gasification to energy conversion options. 

In fact, from experimental practice reported in the literature [92,287,309] it is observed a wide 

range of variation on the quality of the produced gas and related process performance parameters 

values of direct (air) biomass gasification, such as the Ygas, CGE and CCE. These process 

parameters seem to be deeply influenced by the fuel type, operating conditions and reactor type. 

Similar observations were made regarding the produced gas quality from indirect (steam) biomass 

gasification [326–328]. This imposes the need to obtain specific knowledge regarding the biomass 

gasification process for each particular application in order to get a suitable support for the 

development and optimization of new industrial projects, and avoid the afterward project 

drawbacks that have undeniably been a barrier to the implementation of this thermochemical 

process worldwide. 

In this scope, the study presented here was designed with the goal of supporting the demonstration 

of direct (air) gasification process in a pilot-scale BFB reactor, using RFB as fuel, to produce a 

gas with heating value suitable to be used in partial replacement of natural gas in some 

applications, as for example, in gas furnaces for process heat producing in the PP industry. The 

fuel was chosen according to the available residual forest biomass from wood processing 

activities, such as the PP industry. This work results include new relevant information concerning 

the demonstration of direct (air) gasification of biomass in a pilot-scale BFB reactor, along with 

the experimental and methodological approach followed, and experimental data analysis 

regarding the operating conditions and the properties of the produced gas during a set of 

gasification experiments with the residual forest biomass types selected. 

Additionally, seeking the capacity to interpret the influence of distinct biomass fuels and 

operating conditions on the raw gas (PG) properties, an extended survey of published data 

concerning direct gasification of biomass in fluidized beds is also integrated, analyzed and 

complemented with the new data obtained in this study, thus, constituting a helpful tool for the 

decision support on biomass gasification related projects. 

4.1.3 MATERIALS AND METHODS 

The experimental facility used was the DAO-UA 80 kWth pilot-scale BFB gasifier (Section 1.3.1). 

The direct gasifier was operated under autothermal and steady-state conditions without any 

external auxiliary heating systems, thus, with the necessary heat for the gasification process 

delivered from the partial combustion of the biomass fuel in the reactor. The methodologies used 

to determine ER, LHV, Ygas, CGE and CCE are detailed in Section 1.4. 

4.1.3.1 FEEDSTOCK CHARACTERIZATION 

The fuel used in the gasification experiments included commercial pine pellets (6 mm diameter 

and 15 mm to 20 mm in length) and different types of residual forest biomass (RFB) derived from 

pine (Pinus Pinaster) and from eucalyptus (eucalyptus globulus). The RFB derived from pine 

resulted from forestry operations, namely tree logging for the wood industry, and consisted of 

fine branches and tops of the trees. This fuel was pre-treated by chipping, air drying at atmospheric 
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conditions and sieving to a particle size below 10 mm. The RFB derived from eucalyptus resulted 

from two different operations, namely from forestry operations, as for example trees logging, and 

from industrial operations related to the woodchip production from eucalyptus logs in the context 

of the PP industry; for future reference throughout this work, the first was named eucalyptus RFB 

type A and the second eucalyptus RFB type B, respectively. The eucalyptus RFB type A and B 

were chipped, dried at atmospheric conditions and sieved to a particle size below 5 mm. 

Furthermore, the eucalyptus RFB type B was dried to two different levels of moisture content; 

thus, it is named type B1 the eucalyptus RFB type B with the higher moisture content and B2 with 

the lower moisture content. All the types of biomass were further characterized in terms of 

properties with interest for thermochemical conversion of biomass (proximate and ultimate 

analysis, and heating value), as shown in Table 4.1. 

Table 4.1 – Characteristics of the different types of biomass used as fuel in the gasification 

experiments performed in Article IV. 

 Pine RFB 
Wood 

pellets 
Eucalyptus RFB type A Eucalyptus RFB type B 

    B1           B2 

Proximate analysis 

(%wt, wb) 
     

Moisture 11.0 4.6 11.8 32.5 11.4 

Volatile matter 71.1 78.5 71.0 52.2 68.5 

Fixed carbon 16.8 16.6 14.6 14.5 19.0 

Ash 1.1 0.3 2.6 0.8 1.1 

Ultimate analysis 

(%wt, db) 
    

Ash 1.20 0.32 2.87 1.19 

C 50.80 47.50 45.85 49.07 

H 6.50 6.20 6.13 6.45 

N 0.25 0.09 0.35 0.07 

S nd nd nd nd 

O (by difference) 41.25 45.89 44.80 43.22 

LHV (MJ/kg) (db) 18.5 18.0 17.6 18.3 
nd- not determined, below the detection limit of the method, 100 ppm wt. 

4.1.3.2 OPERATING CONDITIONS 

The operating conditions of the reactor were characterized, namely the fuel feed rate, air feed rate, 

ER, temperature and pressure along the reactor and gas composition at the exit. The average bed 

temperature was maintained between 700 and 854 ºC and the ER between 0.17 and 0.36, 

corresponding to a biomass feed rate between 7.0 and 15.3 kg db/h. The bed temperature and ER 

values comprise a comprehensive range to allow the evaluation of these parameters influence on 

direct (air) gasification processes of biomass in BFB gasifiers. The methodologies for monitoring 

these parameters are detailed on Section 1.4. Table 4.2 shows the information about the operating 

conditions and the respective reference of the experiments performed in this work.  
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Table 4.2 – Operating conditions during the gasification experiments performed in Article IV. 

Experiment 

reference 
Fuel ER 

Average bed 

Temperature (ºC) 

Biomass feed 

rate (kg db/h) 

Air feed rate 

(L NPT/ min) 

BPE 

BPE1 Pine RFB 0.23 786 ±12 11 200 

BPE2 Pine RFB 0.26 811 ±3 10 200 

BPE3 Pine RFB 0.30 830 ±2 9 200 

WPE 

WPE1 Wood pellets 0.22 816 ±17 13 200 

WPE2 Wood pellets 0.24 802 ±4 12 200 

WPE3 Wood pellets 0.25 854 ±6 11 200 

WPE4 Wood pellets 0.30 833 ±2 10 200 

BEE 

BEE1 Eucalyptus RFB type A 0.22 804 ±7 13 200 

BEE2 Eucalyptus RFB type A 0.24 798 ±8 12 200 

BEE3 Eucalyptus RFB type A 0.25 812 ±5 11 200 

BEE4 Eucalyptus RFB type A 0.26 810 ±9 11 200 

BEE5 Eucalyptus RFB type A 0.28 818 ±3 10 200 

BEE6 Eucalyptus RFB type B1 0.28 706 ±8 9 200 

BEE7 Eucalyptus RFB type B1 0.30 714 ±6 9 200 

BEE8 Eucalyptus RFB type B1 0.36 700 ±7 7 200 

BEE9 Eucalyptus RFB type B2 0.17 736 ±19 15 200 

BEE10 Eucalyptus RFB type B2 0.18 709 ±14 14 200 

BEE11 Eucalyptus RFB type B2 0.20 719 ±21 13 200 

BEE12 Eucalyptus RFB type B2 0.25 800 ±5 10 200 

BEE13 Eucalyptus RFB type B2 0.35 813 ±14 7 200 
db – biomass dry basis; NPT – Normal Pressure (1.013×105) and Temperature (0ºC) 

4.1.4 RESULTS AND DISCUSSION 

The results presented here include information about the gasifier operating conditions, such as the 

air and fuel feed rate and ER used, temperature profile along the reactor height, temperature along 

time at several locations in the reactor and composition of the dry gas produced in terms of CO2, 

CO, CH4, C2H4, N2 and H2 at the exit of the gasifier. Concerning the efficiency of the gasification 

process and the quality of the gas produced during the experiments, some variables were 

calculated such as LHV of the dry gas, Ygas, CGE and CCE. A compilation and analysis of data 

reported in the literature regarding biomass direct gasification in BFBs, and, in a lesser extent, in 

other type of reactors and/or with another gasification agent (steam), is also included. 

4.1.4.1 STEADY-STATE OPERATION OF THE GASIFIER 

The BFB gasifier was operated under steady-state conditions. From the beginning of the biomass 

feeding (at a bed temperature of about 500 ºC) to the achievement of steady-state conditions of 

operation under gasification regime it typically took 150 minutes. During this transition period 

the bed temperature was continuously monitored and the gas composition was monitored at 

periodic times (typically 5 to 10 minutes interval). When the temperature and the gas composition 

started to stabilize and exhibit minor fluctuations along time the system was considered as 

operating under steady-state conditions; thereafter the gas composition and temperature started to 

be monitored online and continuously. 

The typical temperature profile along time at several locations along the reactor height during the 

gasification of the different types of biomass was analogous, as shown in Figure 4.1. It is also 
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observed that the temperature at several locations along the reactor was very stable along time. 

Nonetheless some differences were observed between the temperature profiles regarding the 

experiments performed with wood pellets and with chipped RFB, probably due to the different 

physical characteristics of the fuel particles and its influence on the fuel feeding system, namely 

in terms of regular feeding conditions; in fact, during the experiments performed with pellets, the 

temperature along time showed a more steady behavior, particularly in the lower part of the 

freeboard, i.e. immediately above the fuel feeding location, and this can reflect a more regular 

feeding of the pellets when compared to the RFB chips. 

  

(a) 

 

(b) 

Figure 4.1 – Example of the typical evolution of the temperature along time at different locations 

along the reactor height during the gasification of: (a) wood pellets and (b) eucalyptus RFB type 

A. 

It was observed that even at relatively low ER (as low as 0.17) it was possible to operate the BFB 

gasifier under stable autothermal conditions, with bed temperatures above 700 ºC (Figure 

4.1,Table 4.2), without the need of any external heat source, as for example auxiliary electric 
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heating systems often used in other research works [184,314,329–331]. This result means that the 

exothermic reactions related to the partial oxidation of the biomass fuel released enough thermal 

energy to support the gasification process under autothermal conditions. The existence of steady-

state operating conditions of the gasifier reflects the adequacy of the BFB reactor to study the 

process of direct biomass gasification. 

Regarding the longitudinal temperature profile along the reactor, it was observed a continuous 

decrease of the temperature from the bed and its surface to the exit of the reactor (Figure 4.2). 

This can be explained by the specificities of the autothermal gasification process, in which the 

biomass fuel is oxidized mostly inside the bed and bed surface where it is discharged by the screw 

feeder and where O2 is more available (from the primary air injection), thus releasing most of the 

thermal energy in this region in result of exothermal combustion reactions and generating higher 

temperatures at this location of the reactor. Afterwards, in the space above (freeboard region), the 

reactor becomes oxygen starved, as indicated by a zirconia cell probe installed in the freeboard 

(0.4 m above the biomass feeding location), and thus, the exothermic reactions typical of the 

combustion process are inhibited. Then, the thermal energy of the gas mixture decreases along 

the freeboard in result of being consumed by the endothermic reactions typical of the gasification 

process and lost by heat transfer throughout the reactor walls and by convection with the flue gas, 

therefore explaining the temperature decrease along the reactor height. The higher temperatures 

in the reactor were observed during conditions of higher ER (for example, 0.35), which can be 

explained in result of an increase of heat release from exothermic reactions, such as the 

combustion reactions, favored by the increase of oxygen availability. 

 

Figure 4.2 – Longitudinal temperature profile in the BFB reactor during the biomass gasification 

experiments performed. Legend according to experiments references in Table 4.2. 

The continuous monitoring of the PG characteristics shows a relatively stable gas composition 

along time (Figure 4.3), which is coherent with the steady temperature profiles along time 

discussed previously (Figure 4.1), allowing to conclude that the BFB gasifier was operating at 

steady-state conditions. However, some fluctuations on the concentration of the gas species 

monitored along time can be observed and can be related to the fuel feeding conditions, namely 

the screw type feeding of biomass with heterogeneous physical characteristics, as for example the 

chipped RFB. 
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(a) 

 

   

(b) 

Figure 4.3 – Example of the typical dry gas composition (CO2, CO, CH4, C2H4) progress along 

time during the gasification of: (a) wood pellets and (b) eucalyptus RFB type B2. 

4.1.4.2 INFLUENCE OF THE ER 

The two gaseous components present in higher concentration (N2 not considered) in the dry gas 

were CO2 and CO, followed by H2, CH4 and C2H4 by decreasing order of abundance. The CO2 

concentration in the dry gas was between 14.2 and 17.5 %v, the CO concentration between 14.0 

and 21.4 %v, the CH4 concentration between 3.6 and 5.8 %v, the C2H4 concentration between 1.3 

and 2.4 %v and the H2 concentration between 2.0 and 12.7 %v, as shown in Figure 4.4 (a), (b) 

and (c). The highest concentration of CO, CH4 and C2H4 was observed during the gasification of 

eucalyptus RFB type B2 with an ER of 0.17 (experiment reference BEE9 in Table 4.2 and Figure 
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4.4 (c)), however, the highest concentration of H2 was observed during the gasification of wood 

pellets with an ER of 0.24 (experiment reference WPE2 in Table 4.2). The gas composition 

observed with distinct biomass fuels and operating conditions is in accordance with results 

reported in the literature regarding direct (air) gasification in BFBs (discussed in Section 4.1.4.4). 

In general, the concentration of combustible gases such as CO and H2 increased with the decrease 

of ER in the range used (0.17 to 0.36) (Figure 4.4 (a), (b) and (c)), following a similar trend as 

reported in the literature (discussed in Section 4.1.4.4). This can be explained in result of the 

existence of a higher O/C ratio in the reaction environment with the increase of the ER, and thus 

more oxygen is available, which favors the oxidation reactions, and the consequent decrease in 

the concentration of combustible gases. Nevertheless, in some experiments it was observed that 

the concentration of H2 decreased when the ER was decreased, and therefore, other reasons such 

as the reaction temperature should come into play. 
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(c) 

Figure 4.4 – Influence of ER on the average dry gas composition (CO2, CO, H₂, CH4 and C2H4) 

and LHV during the gasification experiments in the pilot-scale BFB with (a) pine RFB, (b) wood 

pellets and (c) eucalyptus RFB. Legend according to experiments reference in Table 4.2. 

4.1.4.3 INFLUENCE OF THE TEMPERATURE 

For the different fuels and operating conditions studied in this work, the most significant 

difference observed was related to the concentration of H2 in the dry gas. During wood pellets 

gasification the H2 concentration was between 6.6 and 12.7 %v, whereas during the gasification 

of the other types of biomass the concentration of H2 was in the range 2.0 to 7.2 %v. Considering 

that the hydrogen content of these fuels is similar (around 6.1 to 6.5 %wt dry basis), with the 

highest value found in the chipped RFB derived from pine, and that the moisture content (an 

alternative source of H2) of the pellets was lower, the reasoning for the observed differences in 

H2 production could be related to other operating variables such as the ER and operating 

temperature. However, the ER during the wood pellets gasification was similar to that used for 

the other biomass fuels, and thus should not explain the observed differences on the H2 

production. On the other hand, the temperature in the reactor during the gasification of wood 

pellets is in the upper temperature range observed during the experiments done (Table 4.2), and 

it is recognized [289] that higher temperatures favor the formation of species such as H2 and CO. 

Thus, for similar ER, the higher temperatures seem to be favoring the formation of H2. In fact, 

the lower H2 content in the dry gas was observed during the gasification experiments performed 

at lower temperatures, as those in range 700 ºC to 720 ºC. Besides the recognized influence of the 

temperature on H2 production, it is also observed that for similar temperature and ER, the 

production of H2 is always higher during the gasification of wood pellets. Thus, other 

phenomenon, such as the physical properties of the fuel, for example the pelletized form of 

particles instead of the chipped form, could have some influence on the mass ratio char/bottom 

bed, reactivity of particles, and gas-solid interaction and, consequently, on the results observed; 

considering the relevance of the subject, this must be further analyzed in future works in order to 

be clarified. 

LHV in the range of 4.4 to 6.9 MJ/Nm3 was observed (Figure 4.4), with the highest value observed 

during the gasification of eucalyptus RFB type B2 with ER 0.17 and bed temperature equal to 

736 ºC (BEE9, Figure 4.4 (c)), and the lowest during the gasification of eucalyptus RFB type B1 

with ER 0.36 and bed temperature equal to 700 ºC (BEE8, Figure 4.4 (c)). In general, for each 
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biomass fuel, and for similar operating temperature, the LHV of the dry gas decreased with the 

increase of the ER (Figure 4.4), and this is explained in result of the decrease of the concentration 

of the combustible gases produced with increasing ER, as already discussed in the previous 

Section. Nevertheless, it can also be observed that an increase in the ER in specific ranges, e.g. 

between 0.18 and 0.25, along with a temperature increase from around 700 ºC to 800 ºC, can 

result in an increase of the gas LHV (see for example BEE10 to BEE12, Figure 4.4 (c)). This 

means that an interplay exists between the ER and the temperature in determining the LHV of the 

gas. The values of LHV determined during the gasification experiments are in agreement with the 

range of LHV values often reported in literature for direct (air) biomass gasification in BFB 

(discussed in Section 4.1.4.4). 

4.1.4.4 COMPARISON WITH LITERATURE DATA 

In Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9, it is made an integration of 

experimental data from this study with a survey of results concerning dry gas composition, LHV, 

Ygas, CGE and CCE, respectively, from a set of studies available on the literature regarding direct 

(air) biomass gasification in BFB (Table 4.3). Regarding the composition of the dry gas (Figure 

4.5), the CO concentration is between 7.2 and 26.6 %v and the H2 concentration between 1.2 and 

24 %v. When compared to literature data, the results obtained in the work developed here are 

within the upper range of reported values for CO concentration and in the lower range of reported 

values for H2. Regarding the LHV of the PG (Figure 4.6), the values reported in literature are 

between 0.1 and 7.8 MJ/Nm3. In this respect, the LHV values obtained in the present work are in 

the upper range of the values found in the literature. The analysis of published information and 

experimental results obtained in this work, point out for maximum LHV for ER in the range 0.17 

to 0.27.  
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Table 4.3 – Survey of some published works in the literature regarding direct and indirect biomass 

gasification in distinct reactors. 

Experiment 

reference 
Biomass Gasification agent Reactor type ER* or S/B** Reference 

KP 

KP0.19 Wood pellets Air BFB 0.19* [186] 

KP0.24 Wood pellets Air BFB 0.24* [186] 

KP0.27 Wood pellets Air BFB 0.27* [186] 

KP0.32 Wood pellets Air BFB 0.32* [186] 

KC 

KCS0.25 Hazelnut shell Air BFB 0.25* [307] 

KCS0.68 Hazelnut shell Air BFB 0.68* [307] 

KCA0.36 Cotton stalk Air BFB 0.36* [307] 

KCA0.71 Cotton stalk Air BFB 0.71* [307] 

BC 

BC0.22 Rice husk Air BFB 0.22* [229] 

BC0.24 Rice husk Air BFB 0.24* [229] 

BC0.28 Rice husk Air BFB 0.28* [229] 

BC0.32 Rice husk Air BFB 0.32* [229] 

BC0.34 Rice husk Air BFB 0.34* [229] 

NS 

NS0.26 Pine sawdust Air BFB 0.26* [187] 

NS0.32 Pine sawdust Air BFB 0.32* [187] 

NS0.36 Pine sawdust Air BFB 0.36* [187] 

NS0.37 Pine sawdust Air BFB 0.37* [187] 

NS0.47 Pine sawdust Air BFB 0.47* [187] 

KE 

KE0.32 Rubber woodchip Air BFB 0.32* [315] 

KE0.36 Rubber woodchip Air BFB 0.36* [315] 

KE0.38 Rubber woodchip Air BFB 0.38* [315] 

KE0.41 Rubber woodchip Air BFB 0.41* [315] 

KE0.43 Rubber woodchip Air BFB 0.43* [315] 

CP CP0.35 Wood pellets Air BFB 0.35* [184] 

KC 

KC0.25 Rice husk Air BFB 0.25* [287] 

KC0.35 Rice husk Air BFB 0.35* [287] 

KC0.45 Rice husk Air BFB 0.45* [287] 

SF 

SF0.30 Coir pith Air BFB 0.3* [188] 

SF0.40 Coir pith Air BFB 0.4* [188] 

SF0.50 Coir pith Air BFB 0.5* [188] 

SC 

SC0.30 Rice husk Air BFB 0.3* [188] 

SC0.40 Rice husk Air BFB 0.4* [188] 

SC0.50 Rice husk Air BFB 0.5* [188] 

SS 

SS0.30 Sawdust Air BFB 0.3* [188] 

SS0.40 Sawdust Air BFB 0.4* [188] 

SS0.50 Sawdust Air BFB 0.5* [188] 
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Table 4.3 – (cont.). 

Experiment 

reference 
Biomass Gasification agent Reactor type ER* or S/B** Reference 

XM 

XM0.23 Miscanthus Air BFB 0.23* [314] 

XM0.26 Miscanthus Air BFB 0.26* [314] 

XM0.28 Miscanthus Air BFB 0.28* [314] 

XM0.37 Miscanthus Air BFB 0.37* [314] 

SP 
SP0.25 Alfalfa pellets Air BFB 0.25* [312] 

SP0.30 Alfalfa pellets Air BFB 0.3* [312] 

IPP IPP0.24 Straw pellets Air BFB 0.24* [185] 

IPPC IPPC0.21 Softwood pellets Air BFB 0.21* [185] 

IPE IPE0.29 Torrefied woodchips Air BFB 0.29* [185] 

MC 

MC0.25 Rice husk Air BFB 0.25* [309] 

MC0.30 Rice husk Air BFB 0.3* [309] 

MC0.35 Rice husk Air BFB 0.35* [309] 

AE 

AE0.17 Woodchips Air BFB 0.17* [183] 

AE0.18 Woodchips Air BFB 0.18* [183] 

AE0.23 Woodchips Air BFB 0.23* [183] 

VC 

VC0.20 Olive kernel Air BFB 0.2* [313] 

VC0.30 Olive kernel Air BFB 0.3* [313] 

VC0.40 Olive kernel Air BFB 0.4* [313] 

SCT 

SCT0.26 Bana grass Air BFB 0.26* [311] 

SCT0.27 Bana grass Air BFB 0.27* [311] 

SCT0.30 Bana grass Air BFB 0.3* [311] 

SCT0.33 Bana grass Air BFB 0.33* [311] 

SB SB0.27 Sugarcane bagasse Air BFB 0.27* [311] 

GCP 

GCP0.15 Palm kernel shell Air BFB 0.15* [306] 

GCP0.20 Palm kernel shell Air BFB 0.2* [306] 

GCP0.25 Palm kernel shell Air BFB 0.25* [306] 

GCP0.30 Palm kernel shell Air BFB 0.3* [306] 

GCP0.45 Palm kernel shell Air BFB 0.45* [306] 

GCC 

GCC0.15 Coconut shell Air BFB 0.15* [306] 

GCC0.20 Coconut shell Air BFB 0.2* [306] 

GCC0.25 Coconut shell Air BFB 0.25* [306] 

GCC0.30 Coconut shell Air BFB 0.3* [306] 

GCC0.45 Coconut shell Air BFB 0.45* [306] 
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Table 4.3 – (cont.). 

Experiment 

reference 
Biomass Gasification agent Reactor type ER* or S/B** Reference 

MM 

MM0.18 Miscanthus Air BFB 0.18* [310] 

MM0.26 Miscanthus Air BFB 0.26* [310] 

MM0.27 Miscanthus Air BFB 0.27* [310] 

MM0.30 Miscanthus Air BFB 0.3* [310] 

MM0.31 Miscanthus Air BFB 0.31* [310] 

MM0.37 Miscanthus Air BFB 0.37* [310] 

GNPP GNPP0.20 Black pellets Air Updraft 0.2* [332] 

GNPC GNPC0.20 Gray pellets Air Updraft 0.2* [332] 

PWP 

PWP0.20 Wood pellets Air Updraft 0.2* [189] 

PWP0.24 Wood pellets Air Updraft 0.24* [189] 

PWP0.26 Wood pellets Air Updraft 0.26* [189] 

PWP0.28 Wood pellets Air Updraft 0.28* [189] 

PWP0.29 Wood pellets Air Updraft 0.29* [189] 

PWP0.30 Wood pellets Air Updraft 0.3* [189] 

PWP0.31 Wood pellets Air Updraft 0.31* [189] 

PWP0.33 Wood pellets Air Updraft 0.33* [189] 

CEPM CEPM0.29 Wood pellets Air Downdraft 0.29* [190] 

CEPB CEPB0.29 Bagasse pellets Air Downdraft 0.29* [190] 

CEPC 
CEPC0.30 EFB pellets Air Downdraft 0.3* [190] 

CEPC0.39 EFB pellets Air Downdraft 0.39* [190] 

MDPP 
MDPP0.26 Polish pellets Air Updraft 0.26* [111] 

MDPT0.28 Torrified pellets Air Updraft 0.28* [111] 

MDPA MDPA0.31 South African pellets Air Updraft 0.31* [111] 

MDSP MDSP0.14 Polish sawdust Air Updraft 0.14* [111] 

CGP 

CGP0.18 Corn straw Air Downdraft 0.18* [333] 

CGP0.21 Corn straw Air Downdraft 0.21* [333] 

CGP0.24 Corn straw Air Downdraft 0.24* [333] 

CGP0.28 Corn straw Air Downdraft 0.28* [333] 

CGP0.32 Corn straw Air Downdraft 0.32* [333] 

CGP0.36 Corn straw Air Downdraft 0.36* [333] 

CGP0.41 Corn straw Air Downdraft 0.41* [333] 
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Table 4.3 – (cont.). 

Experiment 

reference 
Biomass Gasification agent Reactor type ER* or S/B** Reference 

LISCPA LISCPA0.22 Mixed PS sawdust Air CFB 0.22* [92] 

LISDB 

LISDB0.26 Mixed sawdust Air CFB 0.26* [92] 

LISDB0.30 Mixed sawdust Air CFB 0.3* [92] 

LISDB0.46 Mixed sawdust Air CFB 0.46* [92] 

LISC 

LISC0.34 Hemlock sawdust Air CFB 0.34* [92] 

LISC0.52 Hemlock sawdust Air CFB 0.52* [92] 

LISC0.45 Cypress sawdust Air CFB 0.45* [92] 

LISC0.54 Cypress sawdust Air CFB 0.54* [92] 

LISAP LISAP0.40 Mixed SPF sawdust Air CFB 0.4* [92] 

CLC 

CLC1.00 Rice husk Steam BFB 1** [326] 

CLC1.32 Rice husk Steam BFB 1.32** [326] 

CLC1.70 Rice husk Steam BFB 1.7** [326] 

RCA 

RCA1.00-1 Almond shell Steam BFB 1** [327] 

RCA1.00-2 Almond shell Steam BFB 1** [327] 

RCA1.00-3 Almond shell Steam BFB 1** [327] 

GCPV 

GCPV1.00-1 Straw Steam - 0.15** [328] 

GCPV1.00-2 Straw Steam - 0.15** [328] 

GCPV1.00-3 Straw Steam - 0.15** [328] 

MPM 

MPM0.83 Wood pellets Steam BFB 0.83** [95] 

MPM0.84 Wood pellets Steam BFB 0.84** [95] 

MPM1.00 Wood pellets Steam BFB 1** [95] 

MPM1.20 Wood pellets Steam BFB 1.2** [95] 
Notes: EFB = Empty fruit bunch; PS = pine bark-spruce; SPF = Spruce-pine-fir.



Daniel Torrão Pio 

107 

 

Experiments reference

K
P

0
.1

9
K

P
0
.2

4
K

P
0
.2

7
K

P
0
.3

2
K

C
S

0
.2

5
K

C
S

0
.6

8
K

C
A

0
.3

6
K

C
A

0
.7

1
B

C
0
.2

2
B

C
0
.2

4
B

C
0
.2

8
B

C
0
.3

2
B

C
0
.3

4
N

S
0
.2

6
N

S
0
.3

2
N

S
0
.3

6
N

S
0
.3

7
N

S
0
.4

7
C

P
0
.3

5
K

C
0
.2

5
K

C
0
.3

5
K

C
0
.4

5
S

F
0
.3

0
S

F
0
.4

0
S

F
0
.5

0
S

C
0
.3

0
S

C
0
.4

0
S

C
0
.5

0
S

S
0
.3

0
S

S
0
.4

0
S

S
0
.5

0
X

M
0
.2

3
X

M
0
.2

6
X

M
0
.2

8
X

M
0
.3

7
S

P
0
.2

5
S

P
0
.3

0
IP

P
0
.2

4
IP

P
C

0
.2

1
IP

E
0
.2

9
M

C
0
.2

5
M

C
0
.3

0
M

C
0
.3

5
A

E
0
.1

7
A

E
0
.1

8
A

E
0
.2

3
V

C
0
.2

0
V

C
0
.3

0
V

C
0
.4

0
S

C
T

0
.2

6
S

C
T

0
.2

7
S

C
T

0
.3

0
S

C
T

0
.3

3
S

B
0
.2

7
M

M
0
.1

8
M

M
0
.2

6
M

M
0
.2

7
M

M
0
.3

0
M

M
0
.3

1
M

M
0
.3

7
B

P
E

1
B

P
E

2
B

P
E

3
W

P
E

1
W

P
E

2
W

P
E

3
W

P
E

4
B

E
E

1
B

E
E

2
B

E
E

3
B

E
E

4
B

E
E

5
B

E
E

6
B

E
E

7
B

E
E

8
B

E
E

9
B

E
E

1
0

B
E

E
1
1

B
E

E
1
2

B
E

E
1
3

0

5

10

15

20

25

30

CO2  

CH4

CO  

H2  

C
O

2
,C

H
4
,C

O
,H

2
 (

%
v
, 

d
ry

 g
as

)

 

Figure 4.5 – Comparison between the composition of the PG from this work and the composition reported in the literature regarding direct (air) biomass 

gasification studies in BFB gasifiers. Experiments reference according to Table 4.2 (this work) and Table 4.3 (literature survey). 
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Figure 4.6 – Comparison between the LHV of the PG from the experiments performed in this work and the LHV reported in the literature regarding direct 

(air) biomass gasification studies in BFB gasifiers. Experiments reference according to Table 4.2 (this work) and Table 4.3 (literature survey).
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The Ygas values obtained for the gasification experiments were between 1.2 and 2.2 Nm3 gas/kg 

biomass db (Figure 4.7). The highest value was obtained in the gasification of eucalyptus RFB type 

B2 with 0.35 ER (BEE13) and the lowest in the gasification of eucalyptus RFB type B2 with 0.18 

ER (BEE10). Ygas values between 1.2 and 4.1 Nm3 gas/kg biomass db (dry basis) have been reported 

in the literature during direct gasification of biomass in BFB (Figure 4.7). The experimental results 

obtained during the gasification experiments from our study are in the lower/medium range of the 

values reported in the literature (Figure 4.7). In our work it was also found that the Ygas is typically 

lower in experiments with lower ER, and a similar trend is observed in the literature. 

 

Figure 4.7 – Influence of ER on the Ygas during the experiments performed in this work and reported 

in the literature regarding direct (air) biomass gasification in BFB reactors. Experiments reference 

according to Table 4.2 (this work) and Table 4.3 (literature survey). 

Regarding the CGE, values between 37.4 and 62.6 % were calculated for the experimental conditions 

used (Figure 4.8). The highest value was obtained in the gasification of eucalyptus RFB type B2 with 

an ER of 0.25 (BEE12) and the lowest in the gasification of eucalyptus RFB type B2 with an ER of 

0.18 (BEE10). These CGE values are coherent with those reported in the literature, which are 

between 23.5 and 69.0 %. These results are explained in accordance with the concentration of the 

combustible gases in the dry gas (CO, H2, CH4) and related to the effect of the ER on the process, 

i.e., too low ER should favor the existence of higher molecular weight hydrocarbons, as for example 

tars, which contribute to a decrease on the concentration of combustible permanent gases, whereas 

at too high ERs, for example above 0.27, the relevance of oxidation reactions should increase, and 

thus, a decrease in the concentration of combustible permanent gases should also occur [187]. 

Additionally, it should also be considered that higher ER are attained by increasing the air/fuel ratio 

and thus the Ygas is typically higher for higher ERs, therefore contributing for higher CGE values. 

These trade-offs between operating parameters, e.g., lower or higher ER, and gasification 

performance parameters, e.g., CGE, are of major importance in defining the appropriate operation 

regime of the gasifier. From the results analyzed in this study, in order to achieve higher values of 

CGE (in average, over 50 %) the ER should not be lower than 0.20 or higher than 0.40 (Figure 4.8). 
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Figure 4.8 – Influence of ER on the CGE during the experiments performed in this work and reported 

in the literature regarding direct (air) biomass gasification in BFB reactors. Experiments reference 

according to Table 4.2 (this work) and Table 4.3 (literature survey). 

Regarding CCE, values between 60.0 and 87.5 % were calculated for the gasification experiments 

performed (Figure 4.9). The maximum value was obtained in the gasification of eucalyptus RFB type 

B2 with an ER of 0.35 (BEE13) and the minimum in the gasification of eucalyptus RFB type B2 

with an ER of 0.18 (BEE10). These values are in the medium/upper range of the results reported in 

the literature for direct (air) biomass gasification in BFBs, which are between 55.0 and 92.8 %. The 

trend for an increase of the CCE with the ER can be justified in result of an increase in the conversion 

of the carbon in the solid fuel into permanent gases containing carbon (e. g, CO and in particular 

CO2) and Ygas, due to an increase of the oxidant conditions in the reactor. 

 

Figure 4.9 – Influence of ER on the CCE during the experiments performed in this work and reported 

in the literature regarding direct (air) biomass gasification in BFB reactors. Experiments reference 

according to Table 4.2 (this work) and Table 4.3 (literature survey). 
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Additionally, seeking a comparison between the PG characteristics and performance parameters 

obtained during biomass direct (air) gasification in BFB and in other types of reactors, a set of data 

from studies reported in the literature regarding fixed bed downdraft and updraft and CFB reactors 

was compiled and organized in Figure 4.10. The reported concentration values of CO and H2 show 

a very wide range of variation and are between 6.9 to 32 %v and 3 to 17 %v, respectively. This wide 

range of CO and H2 concentration is similar to that observed in the direct (air) gasification of biomass 

in BFB, reflecting the strong influence of fuel characteristics and operating conditions on the product 

gas quality. Regarding the LHV of the PG, the range of values reported in the literature is between 

2.4 and 7.3 MJ/Nm3 (Figure 4.10); these values of LHV are comparable to those obtained during 

direct (air) biomass gasification in BFB, previously reported and analyzed in this work. Regarding 

the Ygas, values between 1.4 and 2.9 Nm3 gas/kg biomass db were reported in literature; these values 

are within the range of values reported for the direct (air) gasification of biomass in BFB, reflecting 

the same trend of increasing dry gas yield with increasing ER. For the CGE, reported values between 

44.2 and 77 % were found in literature; these values are in accordance with the CGE values from the 

experimental results in this work and also reported in the literature for BFB direct (air) gasification, 

with the maximum CGE value found within the same range of ER. Regarding the CCE, values 

between 81.6 and 102 % have been reported in the literature. The value of 102 % referred by Li et 

al., [92] is unexpected, and must be regarded carefully, because it probably is related to the 

occurrence of some miss data analysis during the mass balance performed in that study. 
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Figure 4.10 – Composition (CO2, CH4, CO and H2) and LHV of the PG reported in the literature 

regarding biomass direct (air) gasification studies in downdraft/updraft fixed bed and CFB reactors. 

Experiments reference according to Table 4.3. 

In general, the Ygas, CGE and CCE obtained during the biomass direct (air) gasification experiments 

in BFB performed in this work are in the lower/medium range of the results reported in literature 

regarding biomass direct (air) gasification studies in fixed bed downdraft and updraft and CFB 

reactors. On the other hand, the LHV is in the upper range. It should be noted that fluidized beds and 

fixed beds have distinct hydrodynamic behavior and thus distinct operating patterns, for example, 

regarding the model of gas-solid contact, temperature and gas distribution profile in the reactor. Fixed 

beds have limitations regarding the use of distinct fuels with different characteristics and offer less 
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control over the temperature in comparison with fluidized beds; however, this type of reactors evade 

defluidization problems that could arise in fluidized beds when inappropriate high ash content fuels 

are used, which can consequently conduct to the unpredicted shutdown of the reactor. CFB reactors, 

in comparison with BFB, allow the achievement of improved gas-solid contact, and, consequently, 

a higher CCE, however, these have higher complexity of operation and frequent operational 

drawbacks [69]. Of major importance is also the influence of distinct gas-solid contact patterns on 

the amount of tars present in raw gas, being that the downdraft fixed bed typically leads to lower 

concentration values of these compounds when compared to the updraft fixed bed, BFB and CFB. A 

better description of these gasifier designs can be found in Chapter 2. 

Regarding the influence of the scale-up of the biomass gasification process, in general, it is observed 

that the LHV of the produced gas from bench-scale direct (air) gasifiers is in average slightly higher 

(~ 0.5 MJ/Nm3), mostly in result of a higher H2 concentration in the dry gas, than that observed in 

pilot-scale reactors, including the results obtained in this work. Nonetheless, this difference may be 

related to other parameters than the scale-up of the reactor, for example, the biomass types used in 

distinct experiments (Table 4.3). It is observed that for both bench and pilot-scale reactors the PG 

with higher LHV is typically obtained at ER from 0.2 to 0.3, and that this parameter has a tendency 

to decrease with the increase of the ER. Concerning process efficiency parameters (Ygas, CGE and 

CCE), similar values can be found for bench and pilot-scale reactors, however, the information for 

bench-scale reactors is scarce in this regard. From the analysis made, it can be inferred that the scale-

up of the direct (air) gasification process from bench-scale to pilot-scale seems to have minor impact 

on the influence of operating variables on process performance parameters. This can be also extended 

to a higher scale, as observed in the work of Dudyński et al., [111] performed in an industrial fixed 

bed updraft gasifier. 

Seeking another perspective, namely the comparison with indirect (steam) gasification of biomass in 

different types of reactors, in Figure 4.11 it is shown some results reported in the literature. The 

concentration of CO and H2 was reported between 11.8 and 33.2 %v and 21.3 and 55.5 %v, 

respectively. Regarding the LHV, the values reported in the literature are comprehended between 9.6 

and 15.8 MJ/Nm3. These results reflect the improved quality of the produced gas during indirect 

gasification of biomass with steam, i.e., with higher concentration of CO, H2 and CH4, and 

consequently higher LHV, when compared to direct (air) gasification, as for example the PG in the 

experiments done in this work. Nevertheless, it is important to state that these two types of processes, 

direct and indirect biomass gasification, have distinct specificities, requirements and complexity of 

design and operation, and must be regarded in the context of distinct applications. Direct (air) 

gasification is less complex and easier to perform, however, the PG, while still presenting suitable 

properties for some applications such as burning in industrial furnaces for heat production, is diluted 

in N2 and, consequently, has a lower heating value. Indirect (steam) gasification, despite allowing 

the production of a gas enriched in H2 and with a higher heating value, and thus suitable for added 

value applications such as synthetic fuels production, has more complex design and operation 

requirements due to the necessity of an external heat source to support the gasifier and frequently 

requiring circulation of significant amounts of heat between two reactors, as for example in DFB 

gasifiers. More information about this can be found in Chapter 2. 



Daniel Torrão Pio 

113 

 

Experiments reference

C
L

C
1

.0

C
L

C
1

.3
2

C
L

C
1

.7
0

R
C

A
1

-1

R
C

A
1

-2

R
C

A
1

-3

G
C

P
V

1
-1

G
C

P
V

1
-2

G
C

P
V

1
-3

M
P

M
0

.8
3

M
P

M
0

.8
4

M
P

M
1

.0

M
P

M
1

.2

0

10

20

30

40

50

60
CO2  

CH4

CO  

H2  

C
O

2
,C

H
4

,C
O

,H
2

 (
%

v,
 d

ry
 g

as
)

 

Figure 4.11 – Composition (CO2, CH4, CO and H2) of the PG reported in the literature regarding 

biomass indirect (steam) gasification studies in different types of reactors. Experiments reference 

according to Table 4.3. 

From the experimental results obtained in this work and literature review, it is observed that during 

direct (air) biomass gasification the characteristics of the gas produced and the process performance 

parameters can vary in a wide range (Table 4.2, Table 4.3 and Table 4.4), depending on the biomass 

fuel, operating conditions and gasifier type, and this must be accounted for and evaluated in order to 

properly support the development of each specific application. 

Table 4.4 – Range of CO and H2 concentration in the PG, LHV of the PG, Ygas, CGE and CCE during 

the biomass gasification experiments. Comparison of data from this study with other studies of direct 

and indirect gasification, including BFB and other types of reactors (Table 4.3). 

 
CO 

[% vol, 

dry gas] 

H2 

[% vol, 

dry gas] 

LHV 

[MJ/Nm³ 

dry gas] 

Ygas 

[Nm³/kg 

biomass dry 

basis] 

CGE 

[%] 

CCE 

[%] 

This work 13.2-21.4 2.0-12.7 4.4-6.9 1.2-2.2 41.1-62.6 60.0-87.5 

BFB direct (air) 

gasification  
7.2-26.6 1.2-24.0 0.1-7.8 1.2-4.1 23.5-69.0 55.0-92.8 

Other reactors 

direct (air) 

gasification  

6.9-32.0 3.0-17.0 2.4-7.3 1.4-2.9 44.2-77.0 81.6-102.0 

Indirect (steam) 

gasification 
11.8-33.2 21.3-55.5 9.6-15.8 nd nd nd 

nd - no data provided in the analyzed studies. 
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4.1.5 CONCLUSIONS 

In this work a set of new experimental results regarding the demonstration of direct (air) biomass 

gasification in a pilot-scale BFB reactor are presented and analyzed. The research was focused on 

the evaluation of distinct residual forest biomass quality as fuel and the influence of the operating 

variables on the quality of the dry gas produced. The pilot-scale BFB reactor was successfully 

operated under autothermal gasification conditions at bed temperatures between 700ºC and 850ºC, 

without the need of auxiliary external heat sources. The temperature at several locations along the 

reactor and the properties of the produced gas were very stable along time reflecting the existence of 

steady-state operating conditions and the adequacy of the BFB reactor, and its inherent characteristics 

as reactive system, to this thermochemical process. From the experimental results obtained and 

literature data integration it is concluded that it is possible to produce a combustible gas from direct 

(air) gasification of distinct biomass fuels under steady-state operation of BFB, providing reliable 

information to support the scale-up of the process. 

For the experimental operating conditions used in the pilot-scale BFB, namely ERs in the range 0.17 

to 0.36, the dry gas composition (volume basis) was 14.0 to 21.4 % CO, 14.2 to 17.5 % CO2, 3.6 to 

5.8 % CH4, 1.3 to 2.4 % C2H4, 2.0 to 12.7 % H2 and 48.9 to 61.1 % N2. The highest concentration of 

CO, CH4 and C2H4 was observed during the gasification of RFB derived from eucalyptus with an ER 

of 0.17 at a bed temperature of 736 ºC, however, the highest concentration of H2 was obtained in the 

gasification of wood pellets with an ER of 0.24 and bed temperature of 802 ºC. The LHV of the PG 

was found between 4.4 and 6.9 MJ/Nm3, with the higher values found for ER between 0.22 and 0.25 

with average bed temperatures in the range 798 ºC to 816 ºC, and for ER between 0.17 to 0.20 with 

average bed temperatures between 719 ºC to 736 ºC. The Ygas was between 1.2 and 2.2 Nm3/kg 

biomass db, the CGE between 41.1 and 62.6 % and the CCE between 60.0 and 87.5 %. 

In order to support a deeper understanding of the influence of distinct fuels and operating parameters 

on the quality of the dry gas produced during biomass gasification in BFB, the new experimental 

data obtained in this work was integrated with the analysis of a survey of published data about gas 

properties and process performance parameters of direct (air) biomass gasification. It was observed 

that there is a wide range of variation in the composition and LHV of the PG, and also on the Ygas, 

CGE and CCE, and that these are deeply influenced by the fuel type, operating conditions and reactor 

type. Concerning the BFB gasifiers, the experimental results obtained in this work are in the medium 

to upper range of values found in the literature about direct biomass gasification, namely, the 

concentration of combustible gas components (e.g. CO between 7.2 and 26.6%v, H2 between 1.2 and 

24.0 %v, CH4 between 0.7 and 8.4 %v), lower heating value (between 0.1 and 7.8 MJ/Nm3), CGE 

(between 23.5 and 69.0 %) and CCE (between 55.0 and 92.8 %); the exception is the Ygas, for which 

the experimental results obtained in this work are in the lower/medium range of the values reported 

on the literature (between 1.2 and 4.1 Nm3 gas/kg biomass dry basis). The experimental results, 

complemented by the analysis of published information, point out for maximum LHV of the PG at 

ER in the range 0.17 to 0.27, and a strong dependence of this parameter with the operating 

temperature. 

From the integrated analysis of published information, it is also shown how wide can be the variation 

of the quality of the produced gas and performance parameters values of the process of direct (air) 

biomass gasification. The analysis made shows how important it is to obtain specific knowledge 

regarding the experimental demonstration of the biomass gasification process for each particular 

application in order to provide a suitable support for the development and optimization of new 

industrial projects and to avoid the afterward project drawbacks that have undeniably been a barrier 

to the implementation of this process worldwide. Therefore, this work supports the adequacy of the 

direct (air) gasification of distinct types of RFB in BFB as an autothermal and steady state process 

to produce a low heating value combustible gas.  
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4.2 ARTICLE V - SUPERHEATED STEAM INJECTION AS PRIMARY MEASURE TO 

IMPROVE PG QUALITY FROM BIOMASS AIR GASIFICATION IN AN AUTOTHERMAL 

PILOT-SCALE GASIFIER 

4.2.1 ABSTRACT 

This work evaluated the influence of superheated water steam injection in an autothermal 80 kWth 

pilot-scale bubbling fluidized bed during biomass direct (air) gasification, focusing on the effect of 

S/B in the PG composition and gasification efficiency parameters. The process was also evaluated in 

an allothermal 3 kWth bench-scale BFB and simulated in a thermodynamic equilibrium model. 

For low-density biomass, the steam injection resulted in a PG with higher H2 concentration and 

H2/CO molar ratio, although with lower heating value, and in a decrease of the process efficiency. 

Thus, steam injection promoted a trade-off between parameters, that can be associated with a higher 

occurrence of the WGS reaction. For high-density biomass, along with an increase of H2 

concentration and H2/CO molar ratio, steam injection promoted an increase of the PG heating value 

and process efficiency, which can be justified by a higher char accumulation in the reactor bed and 

consequent higher occurrence of char-steam reforming reactions. 

Therefore, steam injection shows high potential to improve the PG quality from high-density biomass 

air gasification, however, for low-density biomass, it shows limited potential and should only be used 

to adjust H2/CO molar ratio. 

Keywords: Steam injection; Gasification; Air-steam; Biomass; Bubbling fluidized bed; H2/CO 

4.2.2 INTRODUCTION 

Gasification allows the production of a gaseous fuel (e.g., PG, syngas) from biomass that can fit in 

the current carbon-based energy infrastructure or be used to obtain other bioproducts, including 

chemicals and liquid fuels [219,220,334]. Thus, gasification is commonly acknowledged as a key 

technology for the use of biomass [15,90,215,223]. Furthermore, gasification technologies flexibility 

and potential have led to their integration in various biorefineries designs that are currently under 

research [26,150,153,158,159], and argued as relevant tools in the transition to a more sustainable 

bioeconomy and in the combat against climate change [138]. For example, gasification-based PP 

biorefineries that seek the production of various bioproducts from the byproducts resulting from pulp 

production (e.g., black liquor, eucalyptus chips). In fact, the integration of gasification processes in 

the PP industry can be seen as a pathway for the industry to generate new revenues, overcome a 

continuously declining paper market and become environmentally friendly [62,63]. Nonetheless, for 

gasification processes to perform as expected in these advanced biorefinery designs, development of 

more reliable and advanced gasification technologies is required. 

In this respect, the PG can be refined and upgraded by two main approaches: treatment inside the 

gasifier (primary measures) and hot gas cleaning downstream of the gasifier (secondary measures) 

[123,124]. Gasification of biomass can also be performed using different gasifying agents, for 

example air, oxygen, water steam (thereafter referred as steam), CO2 and their mixtures, which results 

in changes in the PG composition and yield, and respective process efficiency [1,29,335]. In fact, 

replacing the N2 from air by active gasifying agents such as CO2 and steam, can be used as a strategy 

to enhance the heating value of the PG from biomass gasification [336,337]. Thus, the injection of 

steam as a primary measure can be considered as a potential solution to improve the PG quality from 

biomass direct (air) gasification, particularly in industries where excess steam streams are highly 

available. 
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Steam addition to direct (air) biomass gasification processes is argued to result in an increase of the 

H2/CO ratio and H2 yield in the PG [1,74,337,338], due to a promotion of the WGS reaction (Reaction 

2.8) [1,339,340], the reaction of unconverted char with steam (Reaction 2.6) [340] and the reforming 

of methane with steam (Reaction 2.9) [341]. This is relevant because H2 is the most desired gaseous 

compound in the PG as its further use in energy applications does not generate greenhouse gases 

emissions at the point of use, thus being promoted as an ideal CO2-neutral energy vector for heating 

and transport [77,221,222,267,342,343]. In fact, policies and economic forces are converging to 

create momentum in the H2 sector and establish pathways for a rapid development and employment 

of green H2 technologies [344]. Furthermore, PG requires high H2/CO molar ratios to be suitable for 

further conversion into liquid fuels and chemicals, such as DME synthesis (2 mol.mol-1), methanol 

synthesis (1 mol.mol-1) and liquid fuel production by FT synthesis (0.6 mol.mol-1) [6,72,182]. 

Unfortunately, H2/CO molar ratio in the PG from direct (air) biomass gasification processes in BFBs 

falls between 0.2 and 0.6 mol.mol-1 [4,272]. 

Air-steam gasification has been addressed in controlled reactive environments such as 

thermogravimetric analysis and single particle experiments, which focused on the kinetic of the 

reactions between char and steam [336,342,345], and various numerical tools have been developed 

to predict and characterize this process [290,342,343,346,347]. Air-steam gasification has also been 

studied in allothermal reactors [342,348–351], whose temperature is controlled by external heat 

supply from electric heaters, however, this method of supplying heat influences the temperature 

distribution in the reactor, and subsequent reaction progress along the reactor, and is not technically 

nor economically feasible for large-scale implementation, thus these results must be interpreted 

cautiously [184]. 

Considering demonstration of the process in fixed bed reactors, Sharma and Sheth [339] performed 

air-steam gasification of switchgrass in a pilot-scale downdraft gasifier and showed that steam 

addition led to an increase in the H2 content in the PG, which was attributed to the promotion of the 

WGS reaction. The authors also found a decrease of the oxidation and reduction zones temperature 

with steam injection. Cerone et al., [6] performed air-steam and oxy-steam gasification of lignin-rich 

solid residues derived from lignocellulosic biomass enzymatic hydrolysis in an autothermal pilot-

scale updraft reactor, and observed an increase of H2/CO molar ratio from 0.4 to 1.2 by increasing 

S/B from 0 to 0.5 during air-steam gasification. The authors also observed that oxy-steam gasification 

resulted in the generation of a PG with a maximum H2/CO molar ratio of 2.1 for a S/B of 0.3, which 

is an acceptable value for the catalytic synthesis of biofuels. 

Concerning the demonstration of the process in fluidized bed reactors, which are more suitable for 

higher scales of operation than fixed beds due to their inherent characteristics [286,352], existing 

information at higher scales than laboratorial is very scarce, with only a limited set of results available 

in the literature. In this regard, Campoy et al., [353] performed air-steam gasification of wood pellets 

in a pilot-scale BFB and reported an increase of char and tar conversion with steam addition. The 

authors concluded that steam addition is an interesting option to improve the efficiency of direct (air) 

biomass gasification, without leading to significant capital costs increase. Nevertheless, wider sets 

of data concerning the demonstration of air-steam gasification processes in pilot-scale autothermal 

BFBs are still missing in the literature, particularly in-depths analyses regarding the influence of the 

physical-chemical characteristics of the biomass feedstock on the process and the determination of 

the effect of the S/B on the PG composition and efficiency parameters. 

Thus, knowledge production is required, particularly at higher operating scales, to improve the 

understanding of the process and to be able to support further technology improvements and scale-

up. To address this gap, in this work, superheated steam injection was performed and evaluated 

during direct (air) gasification of distinct types of biomass (Eucalyptus Globulus and Pinus Pinaster) 

in an autothermal pilot-scale BFB gasifier, focusing on the effect of S/B in the stability of the process 

(e.g., bed temperature, freeboard temperature), PG composition and gasification efficiency 
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parameters. The process was also conducted in an allothermal bench-scale BFB gasifier and 

simulated in a thermodynamic equilibrium model based on the minimization of Gibbs free energy. 

The interest in this analysis emerges from steam being potentially able to improve the H2 

concentration and H2/CO molar ratio of the PG, which are two relevant parameters for the technical 

and economic viability of the application of this gaseous fuel in various scenarios. The interest is 

further highlighted by the fact that eucalyptus is a byproduct from the PP industry and steam is highly 

available at low-cost in this industry. Thus, the development of steam injection as primary measure 

for the improvement of PG quality from biomass direct (air) gasification can be a relevant driver to 

ease the integration of gasification processes in the PP industry. 

4.2.3 MATERIALS AND METHODS 

The experimental infrastructures used for Article V were the DAO-UA 80 kWth pilot-scale BFB 

gasifier and the DAO-UA 3 kWth bench-scale BFB gasifier (Section 1.3). The methodologies used 

in this work are described in Section 1.4. 

4.2.3.1 FEEDSTOCK CHARACTERIZATION 

The feedstocks used in the gasification experiments performed were pine (Pinus Pinaster) and 

eucalyptus (Eucalyptus globulus), namely residual fractions resulting from forestry and industrial 

operations involving these types of biomass. Eucalyptus was chosen as feedstock due to its relevance 

as a byproduct from the PP industry and pine was chosen for comparison purposes and because it is 

the most abundant tree species in the Portuguese forests [354]. In terms of feedstock pretreatment, 

sieving and drying was performed as deemed necessary, followed by chipping or pelletizing. Thus, 

the feedstocks include pellets made from pine (6 mm diameter), pellets made from eucalyptus RFB 

(2 to 4 mm diameter), chipped (2 to 4 mm) RFB derived from pine and chipped (<5 mm) RFB derived 

from eucalyptus. The RFB derived from pine resulted from forestry operations, namely tree logging 

for the wood industry, and consisted of fine branches from the tops of the trees, with a small content 

of olive kernel, hereafter referred by pine RFB. The RFB derived from eucalyptus resulted from fines 

generated during woodchip production from eucalyptus logs in the PP industry. Pelletizing was 

performed due to three main reasons, namely: 

• To increase the uniformity of the physical characteristics of the feedstocks and 

consequently improve feeding regularity. 

• To increase char accumulation in the bed due to the higher density of the pelletized form 

of biomass in comparison with the RFB chipped form, which leads to lower reactivity 

and entrainment with the flue gas, and consequently increase the contact between steam 

and char. 

• To analyze the effect of the pelletized form of biomass in the H2 concentration in the 

PG. 

The feedstocks were characterized in terms of properties with interest for biomass thermochemical 

conversion, namely proximate and ultimate analysis, heating value and bulk density (Table 4.5).  
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Table 4.5 – Proximate and elemental analysis of the biomass types used as feedstock in the 

gasification experiments and as input for the thermodynamic equilibrium model (Article V). 

 Pine Pellets Pine RFB Eucalyptus pellets Eucalyptus RFB 

Proximate analysis     

Moisture (%wt, wb) 4.6 10.6 7.9 27.5 

Volatile matter (%wt, db) 82.3 69.0 77.1 77.3 

Fixed carbon (%wt, db) 17.4 30.3 18.5 21.5 

Ash (%wt, db) 0.3 0.7 4.4 1.2 

Ultimate analysis  
   

(%wt, db)    

Ash 0.3 0.7 4.4 1.2 

C 47.5 49.2 51.4 49.1 

H 6.2 6.7 6.1 6.5 

N 0.1 0.4 1.4 0.1 

S nd nd nd nd 

O (by difference) 45.9 43.0 36.7 43.1 

LHV (MJ/kg db) 18.0 18.7 20.0 18.3 

Bulk density (kg/m3 wb) 614 403 437 154 
nd- not determined, below the detection limit of the method, 100 ppm wt. 

4.2.3.2 OPERATING CONDITIONS 

The operating conditions of the gasification experiments performed Article V are detailed in Table 

4.6. For the pilot-scale reactor, the ER was maintained between 0.24 and 0.26 and the bed 

temperature between 734 and 789 ºC. For the bench-scale reactor, the ER was kept at 0.25 and the 

bed temperature at 800 ºC (imposed by an electrical furnace and respective temperature controller). 

The S/B was varied between 0 and 0.6 in both experimental infrastructures. 

Regarding the developed thermodynamic equilibrium model (methodology explained in Section 

1.4.), the parameters used as input were analogous to the ones attained in the practical gasification 

experiments (Table 4.6), namely: 

• Feedstock CHONS composition: Pine RFB, eucalyptus RFB, pine pellets and eucalyptus 

pellets. 

• Bed temperature: 734 to 800 ºC. 

• ER: 0.24 to 0.26. 

• S/B: 0 to 0.6. 

• Pressure: 1 atm.  



Daniel Torrão Pio 

119 

 

Table 4.6 – Gasification experiments reference and respective operating conditions (Article V). 

Experiment 

reference 
Biomass type 

BFB 

scale 
ER 

Tbed 

[ºC] 

Tfreeboard 

[ºC] 

Qbiomass 

[kg/h] 

QSteam 

[kg/h] 

S/B [kg 

steam/kg 

biomass] 

Qair 

[NL/ 

min] 

PE-0.0 Eucalyptus RFB Pilot 0.24 751 711 15 0.0 0.0 200 

PE-0.2 Eucalyptus RFB Pilot 0.26 734 659 14 2.8 0.2 200 

PE-0.4 Eucalyptus RFB Pilot 0.25 748 687 14 5.7 0.4 200 

PE-0.6 Eucalyptus RFB Pilot 0.26 764 706 14 8.2 0.6 200 

PP-0.0 Pine pellets Pilot 0.25 789 715 12 0.0 0.0 200 

PP-0.2 Pine pellets Pilot 0.25 757 708 12 1.9 0.2 200 

PP-0.4 Pine pellets Pilot 0.25 769 722 12 4.9 0.4 200 

PP-0.5 Pine pellets Pilot 0.25 768 718 12 6.2 0.5 200 

PP-0.6 Pine pellets Pilot 0.25 764 703 12 6.9 0.6 200 

BE-0.0 Eucalyptus pellets Bench 0.25 800 800 0.21 0.00 0.0 4 

BE-0.2 Eucalyptus pellets Bench 0.25 800 800 0.21 0.04 0.2 4 

BE-0.4 Eucalyptus pellets Bench 0.25 800 800 0.21 0.08 0.4 4 

BE-0.6 Eucalyptus pellets Bench 0.25 800 800 0.21 0.13 0.6 4 

BP-0.0 Pine RFB Bench 0.25 800 800 0.23 0.00 0.0 4 

BP-0.2 Pine RFB Bench 0.25 800 800 0.23 0.05 0.2 4 

BP-0.4 Pine RFB Bench 0.25 800 800 0.23 0.09 0.4 4 

BP-0.6 Pine RFB Bench 0.25 800 800 0.23 0.14 0.6 4 

4.2.4 RESULTS AND DISCUSSION 

The results presented in this Section include temperature and PG composition (H2, CO, CO2, CH4 

and C2H4) profiles along time for the autothermal pilot-scale 80kWth BFB reactor, and the average 

PG composition (H2, CO, CO2, CH4, C2H4, C2H6, C3H8, N2, H2/CO) and efficiency parameters 

(LHVG, Ygas, CGE and CCE) for the autothermal 80 kWth pilot-scale reactor and allothermal 3 kWth 

bench-scale BFB reactor. The obtained results are compared to respective predictions from the 

developed non-stoichiometric thermodynamic model. The focus is the determination and analysis of 

the influence of steam injection (S/B parameter) during the direct (air) gasification process of 

biomass under different conditions of operation. 

4.2.4.1 INFLUENCE OF S/B ON TEMPERATURE AND GAS COMPOSITION PROFILES ALONG TIME 

For all gasification experiments performed (ER as low as 0.24 and steam flow as high as 8.2 kg/h), 

the gasifier was operated under autothermal regime (with average bed temperature above 734 ºC); it 

is important to state that electrical heating was needed to produce the steam in the external boiler. 

Furthermore, it was not observed any agglomeration or defluidization phenomena during the 

experiments, independently of the steam injection. 

A typical temperature profile along time for the gasification experiments made in the autothermal 

pilot-scale reactor is shown in Figure 4.12. The temperature profiles for the distinct gasification 

experiments have similar behavior, however, it can be noticed some differences between feedstock 

type and a slight decrease of the temperature at different locations of the reactor with the insertion of 

steam. The latter can be justified by the fact that steam was produced at a temperature significantly 

lower (120 to 135 ºC) than the one observed at the reactor bottom bed and freeboard during the 

gasification experiments. Thus, the flow of steam absorbed thermal energy to rise the steam to the 

operating temperature of the gasifier. Thereafter, after a short period of time, the system reached a 

new steady-state condition of operation temperature (Figure 4.12). Slightly lower temperature and 

higher temperature fluctuations were also observed during experiments performed with RFB from 
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eucalyptus, which can be justified by the physical heterogenous characteristics and higher moisture 

content of this feedstock [4,355]. 

 

(a) 

 

(b) 

Figure 4.12 – Typical temperature profile along time at different locations of the pilot-scale BFB 

reactor for the experiment (a) PP-0.5 (Pine pellets, 6.2 kg/h steam) and (b) PE-0.4 (Eucalyptus RFB, 

5.7 kg/h steam). 

In Figure 4.13, it is shown the typical PG composition along time for distinct gasification experiments 

performed in the autothermal pilot-scale reactor. Analogous to the temperature profiles presented, it 

was observed a relatively stable PG composition along time, independently of the steam injection. 
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Thus, steady-state conditions of operation, similar to those observed during previous direct (air) 

biomass gasification studies performed in this pilot-scale infrastructure [4], were attained. However, 

slightly higher gas composition fluctuations were found for experiments performed with RFB from 

eucalyptus, which can be justified by the more irregular fuel feeding resulting from the heterogeneous 

physical characteristics and higher moisture content of this feedstock, as already stated regarding the 

temperature profiles. 

 

(a) 

  

(b) 

Figure 4.13 – Typical PG composition profile along time at different locations of the pilot-scale BFB 

reactor for the experiment (a) PP-0.5 (Pine pellets, 6.2 kg/h steam) and (b) PE-0.4 (Eucalyptus RFB, 

5.7 kg/h steam). 
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4.2.4.2 INFLUENCE OF S/B ON PG COMPOSITION 

The impact of the S/B on the composition of the PG (H2, CO, CO2, CH4 C2H4, H2/CO molar ratio) 

for the gasification experiments performed in the autothermal pilot-scale BFB gasifier and 

allothermal bench-scale BFB gasifier, and respective comparison with thermodynamic predictions 

for the same operating parameters (Table 4.6), is shown in Figure 4.14. 

The H2 concentration in the dry PG was found between 4.2 and 11.9 %v for the experiments in the 

autothermal pilot-scale BFB, with the maximum value found for the gasification of pine pellets with 

S/B equal to 0.6 (PP-0.6). It can be observed that the addition of steam led to an increase in H2 

concentration in the PG, which is in accordance with the thermodynamic predictions. This suggests 

a promotion of the WGS and char-steam reforming reactions with S/B increase. Nonetheless, H2 

increase with S/B increase is more evident for the thermodynamic predictions than for practical 

gasification experiments. It is also observed that the H2 concentration is significantly higher in the 

thermodynamic predictions, independently of the operating parameters. This indicates that the PG 

composition is far from equilibrium during direct (air-steam) biomass gasification in BFBs. 

Furthermore, H2 concentration was lower in experiments made with RFB feedstocks in comparison 

with experiments performed with pelletized biomass, suggesting the influence of the physical 

characteristics of the feedstock, namely the higher density of pellets promoting higher concentration 

of char inside the reactor bed and its subsequent reaction with steam to produce H2. Accordingly, it 

was also observed a limited effect for the S/B in the H2 concentration for the gasification experiments 

with RFB from eucalyptus in the autothermal pilot-scale gasifier, which can be justified by two main 

reasons: 

1. A low occurrence of char-steam reforming reactions promoted by the low char 

concentration in the reactor bed. This was observed by subsequent combustion 

experiments of the bed material; the bottom bed temperature immediately decreased after 

stopping the eucalyptus RFB feeding, meaning that a very limited amount of residual 

char was burning in the bed. This is a consequence of the physical characteristics of the 

RFB from eucalyptus (e.g., low bulk density, small particle size, Table 4.5), which lead 

to high reactivity and char entrainment and elutriation with the upward flow gas. In fact, 

it was also observed lower CCE during eucalyptus RFB gasification experiments, in 

comparison with pine pellets gasification experiments (Section 4.2.4.3), which suggests 

higher losses of unreacted char, for example by elutriation and entrainment with the PG, 

despite the higher reactivity of the RFB and lower in-bed inventory of char. 

2. Undesired variations of the reactor temperature and ER caused by the high variability of 

the moisture content of the eucalyptus RFB, in comparison with the more uniform 

moisture content of the pine pellets. 

The CO concentration in the PG was found between 10.9 and 16.2 %v for the gasification 

experiments in the autothermal pilot-scale BFB, with the maximum value observed for the 

gasification of pine pellets with S/B equal to 0 (PP-0.0). It is observed a trend for a slight decrease 

of this gaseous specie concentration with S/B increase for both pilot-scale autothermal and bench-

scale allothermal experiments. This trend was significantly more pronounced for the thermodynamic 

predictions. In fact, the predicted CO concentration for S/B equal to 0 was significantly higher than 

the value found in the experimental results, and, with increasing S/B, the predicted CO concentration 

values became significantly closer to the experimental values. However, for the gasification 

experiments using pine pellets in the autothermal BFB, the CO concentration remained almost 

unchangeable with S/B increase. This distinct behavior can result from the higher inventory of char 

found in the bottom bed during pine pellets gasification, as previously discussed for H2 concentration. 

The increase in the bed char inventory promotes the occurrence of char-steam reforming reactions, 

and respective steam consumption in the bed, and consequently cause the decrease of the occurrence 

of the WGS reaction. Thus, under these conditions, an increase in the steam flow rate will promote 
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higher char-steam reforming reactions, leading to the increase in CO production, and may not have 

a significant effect on the WGS reaction, thus avoiding CO concentration decrease. 

The H2/CO molar ratio (Figure 4.14) in the PG is a fundamental parameter for the aplication of the 

PG for synthesis applications [6] and is a direct consequence of the concentration of H2 and CO in 

the PG. For the gasification experiments in the autothermal pilot-scale BFB gasifier, this ratio was 

between 0.3 and 0.8 mol.mol-1, with the maximum value found for the gasification of pine pellets 

with S/B equal to 0.6 (PP-0.6). This maximum value found is suitable for using the PG for FT liquid 

synthesis, which has a suggested lower limit of 0.6 mol.mol-1 for this ratio [72]. It can be observed 

an evident trend for the increase of the H2/CO molar ratio with S/B increase for all the gasification 

experiments made and the thermodynamic predictions. Nonetheless, this trend is less pronounced for 

the gasification experiments in the autothermal pilot-scale gasifier, and more evident for the 

gasification experiments in the allothermal bench-scale gasifier. The latter is also closer to the 

predicted trends of the thermodynamic equilibrium, which generally show a stronger increase of the 

H2/CO molar ratio with S/B increase. In fact, for eucalyptus pellets gasification experiments in the 

allothermal BFB gasifier, the experimental results and thermodynamic predictions show a very good 

match. 

In this regard, it must be noted that apart from the aforementioned influence of the fuel morphology 

(e.g., lower bulk density of the feedstocks leading to lower char accumulation in the reactor bottom 

bed), the impact of S/B on the composition of the PG composition is also influenced by the 

characteristics of the BFB used, consequently hindering direct comparisons between the gasification 

experiments performed in the two gasifiers. For example, the smaller fluidization velocity (14 cm/s) 

used in the allothermal bench-scale gasifier, in comparison with the autothermal pilot-scale gasifier 

(30 cm/s), should push gas-gas reactions, such as water-gas shift, closer to equilibrium. Furthermore, 

this lower fluidization velocity also contributes to higher carbon conversion, consequently reducing 

char accumulation in the reactor bottom bed and increasing the occurrence of the water-gas shift 

reaction, due to lower steam consumption in the bed. However, the bed height and reaction chamber 

height of the bench-scale gasifier is also significantly lower than the pilot-scale gasifier (Section 2.2), 

compensating the lower fluidization velocity employed in terms of resulting residence time of the 

vapors/gasifying agent in the bottom bed and freeboard of the gasifier.  

Thus, other factors should come into play, such as the temperature profiles of the gasifiers along the 

reactor chamber. In fact, the bench-scale gasifier typically showed a higher decay of temperature 

along the reactor height than the pilot-scale gasifier, and this is relevant because the forward water-

gas shift reaction (consumption of CO and production of H2) is exothermic and mainly active at 

temperatures lower than 700 ºC, consequently suggesting that steam addition will have a higher 

impact on the water-gas shift reaction occurrence in the bench-scale gasifier; this is in accordance 

with the higher increase of H2/CO molar ratio with S/B increase found for the experiments performed 

in the bench-scale BFB. Nevertheless, the comprehensive analysis of these aspects is out of the scope 

of this work. 

The CO2 concentration was found between 15.3 and 16.8 %v for the gasification experiments in the 

autothermal pilot-scale BFB gasifier, with the maximum value found for the gasification of pine 

pellets with S/B equal to 0.4 (PP-0.4). The influence of S/B in the CO2 concentration is not clear for 

the gasification experiments performed; this is in contrast with the thermodynamic predictions, which 

show a significant trend for the increase of CO2 concentration with S/B increase. This difference can 

be justified by the fact that the thermodynamic model did not predict any char accumulation in the 

reactor bed for any operating condition (Section 4.2.4.3), including gasification with only air, 

consequently indicating that steam addition mainly has impact in gas-gas reactions. However, char 

accumulation in the reactor bed was observed during various gasification experiments with air and 

air with steam injection, which indicates that steam had significant contact with solid carbon and 

consequently was involved in gas-solid reactions. Accordingly, the experimental results suggest that 
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the CO2 concentration variation with S/B is influenced by a trade-off between char-steam reforming 

reactions, and consequent steam consumption, and the WGS reaction. In fact, the CO2 concentration 

variation with S/B indicates that the WGS reaction is not having as much relevance as expected, 

probably due to a low residence time of the PG in the freeboard of the reactors and the significant 

char accumulation observed in the reactor bed for some experiments. 

The CH4 concentration was found between 2.9 to 4.8 %v for experiments in the autothermal pilot-

scale BFB gasifier, with the maximum value found for the experiment performed with pine pellets 

and S/B equal to 0.4. It can be observed a slight trend for the decrease of CH4 concentration with S/B 

increase for the gasification experiments performed and thermodynamic predictions. This can be 

related to a promotion of the methane-steam reforming reaction (Reaction 2.9) with S/B increase and 

to the relative increase of other gaseous species (e.g., H2). For example, the WGS reaction contributes 

to an increase of dry gas production (H2O is consumed to generate CO and H2, and this will be 

discussed ahead in terms of Ygas). It can also be noticed that the CH4 concentration values in the 

thermodynamic predictions are significantly lower than in the gasification experiments performed; 

this reflects that thermodynamic equilibrium conditions are far from being achieved during the 

gasification experiments performed, independently of the reactor size, feedstock or heating regime 

employed. 

The concentration of light hydrocarbons, namely C2H4, C2H6 and C3H8, was found between 1.4 to 

1.9, 0.2 to 0.3 and 0.1 to 0.2 %v, respectively, for the gasification experiments performed in the 

autothermal pilot-scale BFB gasifier. These gaseous species concentration values are not shown in 

Figure 4.14 because they were only found in very small amounts (0.0 to 1.9 %v for gasification 

experiments and thermodynamic predictions) and no evident impact from the steam injection was 

observed. In the thermodynamic equilibrium model, it is predicted that the PG does not contain any 

amount of these light hydrocarbons, thus these values corroborate the evidence that in direct (air-

steam) gasification experiments in BFBs equilibrium is not attained. 
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Figure 4.14 – Influence of the S/B on the composition of the dry PG (H2, CO, CO2, CH4 and H2/CO 

molar ratio) for the gasification experiments in the autothermal pilot-scale and allothermal bench-

scale BFB reactors, and comparison with thermodynamic predictions for the same operating 

parameters. Operating parameters detailed in Table 4.6. 

4.2.4.3 INFLUENCE OF STEAM ON PROCESS EFFICIENCY PARAMETERS 

4.2.4.3.1 LHV and Ygas 

In Figure 4.15, it is shown the LHV of the PG and the Ygas for the gasification experiments in the 

autothermal pilot-scale BFB gasifier and allothermal bench-scale BFB gasifier, and respective 

comparison with thermodynamic predictions for equal operating parameters (Table 4.6).  

The LHV of the PG was found between 3.9 and 6.3 MJ/Nm3 for the gasification experiments 

performed in the autothermal pilot-scale reactor, with the maximum value found for the gasification 

of pine pellets with S/B equal to 0.5. In general, it can be observed that the LHV of the PG decreases 

with S/B increase; the exception was the gasification of pine pellets in the pilot-scale BFB, where a 

slight increase was observed. This decrease of LHV of the PG with S/B increase was previously 

reported in other air-steam gasification experimental works [1]. This results from a trade-off between 

the concentration of combustible gases caused by the S/B increase, for example due to a promotion 

in the WGS reaction. The exception observed, namely for the pine pellets gasification in the 

autothermal pilot-scale BFB gasifier, can be justified by the fact that the CO concentration did not 

decrease with S/B increase, while H2 concentration still increased in the same proportions as 

observed for the other experiments. This suggests a higher occurrence of char-steam reforming 

reactions and a lower occurrence of the WGS reaction, in comparison with other experiments, as 

previously discussed in the analysis regarding CO concentration (Section 4.2.4.2). Thus, it seems 

that with certain operating parameters, namely those that favor higher concentration of char within 

the reactor bed (e.g., low ER, high-density biomass feedstocks), steam addition may not lead to a 

decrease of the LHV of the PG. The thermodynamic equilibrium predictions also show a decrease on 

the LHV with increasing S/B; this effect is more pronounced that that observed in the experimental 

results. 

The Ygas was found between 1.5 and 1.8 Nm3 dry gas/kg dry biomass for the gasification experiments 

performed in the autothermal pilot-scale BFB gasifier, with the maximum value found for the 

gasification of pine pellets with S/B equal to 0.5 (PP-0.5). In general, the experimental results show 
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a slight trend for the increase of Ygas with S/B increase, which is in accordance with the trend 

observed in the thermodynamic equilibrium results, despite this latter being more pronounced. In the 

gasification experiments performed, this increase can be justified by the conversion of char with 

steam to gaseous species and to the WGS reaction, which contributes to an increase of the dry gas 

production (H2O is consumed to generate CO and H2). In the thermodynamic equilibrium model, this 

increase can only be associated with homogenous gaseous reactions (e.g., WGS reaction), because 

the model did not predict any char accumulation in the reactor bed for any operating condition, 

including conditions without steam addition, as previously discussed (Section 4.2.4.2). 

 

 

Figure 4.15 – Influence of the S/B on the LHV of the PG and Ygas for the gasification experiments in 

the autothermal pilot-scale and allothermal bench-scale BFB reactors, and comparison with 

thermodynamic predictions for equal operating parameters. Operating parameters detailed in Table 

4.6.  
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4.2.4.3.2 CGE and CCE 

In Figure 4.16, it is shown the CGE and CCE for the gasification experiments performed, and 

respective comparison with thermodynamic predictions for equal operating parameters (Table 4.6).  

For the gasification experiments performed in the autothermal pilot-scale BFB gasifier, the CGE was 

found between 33 and 62 % and the CCE between 56 and 82 %. It can be observed that both CGE 

and CCE follow similar trends with S/B increase, which are also analogous to the trend previously 

analyzed between LHV of the PG and S/B (Figure 4.15). This is further corroborated by the direct 

relation observed between these parameters for the experimental data (Figure 4.17). However, the 

influence of S/B on the CGE and CCE is not equal for each feedstock and reactor. In fact, for some 

gasification experiments, the S/B increase leads to an increase of these efficiency parameters, while 

for others it leads to a decrease. This phenomenon is related to the relevance of char accumulation in 

the reactor bed, which was particularly observed during the experiments performed with pine pellets 

in the autothermal pilot-scale BFB gasifier, and respective char-steam reforming reactions; in this 

case, S/B increase led to the highest observed relative increase of CGE and CCE. However, for the 

gasification experiments with RFB from eucalyptus (very low char accumulation in the reactor bed), 

the increase of S/B led to a significant decrease of CGE and CCE. These aspects also deviate from 

the thermodynamic model, which shows a decrease of CGE and a constant CCE with S/B increase 

for all operating conditions (Table 4.6). In fact, the thermodynamic model results show 100% CCE 

for all predicted cases and this reveals that the model did not predict any char accumulation in the 

bed, which is in contrast with experimental observations, and leads to significant deviations between 

the model and experimental results, as previously discussed. 

These combined results indicate the importance of using high-density biomass for air-steam 

gasification processes in order to promote char accumulation and consequent char-steam reforming 

reactions. Furthermore, for similar operating parameters, all determined parameters (LHV, Ygas, CGE 

and CCE) were higher for gasification experiments using high-density biomass (e.g., pellets), in 

comparison with gasification experiments using low-density biomass (e.g., chipped RFB); this 

further indicates the relevance of the physical characteristics of the biomass feedstock on the 

gasification process.  
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Figure 4.16 – Influence of the S/B on the CGE and CCE for the gasification experiments in the 

autothermal pilot-scale and allothermal bench-scale BFB reactors, and comparison with 

thermodynamic predictions for equal operating parameters. Operating parameters detailed in Table 

4.6. 
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Figure 4.17 – Relation between CGE, CCE and the LHV of the PG for the gasification experiments 

performed in the autothermal pilot-scale and allothermal bench-scale BFB reactors and for the 

thermodynamic predictions (Article V). Operating parameters detailed in Table 4.6. 
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4.2.5 CONCLUSIONS 

In this work, superheated steam injection was demonstrated as primary measure to improve PG 

quality during direct (air) gasification of biomass (Eucalyptus globulus and Pinus Pinaster) in an 

80 kWth pilot-scale autothermal BFB, focusing on the effect of S/B in the stability of the process, PG 

composition and gasification efficiency parameters. The process was also evaluated in a 3 kWth 

allothermal bench-scale BFB and simulated in a thermodynamic equilibrium model.  

Regarding the stability of the process, it was noticed a slight temperature decrease of the autothermal 

pilot-scale reactor with steam injection. Nevertheless, autothermal steady-state conditions of 

operation were achieved in all gasification experiments made, as reflected by stable temperature and 

gas composition profiles along time. 

Regarding the PG composition, it was typically observed an increase of the H2 concentration and a 

decrease of CO concentration with S/B increase, leading to an increase of the H2/CO molar ratio in 

the PG. This is in accordance with thermodynamic equilibrium predictions and can be associated 

with the occurrence of the WGS reaction. However, some exceptions were observed, for example, 

during the gasification of pine pellets in the autothermal pilot-scale gasifier, the S/B did not show 

any effect on the CO concentration, despite H2 concentration and H2/CO molar ratio increasing with 

S/B increase. This could be related to the high char concentration observed in the reactor bed during 

these experiments, and consequent promotion of char-steam reforming reactions. This also deviates 

from thermodynamic equilibrium predictions because the developed model did not predict any char 

production for the conditions simulated.  

In terms of process efficiency parameters, the effect of S/B in the LHV of the PG, CGE and CCE is 

not analogous for all the gasification experiments performed. For the gasification of low-density 

biomass, the increase in S/B caused a significant decrease of the LHV of the PG, CGE and CCE; this 

can be justified by steam injection mainly promoting the WGS reaction, which leads to the increase 

of H2 concentration in detriment of CO concentration, and consequent decrease of the process 

efficiency parameters. For the gasification of high-density biomass, the increase in S/B caused an 

increase of the LHV of the PG, CGE and CCE; this can be justified by the significant char 

accumulation observed during these experiments and, consequently, steam addition promoting char-

steam reforming reactions, in detriment of the WGS reaction, which corroborates the analysis 

performed in relation to PG composition. In terms of Ygas, independently of the feedstock, an increase 

in the S/B caused a slight increase of this efficiency parameter, which can be associated with 

increased char conversion and WGS reaction occurrence with steam injection increase. 

Therefore, this work demonstrates at a pilot-scale level that steam injection allows the improvement 

of the PG quality from the air gasification of high-density biomass in BFB gasifiers, revealing 

increased H2 concentration and H2/CO molar ratio in the PG and increased process parameters (LHV, 

Ygas, CGE and CCE); a S/B of 0.5 is suggested to maximize the efficiency of the gasification. For air 

gasification of low-density biomass, steam injection can be used to adjust the H2/CO molar ratio at 

the expense of the process efficiency parameters. 
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4.3 ARTICLE VI - CO-GASIFICATION OF REFUSED DERIVED FUEL AND BIOMASS IN A 

BUBBLING FLUIDIZED BED REACTOR 

4.3.1 ABSTRACT 

In this work, direct (air) co-gasification of RDF with biomass was demonstrated in an 80 kWth pilot-

scale BFB reactor. The influence of the process operating parameters, namely average bed 

temperature between 785 and 829 ºC, ER between 0.21 and 0.36 and RDF weight percentage in the 

fuel mixture (0, 10, 20, 50 and 100 %wt) was analyzed. For the operating conditions used, the process 

was demonstrated as autothermal and operating under steady-state conditions, with no defluidization 

phenomena observed. The increase of the RDF weight percentage in the fuel mixture led to an 

increase of the CH4 and C2H4 concentration in the PG and, consequently, an increase of the PG LHV, 

reaching a maximum value of 6.4 MJ/Nm3. In terms of efficiency parameters, CGE was found 

between 32.6 and 53.5 % and CCE between 56.0 and 84.1 %. A slight increase of the CGE was 

observed with the increase of the RDF weight percentage in the fuel mixture. Thus, RDF co-

gasification with biomass was shown as a highly promising process for the valorization of wastes as 

an energetic resource. 

Keywords: Refused derived fuel; Biomass; Co-gasification; Bubbling fluidized bed. 

4.3.2 INTRODUCTION 

Waste management and sustainable energy supply are two of the main challenges of society. On one 

hand, waste management should be improved and integrated with environment and human health 

protection while promoting the principles of circular economy [356]. On the other hand, current 

worldwide energy supply mainly relies on finite fossil fuel resources (coal, oil and natural gas), 

resulting in its excessive extraction and consumption. These aspects lead to negative economic and 

environmental consequences, such as the depletion of fossil fuel resources and emission of large 

quantities of GHGs. This means that the current worldwide energy supply is associated to pollution 

despite providing economic development and life quality increase [357]. Furthermore, continuous 

industrialization, population growth and general increase of living conditions, led to higher 

worldwide energy requirements and waste production in the last decades. Energy recovery from 

municipal and industrial wastes can contribute to solve these issues, and to reduce the EU dependence 

on fossil fuel-based feedstocks imports, by representing a new source of sustainable energy to satisfy 

the increasing society energy demands. Thus, a transition to a more sustainable waste management 

and circular economy model is facilitated [356]. 

In this context, WtE solutions can simultaneously contribute to overcome the problem of residues 

disposal and the reduction of GHGs emissions resulting from fossil fuels use [357]. WtE valorization 

options can be based on biochemical (e.g., hydrolysis, fermentation) or thermochemical conversion 

processes (e.g., combustion, pyrolysis, gasification). MSW, after separation of the fraction that can 

be reused or recycled, are an interesting feedstock for WtE conversion [358]. MSW are a mixture of 

distinct organic and inorganic components generated from households, offices, commerce and public 

institutions and, despite constituting only between 7 and 10 % of the total waste generated in EU, 

represent a significant challenge in terms of management [356]. In Portugal, MSW valorization as 

solid fuel is also considered as an opportunity to reduce GHGs emissions, minimize waste deposition 

in landfills, increase national energy independence and diversify the solid fuels supply [359].  

Nonetheless, despite recent progresses in waste management, approximately 45 % of the wastes 

generated (25 % being MSW) in the EU are still disposed in landfill sites [360,361]. A higher value 
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(45 %) is seen in Portugal for MSW disposition in landfill [362]. These values are significantly higher 

than the value of 10 % that State Members should attain by 2035 [363]. Accordingly, in the EU, 

MSW production has increased from 150 million tons to 250 million tons between 1980 and 2017 

[357,364]. Thus, the development and improvement of WtE valorization options for MSW 

management is relevant [5]. 

In this respect, to improve the effective use of MSW for WtE processes, two types of solid fuels can 

be produced from wastes, namely RDF and SRF [365]. These fuels can be composed by a mixture 

of distinct non-hazardous solid wastes, such as plastics, textiles, paper, biomass packages and rubber 

[5,365]. This composition can vary significantly depending on the waste origin, waste separation 

plant, season and the RDF/SRF production technique [5]. A more detailed description of the 

materials that typically compose these fuels can be found in the literature [366,367]. To be defined 

as SRF, the solid fuel must be produced in compliance with the European standard EN 15359 [368]. 

This means that the chlorine and mercury content and LHV of the solid fuel, must be determined 

[366,367]. Both RDF and SRF can be used for energy conversion processes, however, it has been 

argued that the SRF has commercial advantages in comparison with the RDF, because it eases the 

trade between producers and users [366], thus, contributing to higher confidence in the market [366]. 

In this work, the MSW used in the gasification and co-gasification (G-CG) experiments are referred 

as RDF, because their mercury and chlorine content were not determined. 

Amongst the WtE valorization methods based on thermochemical conversion processes, combustion 

is the most conventional and commercial process, while pyrolysis and gasification are still in a 

demonstration phase. Combustion technologies are commercially available with several distinct 

configurations employed at industrial scale. Currently, thermal treatment plants, such as incineration 

plants, are commonly used for MSW disposal [5]. In fact, at least 450 MSW mass burning 

incineration plants are in operation in Europe [369]. Heat recovery and district heating based on 

waste mass burning incineration is currently performed in the EU and considered as an important 

technology to provide environmentally friendly heat for residential and industrial sectors [370]. 

MSW pyrolysis and co-pyrolysis with biomass is under research and its potential is recognized, 

however, it is argued that the upscaling and commercialization of this process still requires 

substantial efforts [371]. 

On the other hand, gasification is recognized as a highly promising and flexible process for waste 

energetic valorization [372], that allows the production of various bioproducts that neither 

combustion nor pyrolysis are suited to provide. In this respect, gasification can perform the 

valorization of waste energy into a fuel gas with flexible application in different scenarios, such as 

the replacement of natural gas in boilers or kiln ovens, liquid fuel production by FT process [373] or 

methanol synthesis [74]. Furthermore, there are several advantages in handling a gas in comparison 

with a solid waste, such as transport, storage and application [372]. 

In this context, co-gasification of wastes with biomass is a process that has been drawing significant 

attention in recent years [357]. In general, co-gasification of biomass with non-biomass fuels can be 

used as a strategy to reduce the ash content of a feedstock [374] and may lead to benefits in terms of 

PG quality, char reactivity and tar formation, in comparison with gasification processes using only 

biomass [375]. This practice can take advantage of synergistic effects that can occur between the two 

feedstocks used for the co-gasification process [357,375], for example, feedstocks with high ash 

content rich in alkali and alkali earth metals (e.g., sodium, potassium, magnesium and calcium) can 

have a catalytic effect during co-gasification with other fuels [374–376]. Furthermore, co-

gasification of wastes with RFB can valorize both wastes and RFB [357,377]. On one hand, in 

comparison with gasification plants using 100 % biomass, adding wastes to the process avoids 

biomass excessive exploration and supply disruption. In fact, the high availability of wastes and its 

continuous generation, and the need of appropriate solutions for processing the non-recyclable 
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fraction of organic wastes, turns wastes into an almost inexhaustible resource for gasification 

processes [372]. On the other hand, in comparison with gasification plants using 100 % MSW, 

adding biomass may contribute to solve recognized process issues associated to the plastics 

gasification, such as feeding difficulties and contaminants formation [357].  

In a recent literature review made by Ramos et al., [357], it is shown that only a small number of 

reports regarding co-gasification of biomass and wastes are currently available. The authors refer 

that the gasification products and yields are higher for co-gasification of MSW and biomass than for 

gasification processes of 100 % biomass or 100 % MSW, thus indicating synergy between these 

feedstocks. Accordingly, a recent co-gasification study of MSW and biomass [378] showed process 

benefits by adding wastes to the feedstock mixture, such as the increase of the LHV of the PG and 

the reduction of tar formation. Plastic addition to the fuel mixture in gasification processes has also 

been shown to lead to an increase in Ygas and LHV [379–382]. It is argued that the thermal cracking 

of the plastic polymer chains leads to the production of diverse hydrocarbons with a wide range of 

molecular weight, including light hydrocarbons that contribute to the increase of both the Ygas and 

LHV [380]. Some studies also evaluate the potential of more advanced applications for the produced 

gas from wastes gasification, such as methanol [383] and H2 [221] production. In fact, a commercial 

biorefinery located in North America (Enerkem Alberta Biofuel) provides the industrial application 

of producing biofuels and renewable chemicals from non-recyclable waste and residues [383,384]. 

Despite these advances, studies regarding wastes gasification are still extremely scarce, particularly 

for higher scales (pilot and industrial) [357,385]. In this regard, further experimental research must 

be performed to characterize the effect of the addition of RDF on the PG quality and to evaluate 

potential synergistic effects. 

Accordingly, in this work, distinct mixtures of RDF pellets (10, 20 and 50 %wt) were mixed with 

pine (chips and pellets) and used as feedstock in direct (air) co-gasification experiments in a BFB 

pilot-scale autothermal reactor. For comparison, gasification experiments with 100 % RDF pellets 

and 100 % pine (pinus pinaster, chips and pellets) were also performed. The influence of the RDF 

weight percentage on the operating conditions and process stability, in terms of temperature along 

time at several locations of the reactor and PG composition along time, was analyzed. Efficiency 

parameters were also determined to evaluate the influence of the RDF weight percentage on the 

process performance. This new information is relevant because it provides a systematic experimental 

analysis of the gasification of RDF and biomass, and their blends at different mixture ratios, in a 

BFB at a pilot-scale level, for which there exists a recognized lack of studies. Thus, the obtained 

results provide new knowledge that may serve as a complementary tool to support decisions related 

to co-gasification projects, including the upscale of the process to the industrial scale and the 

development of co-gasification plants. This can ease the commercial breakthrough of this technology 

and consequently promote both waste management and energy supply sustainability in the future. 

4.3.3 MATERIALS AND METHODS 

The experimental infrastructure used in this Article was the DAO-UA 80 kWth pilot-scale BFB 

gasifier (Section 1.3). The methodologies used are described in Section 1.4. 

4.3.3.1 FEEDSTOCK CHARACTERIZATION 

Pine chips, pine pellets and RDF pellets produced from MSW were used as feedstock (Figure 4.18). 

The pine chips were dried at atmospheric conditions and sieved to a particle size below 15 mm. The 

feedstocks were characterized in terms of properties with interest for thermochemical conversion 

(proximate and elemental analysis and LHV), as shown in Table 4.7. The fusibility of the feedstock 

ashes was also determined (Table 4.8). 
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(a) 

 

(b) 

 

(c) 

Figure 4.18 – Feedstocks used in the G-CG experiments, namely (a) RDF pellets, (b) pine pellets and 

(c) pine chips, over millimeter paper. 
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Table 4.7 – Proximate and elemental analysis of RDF and biomass types used as feedstock in the G-

CG experiments in the pilot-scale BFB. 

Material 
RDF 

pellets 

Pine 

Chips 

Pine 

pellets 

Proximate analysis (%wt, wb)    

Moisture 4.3 11.0 4.6 

Volatile matter 75.2 77.9 78.5 

Fixed carbon 7.1 10.8 16.6 

Ash 13.4 0.3 0.3 

Ultimate analysis (%wt, db)     

Ash 13.4 0.3 0.3 

C 54.0 46.4 47.5 

H 7.4 6.6 6.2 

N 0.5 0.2 0.1 

S nd nd nd 

O (by difference) 24.1 46.5 45.9 

Ash composition (mg/kg db)    

Ca 29000 540 600 

Al 20000 22 96 

Si 18000 < 200 < 200 

S < 6000 < 6000 < 6000 

Fe 3100 29 73 

Na 1400 280 280 

Mg 950 190 280 

Cl⁻ 710 10 1500 

K 680 410 590 

Cu 380 < 3 3 

P 370 33 48 

Ti 200 < 3 4 

Ba 190 < 3 < 3 

Sr 180 3 5 

Zn 180 5 7 

Pb 42 < 3 < 3 

Ni 34 6 < 3 

Cr 21 < 3 < 3 

V 19 < 3 < 3 

Sn 9 < 1 < 1 

Co 8 < 1 < 1 

LHV (MJ/kg) (db) 24.8 18.8 18.0 

Bulk Density (kg/m3) (wb) 864 577 911 
nd- not determined, below the detection limit of the method, 100 ppm wt.  
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Table 4.8 – Ash fusibility temperature for the different feedstocks used in the G-CG experiments. 

 Ash 
 RDF pellets Pine pellets Pine chips 

Shrinking starting temperature (ºC) 1200 1140 1020 

Deformation temperature (ºC) 1250 1190 1100 

Hemisphere temperature (ºC) 1420 1290 >1500 

Flow temperature (ºC) 1450 1330 >1500 

 

4.3.3.2 OPERATING CONDITIONS 

The operating conditions of the G-CG experiments performed are detailed in Table 4.9. The ER was 

maintained between 0.21 and 0.36 and the bed temperature between 785 and 829 ºC. The RDF pellets 

were pre-mixed with two types of pine (Pinus Pinaster), namely pine pellets and pine chips, in order 

to produce the fuel mixtures detailed in Table 4.9. 

Table 4.9 – G-CG experiments reference and respective operating conditions (Article VI). 

G-CG 

reference 
Biomass type 

Biomass 

[%wt] 

RDF 

[%wt] 
ER 

Average bed 

Temperature 

[ºC] 

Biomass 

feed rate 

[kg/h] 

Air feed rate 

[LNPT/ min] 

PC100: ER023 Pine chips 100 0 0.23 803 14 200 

PC100: ER031 Pine chips 100 0 0.31 806 10 200 

PC90 - RDF10: ER022 Pine chips 90 10 0.22 803 14 200 

PC90 - RDF10: ER025 Pine chips 90 10 0.25 804 12 200 

PC90 - RDF10: ER030 Pine chips 90 10 0.30 807 10 200 

PC80 - RDF20: ER022 Pine chips 80 20 0.22 785 13 200 

PC80 - RDF20: ER025 Pine chips 80 20 0.25 794 12 200 

PC80 - RDF20: ER031 Pine chips 80 20 0.31 811 9 200 

PC50 - RDF50: ER032 Pine chips 50 50 0.32 819 8 200 

PP100: ER022 Pine Pellets 100 0 0.22 791 13 200 

PP100: ER030 Pine Pellets 100 0 0.30 829 10 200 

PP90 - RDF10: ER022 Pine Pellets 90 10 0.22 797 13 200 

PP90 - RDF10: ER031 Pine Pellets 90 10 0.31 816 9 200 

PP80 - RDF20: ER022 Pine Pellets 80 20 0.22 801 12 200 

PP80 - RDF20: ER031 Pine Pellets 80 20 0.31 806 9 200 

PP50 - RDF50: ER021 Pine Pellets 50 50 0.21 812 12 200 

PP50 - RDF50: ER030 Pine Pellets 50 50 0.30 818 8 200 

RDF100: ER023 - 0 100 0.23 818 9 200 

RDF100: ER027 - 0 100 0.27 793 8 200 

4.3.4 RESULTS AND DISCUSSION 

The results presented in this Section include the operating conditions of the gasifier, temperature 

profiles along time and along the reactor height, PG composition (CO, CO2, CH4 and C2H4) profile 
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along time and average PG composition (CO, CO2, CH4, C2H4, C2H6, C3H8, H2 and N2). The LHV of 

the PG and efficiency parameters, namely Ygas, CGE and CCE are analyzed. 

4.3.4.1 OPERATING CONDITIONS OF THE GASIFIER 

For all G-CG experiments performed (ER as low as 0.21), the gasifier was operated under 

autothermal regime (with average bed temperature above 785 ºC). Thus, no external heating supply 

was necessary, independently of the inclusion of RDF in the fuel mixture. Slag, agglomeration or 

defluidization phenomena were not observed during the experiments made. This is also supported by 

the relatively high ash fusibility temperatures (>1000 ºC) of the feedstock ashes (Table 4.8), that are 

significantly higher than the maximum average bed temperature (829 ºC) measured during the G-CG 

experiments made. 

The typical temperature profile along time for the G-CG experiments performed in the pilot-scale 

BFB reactor is shown in Figure 4.19. In general, the temperature profiles for the different gasification 

experiments performed present a similar behavior, however, the experiments performed with pine 

chips seem to have higher temperature fluctuations than the experiments performed with pine pellets. 

This is justified by the higher heterogeneity of the pine chips particles and consequent influence on 

the feeding regularity. 

The inclusion of RDF in the fuel mixture seems to slightly increase temperature fluctuations in the 

reactor for experiments with pine pellets. In fact, gasification experiments with 100 % RDF presented 

the highest temperature fluctuations at the surface of the reactor bed (T-4), which can also be justified 

by the significant heterogeneity of this fuel. Regarding co-gasification experiments with pine chips, 

the addition of RDF does not seem to cause any significant changes in the temperature profiles. This 

may be related to the fact that this biomass already presents some heterogeneity, as previously 

discussed. Nevertheless, acceptable steady-state conditions of operation were attained in all G-CG 

experiments, as reflected by the temperature profiles along time at distinct locations along the reactor. 

 

Figure 4.19 – Typical temperature profile along time at different locations of the pilot-scale BFB 

reactor. 

Regarding the vertical temperature profiles along the reactor (Figure 4.20), the temperature shows a 

similar behavior for the distinct G-CG experiments performed. Typically, the temperature decreases 

from the surface of the bed to the exhaust of the reactor. This behavior is typical of biomass 

gasification processes and follows the general trend found in other works performed in this 
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infrastructure (see previous Sections). The addition of RDF does not seem to cause any major 

changes in the average temperature along the reactor or in the relationship between the temperature 

and the distance to the BFB reactor distributor plate. 

 

Figure 4.20 – Longitudinal temperature profile in the pilot-scale BFB reactor during the G-CG 

experiments performed. Legend according to experiments reference in Table 4.9. 

Regarding the typical PG composition profiles along time (Figure 4.21), it can be observed that 

steady-state conditions of operation were achieved, as shown by the steady concentration of the 

selected compounds (CO, CO2, CH4 and C2H4) along time. Nonetheless, the gas composition profiles 

during the gasification of pine pellets shows less fluctuations than during the gasification of pine 

chips or RDF pellets. Accordingly, RDF weight percentage increase in the pine pellets fuel mixture 

increased the fluctuation of the concentration of the selected compounds, particularly the CO 

concentration. RDF weight percentage increase in the pine chips fuel mixture does not seem to have 

caused any significant stability changes in the gas composition profiles. Thus, the PG concentration 

profiles along time are in accordance with the stable temperature profiles presented, reflecting the 

suitability of the BFB pilot-scale reactor to conduct G-CG studies of biomass and RDF. 
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(b) 

 

(c) 

 

(d) 

Figure 4.21 – Typical PG composition (CO2, CO, CH4 and C2H4) profiles along time for the G-CG 

experiments with: (a) 100 %wt pine pellets, (b) 50 %wt pine pellets - 50 %wt RDF, (c) 50 %wt pine 

chips - 50 %wt RDF and (d) 100 %wt RDF. 
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4.3.4.2 CHARACTERISTICS OF THE PG 

4.3.4.2.1 Gas composition 

The impact of the RDF weight percentage in the fuel mixture on the composition of the PG is shown 

in Figure 4.22 and Figure 4.23.  

For similar ER, the RDF addition to the fuel mixtures caused a significant decrease of CO 

concentration in the PG. The effect seems to be related with the employed ER, i.e., the addition of 

RDF led to a steeper decrease of CO concentration values in experiments with lower ER. In fact, 

maximum CO concentration was found for the gasification of pine chips with 0.23 ER (18.6 %v, 

experiment reference PC100: ER0.23) and the minimum for the gasification of RDF with 0.23 ER 

(6.9 %v, experiment reference RDF100: ER0.23). In average, increasing RDF weight percentage in 

the feedstock mixture from 10 to 20 %, 20 to 50 % and 50 to 100 %, led to a CO decrease of 6.3, 1.5 

and 42.0 %, respectively. In contrast, increasing RDF weight percentage in the fuel mixture, from 0 

to 10 %, led to a CO increase (5.5 % in average). A CO concentration decrease in the PG with plastics 

weight percentage increase in the feedstock mixture has also been reported in other works [379,386]. 

In this case, a CO concentration decrease was unexpected due to the high carbon content present in 

the RDF (Table 4.7). This phenomenon may be related to an increase in the methanization reaction 

(Reaction 2.9) and to an increase of other combustible gases concentration, specifically those 

containing carbon, such as CH4, C2H4, C2H6 and C3H8 (Figure 4.23). These aspects are discussed 

ahead. 

The H2 concentration values were found between 4.0 and 7.1 %v, however, the effect of the RDF 

weight percentage is not evident. It seems that the increase in RDF addition leads to slightly lower 

H2 concentration values in the PG, which may also be related to an increase in the methanization 

reaction, however, this impact may be masked by more prominent effects such as the bed temperature 

or the ER. 
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Figure 4.22 – Influence of the RDF weight percentage on the average PG composition (H2, CO and 

CO2) for the G-CG experiments. 
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Regarding CH4 and C2H4, it can be observed that the addition of RDF increased the concentration of 

these compounds in the PG (Figure 4.23). Maximum CH4 and C2H4 concentration values were found 

for the gasification of RDF with ER 0.27 (experiment reference RDF100: ER 0.27), namely 5.6 %v 

and 5.0 %v, respectively. On one hand, this may be justified by the thermal cracking of plastic 

polymers present in the RDF pellets, which lead to the production of light hydrocarbons [380]. On 

the other hand, the higher content of ashes rich in alkali and alkali earth metals (e.g., calcium, sodium, 

magnesium, potassium) present in the RDF pellets (Table 4.7), in comparison with biomass, may 

promote a catalytic effect [374–376] that also leads to the production of light hydrocarbons. 

Furthermore, the decrease in CO concentration and increase in CH4 concentration also suggests an 

increase in methanization reactions. In fact, the CH4 and C2H4 maximum concentration values 

observed are higher than the values typically reported in the literature regarding biomass direct (air) 

gasification [4]. Accordingly, the minimum CH4 concentration value was found for the gasification 

of pine pellets with ER 0.30 (3.0 %v, experiment reference PP100: ER030), while the minimum C2H4 

concentration value was found for the gasification of pine pellets with ER 0.30 (1.2 %v, experiment 

reference PP100: ER030). 

It was also observed that the relative increase of the concentration of CH4 and C2H4 with RDF 

addition to the fuel mixture was higher for experiments with higher ER. For example, for co-

gasification experiments of pine pellets with RDF, the following was observed: 

• For experiments with ER between 0.21 and 0.23 (Figure 4.23 (a)), the CH4 increased 

from 4.5 to 5.1 %v and C2H4 from 1.8 to 4.3 %v with RDF weight percentage increase. 

• For experiments with ER between 0.27 and 0.31 (Figure 4.23 (b)), the CH4 increased 

from 3.0 to 5.6 %v and C2H4 from 1.2 to 5.0 %v with RDF weight percentage increase. 

A similar observation can be made for the co-gasification experiments of pine chips with RDF 

(Figure 4.23 (c) and (d)). On one hand, this is justified by the fact that ER had a significant effect on 

the concentration of CH4 and C2H4 in the PG from pine gasification (experiments reference PP100 

and PC100), i.e., for these experiments, a decrease in ER led to significantly higher CH4 and C2H4 

concentration. This is related to a decrease of the oxygen availability with the decrease of ER, and 

thus a lower occurrence of oxidation reactions, leading to higher combustible gases concentration in 

the PG (e.g., H2, CO, CH4, C2H4). This is a typical behavior of biomass gasification processes and 

was also observed in the other papers composing this thesis (e.g., see previous Sections). On the 

other hand, it seems that the thermal cracking of the organic molecules present in the RDF 

compounds (e.g., plastics), which leads to the production of light hydrocarbons (e.g., CH4 and C2H4) 

[380], is more effective at higher ER. In part, this may be related to the higher bed temperature and 

higher freeboard temperature generally attained during experiments with higher ER (Table 4.9), 

which promotes the thermal cracking of the plastic fraction. In fact, it is known that the reactor 

temperature is highly dependent of the ER in atmospheric gasifiers [387], due to the 

increase/decrease of oxidation reactions [4]. Furthermore, a higher bed and freeboard temperature is 

also known to favor tar cracking reactions and, consequently, increase the production of light 

hydrocarbons [387]. Therefore, for co-gasification experiments with lower ER, the addition of RDF 

led to a lower relative increase of CH4 and C2H4 concentration. 

In average, increasing the weight percentage of RDF in the fuel mixture from 0 to 10, 10 to 20, 20 to 

50 and 50 to 100 %, led to a CH4 concentration increase of 4.4, 1.3, 9.3 and 29.9 %, respectively, 

and a C2H4 concentration increase of 20.2, 16.1, 30.0 and 78.2 %, respectively. The concentration of 

C2H6 and C3H8 also shows a tendency to increase with RDF addition to the fuel mixture, however, 

this is not clear because these compounds were only found in very low concentrations (<0.5 %v, 

Figure 4.23). 
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Figure 4.23 – Influence of the RDF weight percentage on the average PG composition (CH4, C2H4, 

C2H6 and C3H8) for the G-CG experiments. 

4.3.4.2.2 Gaseous products ratios 

Two yield ratios are discussed in this Section, namely H2:CO and CO:CO2 molar ratios. H2:CO molar 

ratio is relevant for the application of the PG in advanced applications that require high H2:CO molar 

ratios, such as methanol production (2 mol·mol-1), liquid fuel production through FT synthesis (0.6 

mol·mol-1) and DME production (1 mol·mol-1) [180–182,388]. 

For the G-CG experiments performed, the H2:CO molar ratio was found between 0.30 and 0.75 

mol·mol-1 (Figure 4.24). The maximum value was found for the gasification of RDF with ER 0.23 

(experiment reference RDF100: ER023) and the minimum for the co-gasification of pine chips and 

RDF with ER 0.30 (experiment reference PC90 – RDF 10: ER030). No significant trends were found 

for the variation of H2:CO molar ratio with the RDF weight percentage increase from 0 to 50 %. 

However, in gasification experiments with 100 % RDF, this parameter value was significantly higher 

than in the other G-CG experiments performed, mainly due to the significantly lower CO 

concentration obtained (Figure 4.22). 

The CO:CO2 molar ratio is not commonly referred in the literature, however, it can be useful for the 

prediction of the process performance and the balance between gasification and combustion reactions 

[318]. For the G-CG experiments performed, CO/CO2 molar ratio was found between 0.45 and 1.17 

mol·mol-1 (Figure 4.24). The maximum value was found for the gasification of pine chips with ER 

0.23 (experiment reference PC100: ER023) and the minimum value found for the gasification of 

RDF with ER 0.23 (experiment reference RDF100: ER023). In average, increasing RDF weight 

percentage in the feedstock mixture from 0 to 10 % led to CO:CO2 molar ratio increase of 4.2 %, 

while increasing RDF weight percentage in the feedstock mixture from 10 to 20 %, 20 to 50 % and 

50 to 100 %, led to a CO:CO2 molar ratio decrease of 5.5, 0.6 and 39.3 %, respectively. This 

significant decrease of CO:CO2 molar ratio in gasification experiments with 100 % RDF results from 

the low CO concentration values found in these experiments (Figure 4.22). This seems to indicate 

that the efficiency of the process decreases with RDF weight percentage increase. However, it must 

be noted that despite the CO concentration decrease, there is also an increase of the concentration of 

other combustible gases (e.g., CH4 and C2H4), which compensates the effect of the decrease of the 

CO concentration on the energy content of the PG and the efficiency of the process (Section 4.3.4.3). 
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Thus, this ratio should be regarded with caution when used to characterize the effect of RDF weight 

percentage in co-gasification processes performance.  
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Figure 4.24 – Influence of the RDF weight percentage on the H2:CO and CO:CO2 molar ratios for 

the G-CG experiments. 

4.3.4.3 PROCESS EFFICIENCY PARAMETERS 

4.3.4.3.1 LHV and Ygas 

The influence of RDF weight percentage in the fuel mixture in the PG LHV and the Ygas is shown in 

Figure 4.25. 

Regarding the PG LHV, this parameter increased significantly with RDF weight percentage increase 

for experiments with higher ER (Figure 4.25 (b) and (d)). However, the effect of RDF addition on 

the LHV for experiments with lower ER was not clear (Figure 4.25 (a) and (c)). The effect of the 

RDF weight percentage on the LHV is mainly related to the influence of this parameter on the CH4, 

C2H4 and CO concentration (4.3.4.2), which represent a significant part of the energy content of the 

PG. As previously discussed, the RDF weight percentage increase led to higher CH4 and C2H4 

concentration and lower CO concentration. For experiments with higher ER, the significant increase 

in CH4 and C2H4 concentration caused a significant increase in the PG LHV. For experiments with 

lower ER, while the CH4 and C2H4 concentration increase contributed to higher LHV, the observed 

significant decrease in CO concentration led to lower LHV, causing an unclear effect. 

Furthermore, for the 100 % RDF gasification experiments performed (experiments reference 

RDF100: ER023 and RDF100: ER027), the LHV of the PG increased with ER (from 5.8 to 6.4 

MJ/Nm3), mainly due to an increase in the concentration of CH4 and C2H4. This behavior is not 

common in biomass gasification processes [4] and may be explained by the increase in ER promoting 

the thermal cracking of the organic compounds present in the plastic fractions contained in the RDF, 

as previously discussed (Section 4.3.4.2). Accordingly, the maximum LHV value was found for the 

gasification of RDF with ER 0.27 (6.4 MJ/Nm3) and the minimum value for the gasification of pine 

pellets with ER 0.30 (3.7 MJ/Nm3). In average, increasing RDF weight percentage in the fuel mixture 

from 0 to 10, 10 to 20, 20 to 50 and 50 to 100 %, led to a LHV increase of 6.9, 1.4, 9.4 and 16.8 %, 

respectively. This general increase in the PG LHV is in accordance with the increase of the energy 

content in the feedstock mixture, resulting from the increase of RDF weight percentage, due to the 

RDF higher LHV in comparison with the pine pellets and chips (Table 4.7). 

Regarding Ygas, values between 1.3 and 2.1 Nm3 dry gas/kg dry biomass were observed for the G-

CG experiments performed. The maximum and minimum values were found for the co-gasification 

of pine chips with RDF, namely experiments with reference PC50 – RDF50: ER032 and PC90 – 
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RDF10: ER022, respectively. The effect of RDF weight percentage on Ygas is not clear and may be 

masked by ER variations, which have significant influence on the Ygas [4]. Nonetheless, a slight 

tendency for the increase of Ygas with the increase of RDF weight percentage in the fuel mixture was 

noticed. In average, increasing RDF weight percentage from 0 to 10, 10 to 20, 20 to 50 and 50 to 100 

% led to a Ygas increase of 0.8, 3.3, 12.2 and 0.6 %, respectively. This increase may be related to an 

higher and faster degradation of plastic products [357], in comparison with biomass, and to the 

catalytic effect promoted by the high ash content rich in alkali and alkali earth metals (e.g., calcium, 

sodium, magnesium, potassium) present in the RDF pellets (Table 4.7), which are known promoters 

of combustible gaseous compounds formation during gasification processes [374–376], and 

consequent potential increase of light hydrocarbons production (see Section 4.3.4.2). 
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Figure 4.25 – Influence of the RDF weight percentage on the LHV and Ygas for the G-CG 

experiments. 

4.3.4.3.2 CGE and CCE 

The effect of RDF weight percentage on the CGE and CCE is shown on Figure 4.26. It can be 

observed that RDF addition to the fuel mixture does not have significant effect on the CGE, however, 

a slight trend for the increase of CGE with the increase of RDF weight percentage can be noticed. In 

fact, maximum CGE value (53.5 %) was found for the gasification of RDF with ER 0.27 (experiment 

reference RDF100: ER0.27), while the minimum CGE value (32.6 %) was found for pine pellets 

gasification with ER 0.30 (experiment reference PP100: ER0.30). This is related to the RDF weight 

percentage increase leading to higher PG LHV and slightly higher Ygas (Section 4.3.4.3.1), which 

contributes to higher CGE. However, the LHV of the RDF is higher than the LHV of the pine pellets 

and chips (Table 4.7), thus an increase in the RDF weight percentage means a feedstock mixture with 

higher energy content, and, consequently, higher values of PG LHV and Ygas are required to maintain 

the efficiency of the process. 
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Figure 4.26 – Influence of the RDF weight percentage on the CGE and CCE for the G-CG 

experiments. 

The CCE was found between 56.0 and 84.1 %; The maximum value was found for the co-gasification 

of pine chips and RDF with ER 0.32 (experiment reference PC50 – RDF50: ER032) and the 

minimum value for the co-gasification of pine pellets and RDF with ER 0.22 (experiment reference 

PP90 – RDF100: ER022). No evident trend was found for the effect of the RDF weight percentage 

increase on the CCE. This is justified by conflicting effects between these parameters. On one hand 

the RDF weight percentage increase led to higher CH4 and C2H4 concentration in the PG (see Section 

4.3.4.2.1), which contributes to higher CCE. On the other hand, the RDF weight percentage increase 

led to lower CO concentration values, which contributes to lower CCE. 

4.3.5 CONCLUSIONS 

This work performs a pilot-scale demonstration of the RDF potential as feedstock for gasification 

and co-gasification processes. Optimal operating conditions for the maximization of the PG quality 

and the efficiency of the process were determined, which are relevant to maximize rentability. The 

stability of the process and the synergy between RDF and biomass were shown, revealing enhanced 

gasification products during co-gasification, when compared to 100 % biomass gasification 

processes. Furthermore, no slag, agglomeration or defluidization phenomenona were observed 

during the experiments performed.  

In terms of PG composition, increasing the RDF weight percentage led to a significant increase in 

CH4 and C2H4 concentration and to a decrease in CO concentration. This may be related to a 

combined effect between the thermal cracking of the plastic polymers present in the RDF pellets and 

the catalytic effect promoted by the ashes (rich in alkali and alkali earth metal) from the RDF pellets. 

No significant trends were observed for the variation of H2 concentration with RDF weight 

percentage, indicating that other parameters may have a more prominent effect on this gaseous 

compound production, such as the ER and bed temperature. Nonetheless, higher H2:CO molar ratios 

were obtained with the increase of the RDF weight percentage, due to the CO concentration decrease. 

In terms of efficiency parameters, the PG LHV increased with RDF weight percentage increase, 

mainly due to the CH4 and C2H4 concentration increase. This phenomenon was more evident for 

experiments with higher ER. Increasing RDF weight percentage also led to slightly higher values of 
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Ygas, however, this effect may be concealed by involuntary changes in the ER, which has a prominent 

effect on the Ygas. Regarding CGE and CCE, the effect of the RDF weight percentage increase seems 

to be positive, although this is not clear due to conflicting effects. In terms of CGE, the RDF weight 

percentage increase generally led to higher PG LHV and slightly higher Ygas, which contributes to 

higher CGE, however, due to the RDF higher heating value in comparison with the pine pellets and 

chips, an increase in the RDF weight percentage also means an increase of the feedstock mixture 

energy content, and, consequently, higher values of PG LHV and Ygas are required to maintain the 

efficiency of the process. In terms of CCE, RDF weight percentage increase led to higher CH4 and 

C2H4 concentration, which contributes to higher CCE values, however, the increase in the RDF 

weight percentage also led to lower CO concentration values, which contributes to lower CCE values. 

Thus, this information supports the upscale and commercial breakthrough of RDF gasification 

technologies and promotes future research on this subject. In fact, adding RDF to the feedstock 

mixture of gasification plants may significantly improve the economic viability and environmental 

benefits of future gasification plants, due to the high availability and low cost of wastes; This needs 

to be properly analyzed in future works, for example by performing an integrated technoeconomic 

or life cycle analysis. Furthermore, gaseous pollutants (e.g., hydrochloric acid, sulfur oxides and 

nitrogen species), particulate matter and bottom bed and volatile ashes must also be characterized 

during RDF gasification and co-gasification with biomass, to fully evaluate the influence of this fuel 

in gasification processes. These aspects are relevant to support the valorization of both municipal 

and biomass wastes, and, consequently, may increase the sustainability of waste management and 

energy supply in the future.  
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4.4 ARTICLE VII - TAR FORMATION DURING EUCALYPTUS GASIFICATION IN A 

BUBBLING FLUIDIZED BED REACTOR: EFFECT OF FEEDSTOCK AND REACTOR BED 

COMPOSITION 

4.4.1 ABSTRACT 

Tar compounds are inevitably present in the raw PG from biomass gasification and currently 

represent the main barrier for the commercial breakthrough of gasification technologies. In the 

present work, tar concentration in the PG from direct gasification of distinct types of residual forest 

biomass from eucalyptus in a 5 kWth bubbling fluidized bed reactor was investigated. The influence 

of the feedstock chemical composition and gasifier operation time was evaluated. Average tar 

concentration values in the raw PG were between 1.5 and 13.3 g/Nm3, representing a tar production 

between 8.4 and 67.0 g tar/kg biomass db, which surpasses suggested tar concentration limits for 

various potential applications for the PG. Major average tar compounds present in the tar sampled 

from the raw PG were benzene (47.1 %wt), toluene (21.6 %wt), naphthalene (10 %wt) and indene 

(6.4 %wt). A significant decay of the tar concentration in the PG was observed with increasing 

gasifier operation time, namely up to 50 % within 45 minutes of operation, indicating its dependency 

on inorganics (e.g., CaCO3, KCl, maximum 5.5 %wt) and solid carbon (maximum 22.7 %wt) 

accumulation in the reactor bed. 

Keywords: Gasification; Biomass; Tars; Ash; Bubbling fluidized bed; Eucalyptus. 

4.4.2 INTRODUCTION 

The commercialization of large-scale biomass gasification plants still face technical and economic 

challenges associated to the presence of tars in the PG [26,58,115,123]. Tars are a mixture of highly 

aromatic organic condensable compounds formed during thermal or partial-oxidation (gasification) 

regimes of any organic material [114]. The composition of tars is highly dependent on the thermal 

conversion process temperature and can be divided in primary (e.g., phenol), secondary (e.g., 

benzene, toluene, xylene) and tertiary (e.g., pyrene, indene, naphthalene) products, roughly formed 

at 200 to 500 ºC, 500 to 1000 ºC and  over 700 ºC, respectively [114,115]; primary and tertiary tars 

are mutually exclusive, being that primary products are destroyed before tertiary products appear 

[114]. In BFB gasifiers, as the operation takes place between 700 and 850 ºC [4], a mixture of second 

and tertiary tar products can be expected in the PG [114]. These undesired compounds represent a 

not negligible part of the chemical energy in the PG, which may be lost upon condensation [119]. 

Tars are also a major obstacle, causing several operating problems during the gasification process 

and downstream use of the PG, such as surface corrosion, blocking and fouling of engines, filter and 

pipe plugging and catalyst deactivation, leading to general malfunctions of equipment, breakdowns 

in operation and low efficiency [113,123,217].  

The tar concentration in a PG from BFB gasifiers typically revolves around 1 to 30 g/Nm3 [66,114], 

which is higher than the suggested tar concentration limit for most potential PG applications [26]. 

The employment of gas cleaning equipment for tar removal often turns the process economically 

unattractive. Accordingly, the effect of gasification operating parameters on tar compounds 

formation and concentration has been widely investigated in the literature, with particular emphasis 

on temperature [389–393], ER [335,389], pressure [394], residence time [395] and reactor bottom 

bed material [66,100,113]. In general, tar concentration in the PG decreases with temperature, ER 

and pressure increase [124]. Using active bed materials (e.g., dolomite, limestone and olivine) has 

also been demonstrated as a strategy to reduce tar concentration in the PG [66,100,124]. 
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The effect of the chemical properties of the biomass feedstock has also been researched [396–401]. 

Yu et al., [398] compared the major biomass components (i.e. cellulose, hemicellulose and lignin) in 

relation to their differing tar formation characteristics during gasification and concluded that lignin 

leads to a higher tar yield with a higher thermal stability. Additionally, Hosoya et al., [399] observed 

that the primary tar fraction derived from lignin has a significantly lower reactivity than the one 

derived from cellulose, with the latter easily gasified into permanent gases. In accordance, Zhou et 

al., [400] showed that the main fraction of tar in the PG from biomass gasification was lignin-derived 

phenolics. In another study, Wang et al., [401] observed that adding potassium and calcium to the 

thermal decomposition of cellulose leads to a lower tar yield and an enhanced permanent gases 

production. 

The gasification process is particularly interesting for converting eucalyptus byproducts from the PP 

industry due to the possibility of replacing natural gas by PG in kiln ovens and boilers, and the 

suitability of this industry to involve gasification-based biorefinery processes in the future [402]. 

Cross et al., [403] studied eucalyptus (Eucalyptus Benthamii) air gasification in a bench-scale BFB, 

focusing on the effect of harvesting age and bark content, and found tar yield between 1.3 and 1.7 g 

tar/kg biomass db, with higher amounts of naphthalene and indene and lower amounts of benzene 

(resulting in a lower total tar yield) in the PG from the gasification of older eucalyptus samples. Pinto 

et al., [404] performed steam gasification of eucalyptus (Eucalyptus Globulus) in a bench-scale BFB 

reactor, focusing on the influence of the feedstock torrefaction and pelletization, and found tar 

concentration in the PG between 4 and 16 g/m3 (values retrieved from figures), with these 

pretreatment measures leading to a decrease of tar concentration in the raw PG of up to 72 %. 

Nonetheless, data regarding tar concentration in the PG from eucalyptus gasification is limited and 

investigation on tar formation during gasification of biomass usually neglects the depth of the 

influence of the feedstock chemical composition. For example, it is often neglected the catalytic 

effect promoted by alkali and alkaline earth metals (AAEMs) present in the biomass ashes, which 

are recognized promoters of tar cracking and reforming reactions [401,405,406]; this highlights the 

need for additional studies.  

Thus, this work investigates tar formation during the direct gasification of distinct types of RFB from 

eucalyptus (Eucalyptus Globulus), including eucalyptus byproducts from the PP industry, in a bench-

scale BFB reactor. The main objective is to evaluate the influence of the eucalyptus chemical 

composition, and respective ashes, as well as chars’, accumulation in the bed of the BFB gasifier 

with operation time, on the tar composition and concentration in the PG. An inert material (non-

porous alumina, Al2O3) was used as bed material to minimize any potential activity from the fresh 

bed material towards char gasification and tar formation [355,407]. This provides valuable data for 

the evaluation of the gasification process of eucalyptus feedstocks, and consequent integration in the 

PP industry, as a valid valorization energetic option. It will also serve as a guideline for future 

research seeking tar reduction in the PG from biomass gasification in BFBs, which is the main barrier 

for the commercial breakthrough of these technologies [123]. 

4.4.3 MATERIALS AND METHODS 

The experimental infrastructure used in this work was the KTH 5 kWth bench-scale BFB gasifier 

(Section 1.3.3). The methodologies used are described in Section 1.4. 

4.4.3.1 FEEDSTOCK CHARACTERIZATION 

The feedstocks used in the gasification experiments consisted of pellets (2 - 4 mm) produced from 

distinct fractions of RFB from eucalyptus (Eucalyptus Globulus), namely: 
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• Pellets 1 - Eucalyptus wood fines (<1 mm) from industrial operations related to 

woodchip production from eucalyptus logs in the context of the PP industry, hereafter, 

called eucalyptus wood fines. 

• Pellets 2 - Eucalyptus wood fines (<1 mm) and eucalyptus leaves. 

• Pellets 3 - Eucalyptus branches (<30 mm in diameter). 

• Pellets 4 - Eucalyptus wood fines (<1 mm), eucalyptus leaves and eucalyptus branches 

(<30 mm in diameter). 

The biomass feedstocks preparation included chipping and sieving to a particle size below 5 mm, 

drying at atmospheric conditions to attain a moisture content between 15 and 20 %wt and pelletizing. 

The pelletization was performed to increase the uniformity of the physical characteristics of the 

feedstocks and to improve feeding regularity. The pellets were characterized in terms of relevant 

properties for the thermochemical conversion of biomass (proximate and ultimate analysis, ash 

composition, and LHV), as shown in Table 4.10.  

Table 4.10 – Characteristics of the different types of eucalyptus pellets used as feedstock in the 

gasification experiments performed in the BFB (Article VII). 

 Pellets 

 1 2 3 4 

Proximate analysis     

Moisture (%wt, wb) 8.9 8.3 7.9 6.7 

Volatile matter (%wt, db) 77.1 79 77.1 80.0 

Fixed carbon (%wt, db) 15.6 17.7 18.5 16.6 

Ash (%wt, db) 7.3 3.3 4.4 3.4 

Ultimate analysis (%wt, db)     

Ash 7.3 3.3 4.4 3.4 

C 48.2 50.9 51.4 51.2 

H 6.2 6.1 6.1 6.1 

N <0.2 0.9 1.4 1.2 

S 0.03 bd bd bd 

O (by difference) 38.3 38.8 36.7 38.1 

Ash composition (mg/kg biomass db)  

Ca 19856 7392 8052 6800 

K 2088 2696 5148 2764 

Cl 204 102 4893 75 

S 518 281 176 177 

P 515 307 471 286 

Si 13 151 214 186 

Al 322 112 74 117 

Mg 718 591 1056 646 

Na 558 360 792 462 

Mn 112 159 96 109 

Fe 147 101 122 115 

Ti 5 3 2 2 

Zn 9 6 7 5 

Ba 24 11 36 19 

AAEM 23244 11050 15084 10691 

LHV (MJ/kg biomass db) 18.8 19.6 20.0 19.4 
bd – below the detection limit of the method, 100 ppm wt. 
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4.4.3.2 OPERATING CONDITIONS 

The operating conditions of the experiments performed in the present work are found in Table 4.11. 

The ER was maintained between 0.18 and 0.22 and the bed temperature at 800 ºC. The bottom bed 

of the reactor was composed by Al2O3 (approximately 3960 kg/m3 bulk density) with a particle size 

between 63 and 125 µm; each gasification experiment started with a fresh Al2O3 bed. For the 

fluidization of the bed, 8.6 NL/min of a synthetic mixture of O2 and N2 (5.8 %v and 94.2 %v, 

respectively) was used. This synthetic mixture has a significantly lower O2/N2 molar ratio (0.06 

mol·mol-1) than atmospheric air (0.27 mol·mol-1) to promote a higher dilution of the PG in N2 and 

consequently reduce tar partial pressure and condensation. A flow of 2 NL/min of N2 was added to 

the fuel hopper to prevent hot gases from escaping from the reactor through the water-cooled feeding 

screw, which could cause undesired biomass pyrolysis and consequent clogging and blockage in the 

feeding system. 

Table 4.11 – Operating conditions during the gasification experiments in the BFB reactor. 

Experiment 

reference 
Feedstock 

Bed 

material 
Gasification agent 

Bed 

temperature 

[ºC] 

Biomass 

feeding rate 

[g/min] 

ER 

Tar 

sampling 

start** 

[mins] 

LTS 

Pellets 1 Al2O3 
Synthetic mixture 

O2/N2* 
800 2.8 0.20 129 

Pellets 2 Al2O3 
Synthetic mixture 

O2/N2* 
800 2.4 0.22 119 

ETS  

Pellets 3 Al2O3 
Synthetic mixture 

O2/N2* 
800 3.0 0.18 17 

Pellets 4 Al2O3 
Synthetic mixture 

O2/N2* 
800 2.7 0.20 32 

*- Synthetic mixture with 5.8 %v O2 and 94.2 %v N2. 

**- Tar sampling start time after initiating the gasification experiment 

Tar sampling was conducted during two distinct times in each experiment, separated by 45 minutes. 

Three tar samples were taken at each time, representing approximately 10 minutes of operation time. 

For the experiments, performed with Pellets 1 and Pellets 2 (experiments reference LTS), at least 

119 minutes of gasification were conducted before starting the tar sampling, while for the 

experiments with Pellets 3 and Pellets 4 (experiments reference ETS), the tar sampling start was 

performed before 32 minutes of operation. These operation times were chosen to analyze the effects 

of char and inorganics accumulation in the reactor bed over time on tar concentration in the raw PG. 

The reactor bottom bed composition along time during the gasification experiments was estimated 

by a developed non-stoichiometric thermodynamic equilibrium model, based on the minimization of 

Gibbs free energy in the system (in-depth description in Section 1.4). The modelled compounds were 

assumed to reach equilibrium faster than the tar sampling start time. Quasi equilibrium conditions in 

the reactor bed were assumed during the tar sampling interval due to the low quantities of ash fed to 

the reactor along time, in comparison to the bed material. The model was implemented considering 

the molar input (biomass, gasifying agent and fresh reactor bed) and the predicted outputs (most 

abundant predicted gaseous and solid products). All the reactants were assumed to enter and leave 

the reactor at process temperature, namely 800 ºC. This temperature was assumed as homogenous 

inside the gasifier. The software tool used to implement the model was NASA Chemical Equilibrium 

with Applications (https://www.grc.nasa.gov/www/CEAWeb/). A similar methodology was used by 

the authors in Article III. The parameters used as input in the model were analogous to the ones 

attained in the gasification experiments (Table 4.11), namely: 

• Feedstock composition: Pellets 1, 2, 3 and 4 (Table 4.10). 

• Bed temperature: 800 ºC. 

https://www.grc.nasa.gov/www/CEAWeb/
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• Reactor bed: 350 g Al2O3. 

• ER: 0.18 to 0.22. 

• Pressure: 1 atm. 

• Operation time: up to 8 hours. 

4.4.4 RESULTS AND DISCUSSION 

The results presented include information regarding the average concentration of CO2, CO, CH4, 

C2H4, H2 in the dry and clean PG and the average tar compounds concentration (e.g., benzene, 

toluene, xylene, indene, naphthalene) in the raw PG, including tar composition profiles over time. 

The LHV of the dry and clean PG and the process efficiency parameters, namely Ygas, CGE and CCE, 

are also presented and analyzed to characterize the process. The reactor bed composition over time 

in terms of Al2O3, char and inorganic solids, is also estimated from the developed thermodynamic 

model and correlated to the tar concentration in the PG. 

4.4.4.1 GAS COMPOSITION AND GASIFICATION EFFICIENCY PARAMETERS 

The composition of the dry and clean PG (after tar and particles removal) in terms of permanent 

gases and the gasification efficiency parameters for the different experiments performed with distinct 

biomass types is shown in Figure 4.27. In an inert free dry gas basis, the major compounds present 

in the PG are CO, CO2, H2, CH4 and C2H4, by decreasing order of abundance. The gasification 

experiments of distinct eucalyptus pellets with similar operating conditions (temperature around 

800 ºC and ER between 0.18 and 0.22), allowed for a production of PGes with similar permanent 

gases concentration and analogous efficiency parameters, although some differences were observed 

regarding the CGE and CCE. This is not surprising because the ER and bed temperature are 

commonly acknowledged as the main parameters governing the concentration of permanent gases in 

the PG from BFBs biomass gasification processes [4]; as these parameters were maintained almost 

constant between experiments, no significant differences in the dry and clean PG composition were 

expected.    

The highest CO concentration (35.8 %v, dry N2-free gas) is found for the gasification of Pellets 4 

(ER:0.20), while the highest H2 concentration (31.8 %v, dry N2-free gas) is observed for the 

gasification of pellets 2 (ER:0.22). Nonetheless, the highest H2:CO molar ratio (0.98 mol·mol-1) is 

found for the gasification of Pellets 3 (ER:0.18). The CH4 concentration in the PG from the 

gasification of Pellets 4 (ER:0.20) is significantly lower (1 %v, dry N2-free gas) than in the PG from 

the gasification of the other eucalyptus pellets (4.2 to 8.5 %v, dry N2-free gas). The CO2 

concentration in the PG from the gasification of Pellets 2 (ER:0.22) is lower (23 %v, dry N2-free gas) 

than in the PG from the gasification of the other eucalyptus pellets (27.6 to 31.5 %v, dry N2-free 

gas). These differences may be relevant on a N2-free gas basis, however, when considering N2 in the 

PG composition, the differences are significantly smaller (CH4 between 0.6 and 1.4 %v and CO2 

between 3.8 and 5.7 %v) and thus can be influenced by various external factors. For example, analytic 

errors associated with the GC-TCD analysis could have an impact due to the high quantity of N2 

present in the synthetic mixture used as gasification agent. Regarding C2H2, C2H6 and C4H8, the 

concentration of these compounds is always lower than 0.3 %v, dry gas N2-free basis. 

The LHV and Ygas of the PGs are in the range of 10.5 to 11.2 MJ/Nm3 N2-free dry gas and 0.7 to 1.0 

Nm3 N2-free dry gas/kg dry biomass, respectively. These values are in accordance with those 

typically referred to in the literature regarding direct biomass gasification in BFBs with similar bed 

temperature and ER [4]. In fact, the LHV is slightly lower and the Ygas slightly higher than commonly 

reported [4]. However, when accounting for N2 dilution, the LHV of the PG is significantly lower (2 
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to 2.1 MJ/Nm3 dry gas) and the Ygas significantly higher (4.5 to 5.5 Nm3 dry gas/kg dry biomass) 

than the values reported in the literature for direct biomass gasification processes [4]. This is 

explained by the significantly lower O2/N2 ratio (0.06 mol·mol-1) present in the synthetic mixture 

used as gasifying agent, in comparison with atmospheric air (0.27 mol·mol-1), which causes a higher 

dilution of the PG in N2. 

Regarding CGE and CCE, these parameters are between 44.1 to 56.9 % and 58.2 to 74.8 %, 

respectively. Pellets 3 show the lowest CGE and CCE values, which can be related to the lower ER 

used in this experiment (Table 4.11). The highest CCE value is obtained for the gasification of Pellets 

1, which can be justified by the higher alkali (e.g., K) content present in this feedstock, which are 

recognized promoters of tar cracking [3,123,376] and carbon gasification reactions [408], and 

consequent formation of combustible gaseous compounds (in this case containing carbon) during 

gasification processes. The discussion regarding this phenomenon in extended in Section 4.4.4.2. 

The CGE and CCE values observed are in the lower to average range of the values typically referred 

in the literature regarding direct biomass gasification processes in BFBs [4]. The lower values may 

be justified by the synthetic mixture of O2 and N2 used as gasification agent, which has a lower O2/N2 

ratio (0.06 mol·mol-1) than atmospheric air (0.27 mol·mol-1); it is argued that the rate of gas char 

reactions lowers as the O2/N2 ratio decreases in the gasifying agent, which can be related to a higher 

convective cooling effect of the gas phase over the solid phase, caused by the higher N2 content and 

consequent higher gas flow [1,409]. This contributes to lower radiation penetration and lower kinetic 

rates [409],  thus causing lower char reactivity and conversion. In fact, Ismail et al., [334] suggested 

0.67 mol·mol-1 as the optimal O2/N2 ratio for direct biomass gasification processes, which is 

significantly higher than the ratio present in the synthetic mixture used in the present work (0.06 

mol·mol-1). 
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Figure 4.27 – Average dry gas composition for the gasification experiments performed with different 

eucalyptus pellets. Legend according to experiments reference in Table 4.11. 

4.4.4.2 TAR COMPOSITION AND CONCENTRATION 

In Figure 4.28, it is shown the tar production per unit of biomass (g tar/kg biomass db) for the distinct 

gasification experiments performed with different eucalyptus RFB pellets and similar operating 

parameters (e.g., bed temperature, ER, fluidization velocity). In average, the highest relative 

abundant compounds are benzene (47.1 %wt), toluene (21.6 %wt), naphthalene (10.0 %wt) and 

indene (6.4 %wt). Other compounds found include acenaphthylene, xylene, phenanthrene, pyrene, 

indane, among others. Similar tar composition during other biomass gasification processes has also 

been shown in the literature [410,411]. However, some authors also refer phenol, xylene or 

naphthalene as the main tar compounds found in the raw PG [114,412–414].  

Significant distinct total tar production values, namely between 8.4 and 67.0 g tar/kg biomass db, 

which represent 1.5 and 13.3 g/Nm3 concentration in the PG, are also observed; the gasification of 

Pellets 2 and 4 display the lowest and highest tar production, respectively. Considering that similar 

operating parameters (e.g., bed temperature, ER, fluidization velocity) were maintained between 

gasification experiments, these results suggest that the tar production, and consequent concentration 

in the PG, is highly dependent on the feedstock characteristics and gasification operation time. In 
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fact, for experiments with an early tar sampling start (17 to 32 minutes after starting the gasification 

experiments, reference ETS in Table 4.11), the tar production is significantly higher than in the 

experiments with a late tar sampling start (119 to 129 minutes after starting the gasification 

experiments, reference LTS in Table 4.11), namely 47.2 to 67.0 g tar/kg biomass db and 8.4 to 17.5 

g tar/kg biomass db, respectively. This is further discussed in the next Section. 

The tar concentration values obtained are in agreement with the literature for biomass direct 

gasification in fluidized beds (1 to 30 g/Nm3) [66,114] and are significantly higher than the 

acceptable tar concentration limits for using the PG in fuel cells (1 mg/Nm3), compressors (50 to 500 

mg/Nm3), internal combustion engines (50 mg/Nm3) and gas turbines (5 mg/Nm3) [26,50,113,120–

122]. Even if benzene is excluded from the critical tar components, as suggested in the definition 

proposed by the International Energy Agency [113,415], the tar concentration of the remaining 

compounds is still higher (0.6 to 9.5 g/Nm3) than the suggested tar concentration limits referred for 

the distinct potential applications for the PG. Important to note that a higher nitrogen content was 

used in the synthetic mixture used as gasifying agent, in comparison with air, and, consequently, this 

tar concentration is diluted in nitrogen, indicating that tar concentration in the raw PG most likely 

would be higher if air was used as gasifying agent. Thus, it is essential to remove the major quantity 

of tar from the PG from eucalyptus direct gasification to attain a gas quality, according to technical 

specifications, applicable to combustion engines, gas turbines or fuel cells.
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Figure 4.28 – Tar production values for the different gasification experiments. Legend according to experiments reference in Table 4.11. 
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4.4.4.2.1 Influence of gasification operation time 

Figure 4.29 shows the decay of the total tar, BTX (benzene, toluene and xylene), naphthalene and 

indene concentration values with operation time for each gasification experiment. These tar 

compounds follow a similar behavior, i.e., a decay of concentration with time, which is especially 

relevant for experiments with a tar sampling start between 17 and 32 minutes (ETS, Table 4.11). An 

average decrease of up to 50 % in tar concentration is observed within 45 minutes of operation for 

these experiments. Note that the BTX concentration remains higher than the concentration of the 

original fractions of polyaromatic tars (indene and naphthalene), even after long operation times, 

which can be associated to the cracking of larger tar molecules to BTX compounds. For experiments 

with a tar sampling start between 119 and 129 minutes (LTS, Table 4.11), the decay of tar 

concentration with time was significantly smaller or inexistent. Furthermore, the variability of tar 

concentration values for three successive samplings is significantly lower for experiments LTS, as 

exemplified by the error bars in Figure 4.29, which indicates that the gasification process was 

attaining steady-state conditions in terms of tar concentration in the PG. 

Considering all the gasification experiments made, a decrease of the total tar concentration of up to 

5 times is observed with increasing operation time (Figure 4.29, (a)). In fact, for experiments LTS, 

the average total tar concentration was found between 1.5 and 3.6 g/Nm3 (8.4 and 17.5 g tar/kg 

biomass db), which are lower values than commonly referred for fluidized beds [114]. Even when 

discounting the dilution caused by the low O2/N2 ratio present in the synthetic mixture used as 

gasifying the agent, the lowest average total tar concentration for experiments LTS was 8.8 g/Nm3 

N2-free, which is still lower than commonly reported for direct (air) biomass gasification in 

atmospheric fluidized beds at 0.20 ER and 800 ºC [187]. 
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(b) 

 

(c) 

 

(d) 

Figure 4.29 – Decay of the total tar (a), BTX (b), naphthalene (c) and indene (d) concentration in the 

raw PG with operation time. Experiments information in Table 4.11. 
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This decay of tar concentration in the raw PG along time indicates the dependence of tar formation 

on the accumulation of char and ash in the reactor bottom bed. Important to note that each experiment 

started with a fresh Al2O3 bed, and then there was an increase of inorganics and char concentration 

in the bed as the gasification process progressed, as shown by the results from the developed 

equilibrium thermodynamic model (Figure 4.30). The equilibrium thermodynamic predictions also 

show these compounds concentration in the reactor bed increased along time during the tar sampling 

procedure for all gasification experiments performed, and that equilibrium in terms of bed 

composition was still far from being attained, suggesting that long times of operation could be 

beneficial to further reduce tar concentration in the PG. Accordingly, the reactor bed showed higher 

contents of char and inorganics (e.g., CaCO3, K2CO3, KCl, Mg2Al2O4, Na2AlO2) in experiments LTS 

than in experiments ETS (Figure 4.30). However, some exceptions can also be observed, such as the 

highest content of KCl in the reactor bed predicted for experiment ETS – Pellets 3, which can be 

justified by the high content of K and Cl present in this biomass (Table 4.11, Figure 4.31), implying 

that these elements may be associated in the original biomass; this may also be important regarding 

deposit formation and corrosion issues in heat exchangers, due to the formation of low meting point 

eutectic layers from emitted KCl [416,417]. 

Thus, an evident trend between the tar concentration decrease in the PG and the increase of char and 

inorganics concentration in the reactor bottom bed (predicted by the equilibrium thermodynamic 

calculations) can be observed (Figure 4.32). This observed effect could be explained by the catalytic 

activity promoted by the chars and inorganics present in the reactor bed, which are recognized 

promoters of tar cracking and corresponding conversion to lighter gaseous species during gasification 

processes [3,131,374–376]. CaCO3 was predicted to be the most abundant inorganic solid present in 

the reactor bed (0.4 and 4.6 %wt), which can be formed through the capture of CO2 by CaO via a 

carbonation reaction [418]. CaO is a recognized catalyst for gasification processes [418–422], 

acknowledged to be able to catalytically reform tar compounds from higher ring species into 

polycyclic aromatic hydrocarbons with fewer ring species [418]. Accordingly, CaCO3/CaO 

undoubtedly had a significant effect on tar reduction in the PG by promoting tar reforming/cracking 

reactions into gaseous products. 

The results also show that at operation times longer than 2 to 3 hours, the tar concentration decay 

stops (Figure 4.29); this indicates that a limit for the catalytic effect promoted by the inorganics and 

char on the tar cracking was attained. Therefore, it can be inferred that further operation time and 

consequent additional ash and char accumulation in the bottom bed would not lead to lower tar 

concentration in the PG. 
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(d) 

Figure 4.30 – Equilibrium thermodynamic prediction of the reactor bed composition along time for 

the experiments LTS – Pellets 1 (a), LTS – Pellets 2 (b), ETS – Pellets 3 (c) and ETS – Pellets 4 (d). 

Experiments information in  Table 4.11. 
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(a) 

 

(b) 

Figure 4.31 – SEM micrographs of a representative ash particle from Pellets 1 (a) and Pellets 3 (b), 

and respective Ca, Cl, Na and K elemental intensity maps. 
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Figure 4.32 – Relation between the solid carbon and inorganic species content in the reactor bed 

(predicted by thermodynamic equilibrium) and the tar concentration in the PG for the different 

gasification experiments performed. Experiments information in Table 4.11. 

The dependence of the LHV of the dry and clean PG with operation time and tar concentration in the 

raw PG (Figure 4.33), also confirms this gradual catalytic cracking of tars, and their conversion to 

lighter combustible gases. A trend for the increase of LHV with the increase in operation time, and 

consequent total tar concentration decrease, can also be observed, as discussed above. This may be 

relevant for the conceptualization of prediction models to support large-scale biomass gasification 

facilities that lack capacity to properly monitor tar concentration in the PG, as previously seen in 

other works [123]. In these cases, by developing a suitable prediction model, it may be possible to 

associate light combustible gases with tar compounds in the PG. 
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(a) 

 

(b) 

Figure 4.33 – Variation of the LHV of the dry and clean PG with (a) operation time and (b) total tar 

concentration in the raw PG. Experiments information in Table 4.11. 
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4.4.4.2.2 Influence of feedstock chemical composition 

Despite the above discussed effect of operation time, and consequent char and ash accumulation in 

the reactor bed, on tar concentration in the raw PG, some differences for experiments with similar 

operation time and analogous operating parameters (e.g., bed temperature, ER, fluidization velocity) 

can also be observed. This suggests an influence of the characteristics of the distinct eucalyptus RFB 

feedstocks on tar formation mechanisms.  

Figure 4.34 shows the variation of BTX, naphthalene and total tar concentration values in relation to 

several chemical properties of the eucalyptus RFB pellets, namely ash, volatile matter, fixed carbon 

and carbon and oxygen content. In experiments ETS, a significant decrease of total tar concentration 

with the increase of ash content in the biomass was observed, which can be explained by a faster ash 

inventory increase in the bottom bed reactor as the gasification progresses, with consequent catalytic 

effects promoted by inorganics [3], as previously discussed. It must be noted that the higher ash 

content present in Pellets 3 also has a significantly higher content of K and Cl (Table 4.10) in 

comparison to the ash content of the Pellets 4, consequently causing the accumulation of KCl in the 

reactor bottom bed (Figure 4.30 (c)). This indicates that the ash present in Pellets 3 has a higher 

catalytic activity for tar cracking and reforming than the ash present in Pellets 4, due to its high 

content of K, which is a recognized catalyst in gasification processes [423–425], and that this may 

be relevant in terms of tar production. 

In experiments LTS, the increase of ash content did not lead to a lower tar concentration, suggesting 

that the reactive system converged to a nearly steady state regime in terms of potential ash catalytic 

effects, meaning that further ash accumulation in the bed would not result in a higher tar cracking 

and consequent lower concentration in the PG, as previously inferred.  

Conclusively, these results indicate that the ash content and ash composition were the feedstock 

characteristics with highest influence on tar production. However, as the gasification process 

progresses, and the reactor bed gets richer in inorganic and char solids, these parameters influence 

on tar formation appear to decrease. Regarding other analyzed parameters (e.g., volatile matter, 

carbon and oxygen content), no obvious trends were observed, which may be explained by the similar 

composition of the eucalyptus RFB pellets (Table 4.10) and the operation time exerting a prevailing 

effect, as previously discussed. Important to note that the physical characteristics of the eucalyptus 

feedstocks were not evaluated in the present work. In fact, the distinct parts of the eucalyptus (e.g., 

branches, leaves) were processed to pellets to increase the uniformity of the physical characteristics 

of the feedstocks. 
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(e) 

Figure 4.34 – Variation of total tar, BTX and naphthalene concentration in the raw PG with the 

chemical properties of the eucalyptus RFB pellets used in the gasification experiments: ash (a), 

volatile matter (b), fixed carbon (c), carbon concentration (d) and oxygen concentration (e). 

Feedstock characteristics in Table 4.10 and experiments reference in Table 4.11. 
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gasification process (with a fresh Al2O3 bed), a tar concentration approximately 5 times higher, 

compared to experiments with tar sampling start between 119 to 129 minutes, was observed. For the 

prior case, the tar concentration decreased up to 50 % within 45 minutes of operation. For the latter 

case, the average total tar concentration was between 1.5 and 3.6 g/Nm3 (8.4 to 17.5 g tar/kg biomass 

db), which are lower values than commonly reported for fluidized beds. These results indicate the 

influence of ash and char accumulation in the bed and the catalytic activity of these gasification 

byproducts for tar reforming/cracking.  

The tar concentration showed a negative correlation with solid carbon and inorganics concentration 

in the reactor bed. It can be estimated that solid carbon (char) and CaCO3/CaO had a significant effect 

on tar reduction by promoting tar reforming/cracking reactions into non-condensable gaseous 

products, due to their proven catalytic effect and predicted high accumulation and concentration in 

the reactor bed. However, 2 to 3 hours after the start of the gasification process, the tar concentration 

decay stopped, indicating a limit for the catalytic effect of ash and char on tar destruction. 

The obtained results show the relevance of ash chemistry and ash/char bottom bed inventory during 

gasification processes in BFB reactors, and give a relevant contribution to support future works 

seeking tar reduction in the raw PG from biomass gasification.  
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4.5 INTEGRATED RESULTS DISCUSSION 

This Chapter shows how wide can be the variability of the quality of the PG and the performance 

parameters values of the direct biomass gasification process. The values of ER, bed temperature, S/B 

(with steam injection as primary measure), char and ash accumulation in the reactor, as well as the 

addition of RDF and plastics to the feedstock mixture, all have significant impact on the PG quality 

and gasification efficiency, and the optimal combination of these parameters can significantly 

promote the viability of distinct gasification projects and plants. This reflects the importance of 

obtaining specific knowledge regarding the experimental demonstration of the biomass gasification 

process for each particular application; this is mandatory in order to provide a suitable support for 

the development and optimization of new industrial projects and avoid afterward drawbacks. 

In this regard, from the extensive experimental practice performed in this work, it can be concluded 

that ER = 0.25 and bed temperature = 800 ºC allow an optimal balance between PG quality, 

efficiency parameters and stability of the process. Using a mixture of RDF and biomass wastes as 

feedstock also seems to lead to enhanced gasification products (due to synergies) and to be a 

promising strategy in terms of economic viability and environmental benefits of future gasification 

plants, due to the high availability and low costs of wastes. This may promote the valorization of 

both municipal and biomass wastes, consequently increasing the sustainability of waste management 

and energy supply in the future, thus acting in accordance with circular economy principles. The 

process may even be improved with the addition of steam as primary measure, which has shown very 

interesting results for the gasification of high-density solid fuels, particularly regarding H2 

concentration and H2/CO molar ratio increase in the PG, and this needs to be analyzed and quantified 

in future works. The development of a techno-economic analysis that considers this integration is 

also of major relevance. Regarding the tar content of the PG, it has been found that ash chemistry 

and ash/char bottom bed inventory (directly related to operation time) have a prominent effect on tar 

reduction, and this must be accounted for in future studies concerning the analysis of tar 

concentration in the PG. 
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5 LOW-COST CATALYSTS AS PRIMARY METHODS TO IMPROVE THE PG 

QUALITY 

This Chapter evaluates the in-situ application of distinct types of low-cost catalysts in the freeboard 

of two distinct BFB reactors, namely the DAO-UA 80 kWth pilot-scale BFB gasifier and the DAO-

UA 3 kWth bench-scale BFB gasifier (Section 1.3). The Chapter is composed by Articles VIII, IX 

and X. 

Article VIII, named “Low-cost catalysts for in-situ improvement of PG quality during direct 

gasification of biomass”, analyzed and proposed an alternative configuration for studying primary 

tar destruction measures using catalysts in the DAO-UA 80 kWth pilot-scale BFB gasifier. Three 

distinct low-cost catalysts were tested, namely bottom bed particles resulting from the combustion 

of eucalyptus RFB in an industrial BFB furnace, char particles resulting from wood pellets direct 

(air) gasification in a BFB reactor, and synthetic fayalite (Fe2SiO4). This Article was published in the 

Energy Journal in 2018 (https://doi.org/10.1016/j.energy.2018.09.119). 

Article IX, named “Ilmenite as low-cost catalyst for PG quality improvement from a biomass pilot-

scale gasifier”, analyzed the application of natural-occurring ilmenite (FeTiO3) in the same system 

proposed in Article VIII. This Article was published in the Energy Reports Journal (2020, 

https://doi.org/10.1016/j.egyr.2019.08.063) after being presented at the 6th International Conference 

on Energy and Environment Research (ICEER 2019), and serves as basis for Article X. 

Article X, named “Concrete and Ilmenite as low-cost catalysts to improve gas quality during biomass 

gasification in a pilot-scale gasifier”, evaluates the application of ilmenite and concrete as in-situ 

catalysts in the system proposed in Article VIII and in a new system developed in the DAO-UA 3 

kWth bench-scale BFB gasifier. The Article is currently submitted and under revision in a Special 

Issue of Energy & Fuels Journal for memory of Professor Mário Costa. 

Because Article X is an extension of Article IX, only the contents of Article X were presented here.  

https://doi.org/10.1016/j.energy.2018.09.119
https://doi.org/10.1016/j.egyr.2019.08.063
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5.1 ARTICLE VIII - LOW-COST CATALYSTS FOR IN-SITU IMPROVEMENT OF PG 

QUALITY DURING DIRECT GASIFICATION OF BIOMASS 

5.1.1 ABSTRACT 

In this work, the concept of biomass direct (air) gasification was demonstrated in a pilot-scale BFB 

and the influence of in-situ application of low-cost catalytic materials on the PG characteristics and 

gasifier performance was analyzed. Three different low-cost catalysts were tested: bottom bed ashes 

resulting from combustion of residual forest biomass derived from eucalyptus, char particles 

resulting from wood pellets direct (air) gasification, and synthetic fayalite (Fe2SiO4). Without using 

catalysts, the PG composition was 7.7-16.9 %v CO, 3.2-8.3 %v H2, 0.5-3.4 %v CH4 and 9.5-14.6 %v 

CO2, with 2.4-4.3 MJ/Nm3 LHV, Ygas between 1.0 and 1.8 Nm3 dry gas/kg biomass (dry basis), CGE 

between 13.7 and 30.5 % and CCE between 30.7 and 50.9 %. With the use of catalysts, the PG 

composition was 14.2-37.6 %v CO, 9.5-14.7 %v H2, 2.6-3.5 %v CH4 and 3.6-14.8 %v CO2, with 3.9-

6.3 MJ/Nm3 LHV, Ygas between 1.4 and 2.0 Nm3 dry gas/kg biomass (dry basis), CGE between 38.1 

and 66.3 % and CCE between 56.8 and 86.6 %. The highest increase in H2 concentration (352 % 

increase) was observed on experiments using wood pellets char as catalyst while the highest increase 

in CO (305 % increase), LHV (123 % increase), Ygas (62 % increase), CGE (262 % increase) and 

CCE (174 % increase), was observed on experiments using synthetic Fe2SiO4 as catalyst. 

Keywords: Biomass; Bubbling fluidized bed; Gasification; Catalyst. 

5.1.2 INTRODUCTION 

Several thermochemical processes are available for heat and power production from biomass, 

amongst which combustion is the most widely used [69]. However, biomass gasification is gaining 

interest worldwide due to the process flexibility and the need of renewable fuels that can replace 

gaseous fossil fuels in distinct applications. Gasification is a promising alternative to direct biomass 

combustion due to the recognition that combustible gases have practical advantages over solid fuels, 

such as handling and application [112,426]. Different types of biomass can be converted by 

gasification into a fuel gas containing mainly hydrogen, carbon monoxide, carbon dioxide and 

methane and, from this gas, it is possible to produce heat, power, biofuels and chemicals [15,218]. 

Gasification of biomass is recognized as a partial solution to diverse environmental problems and 

societal needs, with emphasis on greenhouse gases accumulation in the atmosphere, fossil fuel 

depletion and waste disposal [174]. This process has the potential to partly replace the use of fossil 

fuels through liquid fuels/chemicals production, integrated gasification combined cycles for 

electricity/steam production, PG combustion in gas-fired kilns and furnaces and production of 

hydrogen-rich syngas and synthetic natural gas. Thus, biomass gasification technologies are expected 

to have an important role in future energy systems [15,58,430,100,112,116,231,426–429] and to be 

the basis of potential future biorefineries that will provide a variety of chemicals and energy products 

[231], including electricity and transportation fuels. 

In addition to these advanced applications, which are particularly suitable for developed countries, 

biomass gasification can also meet the rural electrification and thermal needs of developing 

countries, mainly those with a high share of solid biofuels in their energy mix [218,431,432]. In fact, 

in developing countries with intense agricultural activities, and, consequently, strong potential for 

power generation from agricultural byproducts and wastes, such as rice husk [433], sugar cane 

bagasse [190] or almond shell [327], biomass gasification technologies have been considered of 

particular interest [431]. This interest is increased when considering integrated gasification combined 

cycles technologies which allow high efficiencies in electricity generation (about 40 %) 
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[157,434,435]. In developed countries, thermochemical conversion of biomass by gasification has 

been emerging as a suitable CO2-neutral energy conversion process capable of providing distinct 

energy carriers [15,218]. This is important due to the imposed need to reduce CO2 emissions from 

fossil fuels consumption [218], coupled to an increased necessity of biomass wastes valorization 

[436] and energy supply security. However, critical drawbacks associated to the use of biomass, such 

as its availability as energy resource and the impacts of energy crops [24,437], must also be taken in 

account. It has been argued that pressure on land will increase strongly under a growing biomass to 

energy demand, which can lead to adverse effects on biodiversity [437], and there exists resistance 

against the use of existing arable land to produce biomass instead of food, due to indications on 

endangerment of food security, especially in third world countries [438], as well as concerns 

regarding water scarcity [24]. Nonetheless, several studies propose that it is possible to sustainably 

increase biomass production if additional measures are provided, such as integrated policies for 

energy, land use and water management [17,24,439–441]. In fact, the European Union forest grew 

approximately 2% over the past decade [17]. Process efficiency and wastes valorization is also 

important in this context. For example, wood residues from industrial processes (e.g., small sawmills) 

can be efficiently used for power generation if integrated energy systems can be conceived [442], 

thus being an alternative to energy crops and respective land use needs. Another relevant drawback 

is related to the uncertainties regarding biomass stocks availability and prices and long-term national 

and European energy and climate policies. Unpredictable changes in energy policies or biomass 

availability can turn a current attractive biomass to energy conversion solution to a considerably 

expensive one in the future. 

Furthermore, even though biomass gasification advantages are widely recognized and research on 

biomass gasification is not recent, being that industrial biomass gasifiers and 

commercial/demonstration plants have been developed in the past decades [69,72,91,174,427,443], 

it is acknowledged that some barriers must still be overcome in order to allow a commercial 

breakthrough of biomass gasification technologies. Gasification technologies for heat production are 

commercially available and deployed but their current application is scarce [444]. CHP gasification 

exists in the market, but its deployment is limited due to high costs and critical operational demands 

[444]. Gasification using integrated combined cycles, namely biomass integrated 

gasification/combined cycle for electricity production, has potential but is currently at a 

demonstration phase [444,445]. Several specific applications are also under demonstration/research 

phase, for example, integration in the PP industry [64,150,155], production of biofuels to offer small 

communities means to cover their energy demand for public transport by using local biomass 

feedstocks [432], production of electricity in agricultural intensive countries [431], production of 

oxymethylene ethers for blending with conventional diesel fuels [446–448], production of 

biomethane [449], solar-biomass power generation integrated with a gasifier [450], bio-oil 

gasification to act as bridge between bio-oil and transportation fuels [451], among several others 

[15,16,31,323,428,432,452]. Biomass gasification is a complex process in nature, with many 

reactants and many possible reaction paths, leading to difficult operation and variable gas 

composition. Thus, biomass gasification technologies are limited by diverse technological and 

operational aspects and are dependent on public and policy support [15,218,453]. Recognized 

drawbacks that need to be solved are related to difficulties regarding the control of the composition 

of the produced gas, heterogeneous composition and availability of biomass [70,429,454], 

environmental and safety questions [427,455], inorganics effect on the process performance, 

including agglomeration, fouling and corrosion problems [157], and, most importantly, the tars 

present in the produced gas [15,59,457,70,111,116,127,218,427,429,456] and the uncertainties 

regarding its cleaning and upgrading for downstream applications [58,70,218,427,429,458]. These 

issues, regardless of the current availability of vast literature on biomass gasification and the 

technological advances made [91], have not been overcome and are the reason behind the lack of 

commercial biomass gasification designs with economic competitiveness [58,59,218]. Thus, the 

application of this process at industrial scale is difficult [59,111], and, therefore, it is currently 

confined to specific applications and niche markets [218]. 
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Tars present in the produced gas are recognized as the main technological barrier to the development 

and implementation of biomass gasification at industrial scale 

[15,16,59,111,112,116,127,429,456,457]. For sufficiently long reaction times, chemical equilibrium 

is reached and the products are mostly limited to light gases, however, gasifier temperatures and 

residence time are usually not enough to attain chemical equilibrium, and, therefore, the produced 

gas contains large amounts of tars [231]. In fluidized beds, which are a technology recognized as 

capable to offer a good performance in biomass gasification, average tar concentration is usually 

around 1-30g/Nm3 [459]. Unfortunately, this concentration is too high for most raw gas applications 

[114,124,321] because tar condenses at relatively high temperatures [129]. Tar removal technologies 

can be broadly divided in primary measures (inside the gasification reactor) and secondary measures 

(downstream the gasification reactor) [124]. Several types of these measures have been developed 

and are under research in order to improve the raw gas quality through the decrease of the tar content 

[15,67,69,78,116,124,287,321,322]. Primary measures are interesting because they eliminate the 

need of downstream clean-up, however, they are not fully understood and still lack commercial 

implementation [124]. Primary measures consist mostly in changes in the operating parameters, such 

as the ER, changes in the reactor design and in the usage of bed additives/catalysts [124]. 

Catalysts can be used as primary measure, when for example mixed with the biomass feed prior to 

gasification [187] or used as bottom bed material [393], and as secondary measure when placed in a 

post gasification reactor [67,116]. When the PG passes over catalyst particles, tar can be reformed 

on the catalyst surface with either steam or carbon dioxide, thus producing additional hydrogen and 

monoxide carbon [286]. Even though primary measures for tar removal are considered more 

promising, research has been more focused on applying catalysts as secondary measure 

[15,69,78,116,124,287,321,322], due to the catalysts tendency to deactivate by carbon deposition, 

contamination (sulphur, chlorine, alkalis, etc.), microstructural changes, erosion related problems, 

etc., when inserted inside the gasification reactor [67]. In this regard, design and choice of catalysts 

for in-situ application in gasification processes must consider and seek these aspects: easy 

regeneration or absence of carbon deposition and sintering, cheap, capacity to decompose tar 

effectively and enhance the non-condensable gaseous products yields (particularly H2, and respective 

H2/CO molar ratio), and low pressure drop in the gasifier. 

In this work, an alternative configuration for studying primary tars destruction measures using 

catalysts is proposed and analyzed. A small fixed bed reactor filled with catalyst materials was 

integrated on the high temperature region of the BFB freeboard, just above the bottom bed. The raw 

gas was characterized with/without passing the fixed bed of catalysts, thus allowing the evaluation 

of the performance of the catalyst on upgrading the gas quality. Three different low-cost catalysts 

were alternately tested, namely, bottom bed particles resulting from combustion of RFB derived from 

eucalyptus in an industrial BFB furnace (bottom bed ashes), char particles resulting from wood 

pellets direct (air) gasification in a pilot-scale BFB reactor, and synthetic fayalite (Fe2SiO4). Fe2SiO4 

is the endmember of olivine minerals (Fe,Mg)2SiO4, and was selected as model catalyst for low cost 

catalysts based on natural minerals, with demonstrated catalytic activity in biomass gasification 

[460]. The low-cost catalysts performance was evaluated during direct (air) biomass gasification in 

a pilot-scale BFB gasifier, considering their influence in the produced gas composition (CO, CO2, 

CH4, C2H4, C2H6, C3H8, H2 and N2), LHV, Ygas, CGE and CCE. The effect of the catalysts in the PG 

quality was evaluated throughout a relation between the concentration of combustible gases in the 

produced gas, such as H2 and CO, and the catalysts applied as primary measures. In fact, it is assumed 

that the increase of the concentration of combustible light gases may result from tar destruction 

reactions promoted by the catalyst, as suggested in other works [124,393]. 
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5.1.3 MATERIALS AND METHODS 

The experimental infrastructure used in this work was the DAO-UA 80 kWth pilot-scale BFB gasifier 

(Section 1.3.1). The methodologies used are described in Section 1.4. 

5.1.3.1 FEEDSTOCK CHARACTERIZATION 

The feedstocks used were commercial pine wood pellets (6 mm diameter and 15 mm to 20 mm in 

length) and RFB derived from pine (pinus pinaster). The RFB derived from pine required previous 

pretreatment, namely sieving and drying, to ensure more suitable feeding conditions and adequate 

thermochemical conversion. The pretreatment procedure of the RFB derived from pine was similar 

as described in Article IV (Section 4.1.3.1). Table 5.1 shows the proximate and ultimate analysis and 

heating value of both feedstocks. 

Table 5.1 – Characteristics of the different types of biomass used as feedstock in the gasification 

experiments in the pilot-scale BFB (Article VIII). 

 RFB Pine Wood pellets 

Proximate analysis (%wt, wb)   

Moisture 11.0 4.6 

Volatile matter 71.1 78.5 

Fixed carbon 16.8 16.6 

Ash 1.1 0.3 

Ultimate analysis (%wt, db)   

Ash 1.20 0.32 

C 50.80 47.50 

H 6.50 6.20 

N 0.25 0.09 

S nd nd 

O (by difference) 41.25 45.89 

LHV (MJ/kg) (db) 18.5 18.0 
nd- not determined, below the detection limit of the method, 100 ppm wt. 

5.1.3.2 LOW-COST CATALYSTS CHARACTERIZATION 

The ash and char particles used in the fixed bed reactor were characterized and detailed in Table 5.2. 

The ash particles contain mainly silica, and minor amounts of oxides of other chemical elements such 

as K, Fe, Na, Ca, Mg, Mn. Thus, being representative of typical bottom bed ash particles from 

industrial BFB combustors, which are mainly composed of silica sand with a coating layer of several 

micrometers composed by chemical elements typical of the inorganic content of biomass, such as 

alkali and alkaline earth elements [461]. The char particles are mainly composed by carbon and minor 

amounts of hydrogen, nitrogen, sulfur and oxides of other chemical elements such as K, Ca and Mg. 

The ash particles physico-chemical characteristics were thoroughly analyzed previously [462]. Some 

additional information regarding the characterization of wood pellets char particles can be found in 

[289].  
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Table 5.2 – Characteristics of the different types of low-cost catalysts tested in gasification 

experiments in the pilot-scale BFB (Article VIII). 

%wt, db Bottom bed ashes Wood pellets chars 

C - 88.000 

H - 0.350 

N - 0.370 

S - 0.024 

Na2O 0.387 0.045 

K2O 1.910 1.000 

CaO 7.558 0.541 

MgO 1.529 0.247 

P2O5 0.474 0.065 

Al2O3 2.249 0.054 

Fe2O3 0.744 0.046 

MnO 0.131 0.025 

SiO2 82.893 nd 
nd - not determined. 

 

The Fe2SiO4 catalyst was synthesized by reactive firing of silicon carbide (SiC) and hematite (Fe2O3) 

powder mixtures under CO2 gas flow; this provided the required additional supply of oxygen and 

yielded suitable redox conditions imposed by CO:CO2 equilibrium in the resulting atmosphere as 

follows: 

     Reaction 5.1 

Guidelines for firing conditions were obtained by thermodynamic predictions of redox stability 

(Figure 5.1). These redox stability diagrams were calculated using methods proposed earlier 

[463,464], and were superimposed with the redox conditions of CO:CO2 equilibrium in the gas phase. 

In addition, thermogravimetric studies under controlled thermal cycles, and with CO2-based 

atmospheres allowed to establish suitable conditions to obtain single phase Fe2SiO4 by heating at 

2ºC/min up to 980 ºC, and then at 10 ºC/min up to 1100 ºC, with CO2 flow. X-ray diffraction was 

used to monitor reactivity and to optimize the conditions to obtain single phase Fe2SiO4 catalysts. 

SEM was used to inspect relevant microstructural features (Figure 5.2). This shows that Fe2SiO4 

catalysts can be processed as highly porous samples, with typical particle sizes in the micrometer 

range, provided that the precursor powders are also within or below this range. On combining the 

observed size range (d ≈ 1 μm) and theoretical density (ρ
th

≈ 4.39 g/cm3),  it is expected typical 

values of specific surface area in the order of 3/(ρthd ) ≈ 0.7cm2/g. In addition, the SEM 

microstructures also show that individual grains are connected by strong necks, which confers 

sufficient mechanical strength for catalytic testing in relatively high flow conditions such as fluidized 

beds. A more detailed description of the Fe2SiO4 characteristics and the relevant methods used for 

its synthesis was reported in [465]. 

COSiOFeCOOFeSiC 32 42232 +→++



Direct gasification of biomass for fuel gas production 

184      EngIQ 

 

Figure 5.1 – Thermodynamic predictions of redox phase stability conditions for the Fe-Si-O system 

at 1373 K superimposed on CO:CO2 equilibrium in the gas phase. 

  

a) SiC b) Fe2SiO4 

Figure 5.2 – SEM of SiC precursor powders (a) and one representative single phase Fe2SiO4 (b) 

sample prepared by solid state reaction of stoichiometric SiC+Fe2O3 powder mixtures, in CO2 

atmosphere, with optimized firing cycle. 

5.1.3.1 OPERATING CONDITIONS 

The conditions of the performed experiments in this work are visible in Table 5.3 and Table 5.4. The 

fluidized bed was operated at atmospheric pressure and in bubbling regime, with superficial gas 

velocity of around 0.28 to 0.30 m/s (depending on the operating conditions, namely the bed 

temperature). Pressure drop across the bed was 0.20m of water column. The ER was between 0.19 

and 0.30 and the bed temperature between 780 and 880 ºC. 
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Table 5.3 – Pilot-scale BFB gasification experiments reference and respective operating conditions 

(Article VIII). 

Experiment 

reference 
Fuel ER 

Average bed 

temperature (ºC) 

Biomass feed rate  

(kg/h) 

Air feed rate 

(NL/ min) 

GE-WP-1 Wood pellets 0.24 793 11.9 200 

GE-WP-2 Wood pellets 0.21 828 13.4 200 

GE-CP-1 RFB Pine 0.29 824 9.5 200 

GE-CP-2 RFB Pine 0.24 786 11.5 200 

GE-CP-3 RFB Pine 0.19 798 14.7 200 

GB-WP-Ash-1 Wood pellets 0.22 814 13.1 200 

GB-WP-Ash-2 Wood pellets 0.25 854 11.4 200 

GB-WP-Fe:Olivine-1 Wood pellets 0.24 824 11.9 200 

GB-WP-Fe:Olivine-2 Wood pellets 0.21 882 13.7 200 

GB-CP-Char-1 RFB Pine 0.30 812 9.0 200 

GBC-WP-Ash-1 Wood pellets 0.22 814 13.1 200 

GBC-WP-Ash-2 Wood pellets 0.25 854 11.4 200 

GBC-WP-Fe:Olivine-1 Wood pellets 0.24 849 11.9 200 

GBC-WP-Fe:Olivine-2 Wood pellets 0.24 830 11.9 200 

GBC-CP-Char-1 RFB Pine 0.27 836 10.2 200 

GBC-CP-Char-2 RFB Pine 0.29 799 9.5 200 
WP – Wood pellets; CP – Chipped pine; GE – Gas sampled at the reactor exhaust; GB – Gas sampled above the surface of the reactor bed; GBC – Gas sampled 

above the surface of the bed that passed through a fixed bed of catalysts. 

Table 5.4 – Parameters of the experiments performed for testing the catalysts in direct (air) 

gasification regime in the pilot-scale BFB (Article VIII). 

Experiment 

reference 
Catalyst 

Mass of 

catalyst [g] 

Granulometry 

[mm] 

GBC 

GBC-WP-Ash-1 Bottom bed ashes 200 1-1.4 

GBC-WP-Ash-2 Bottom bed ashes 200 1-1.4 

GBC-WP-Fe:Olivine-1 Synthetized Fe2SiO4 26 <1 

GBC-WP-Fe:Olivine-2 Synthetized Fe2SiO4 26 <1 

GBC-CP-Char-1 Wood pellets chars 40 >1 

GBC-CP-Char-2 Wood pellets chars 40 >1 

5.1.4 RESULTS AND DISCUSSION 

The results presented in this Section include the process operating conditions, such as the biomass 

feed rate, ER and reactor temperature, and the composition of the produced gas in terms of CO2, CO, 

CH4, C2H4, C2H6, C3H8, N2 and H2. The LHV of the dry gas and the efficiency parameters Ygas, CGE 

and CCE were determined and discussed to evaluate the quality of the PG and the efficiency of the 

gasification experiments. 

The composition of the PG and respective performance parameters of the gasification process were 

determined considering two perspectives: (i) the overall performance of the gasifier and (ii) the 

effects of the low-cost catalysts. For the evaluation of the overall performance of the gasifier, the 

produced gas was sampled at the exhaust of the BFB reactor; these experiments were named GE 

throughout this work. For the evaluation of the performance of the low-cost catalysts in improving 

the produced gas quality, the produced gas was sampled before and after passing the fixed bed of 
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catalysts located above the bottom bed of the BFB; the experiments in which the produced gas was 

sampled above the surface of the bottom bed and before passing the fixed bed of catalyst were named 

GB, while the experiments in which the produced gas was sampled after passing the fixed bed of 

catalysts were named GBC. Therefore, in the experiments reference (Table 5.3) it is included the 

acronyms GE, GB and GBC according to the position where the gas was sampled. 

5.1.4.1 STEADY-STATE OPERATION OF THE GASIFIER 

The infrastructure was considered as operating under steady-state conditions when the temperature 

of the fluidized bed pilot reactor and the composition of the produced gas were stable and only 

exhibited minor fluctuations along time; thereafter the gas was sampled for conditioning and 

composition analysis (CO, CO2, CH4, C2H4, C2H6, C3H8, H2 and N2) on the exhaust (GE experiments) 

or above the surface bed without (GB experiments) and with (GBC experiments) passing the fixed 

bed of catalyst particles. 

The temperature profiles along time for different locations of the reactor, during the different 

gasification experiments performed, were similar and stable, as shown in the examples presented in 

Figure 5.3. However, the temperature showed a slightly steadier behavior during gasification 

experiments with wood pellets, particularly in the lower section of the freeboard, i.e. immediately 

above the fuel feeding location. This can reflect a more consistent feeding of the pellets when 

compared to the RFB chips. Stable autothermal conditions (with bed temperatures above 780 ºC) 

were achieved even at low ERs (as low as 0.19) (Table 5.3, Figure 5.3). Thus, the use of external 

heat sources was not found necessary, as often seen in other works regarding direct (air) gasification 

processes [184,314,329–331]. 

Regarding the vertical temperature profiles along the reactor, similar values were found for different 

gasification experiments (Figure 5.4). Furthermore, a typical trend for the continuous decrease of the 

temperature from the bottom bed and its surface towards the exit of the reactor was observed. This 

behavior was observed and described in other works performed here (see previous Sections). 

Nonetheless, some localized deviating behaviors were observed, namely a slight local temperature 

increase (by 15 ºC to 36 ºC) in some experiments (GE-WP-1, GE-WP-2, GE-CP-3, GB-WP-

Fe:Olivine-1, GB-WP-Fe:Olivine-2), observed from 0.8 meters to 1.2 meters height. The reasoning 

for that behavior cannot at present be advanced based on the experimental data available; this issue 

must be object of further characterization in future experimental work. 
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(a) 

 

 

(b) 

Figure 5.3 – Typical evolution of the temperature along time at different locations along the reactor 

height during the gasification of: (a) wood pellets and (b) RFB from pine. 

Air feed rate = 200 NL/min 

ER = 0.24 

Biomass feed rate = 11.9 kg/h 

Air feed rate = 200 NL/min 

ER = 0.29 

Biomass feed rate = 9.5 kg/h 
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Figure 5.4 – Average vertical temperature profile in the BFB reactor for the biomass gasification 

experiments performed. Legend according to experiments references in Table 5.3. 

Coherent with the steady temperature profiles discussed previously (Figure 5.3), the exhaust gas 

composition (CO, CO2, CH4 and C2H4) along time showed steady state conditions and exhibited only 

minor fluctuations (see examples in Figure 5.5), allowing to conclude that the BFB reactor operated 

at steady-state conditions. These steady-state operating conditions allow the conclusion that the 

developed pilot-scale BFB reactor is suitable to perform the thermochemical conversion of biomass 

by direct (air) gasification and validate the study of the application of the aforementioned low-cost 

catalysts as primary tar destruction measures in this pilot-scale gasifier. Nonetheless, some minor 

fluctuations along time were observed, which can be justified by feed rate irregularities caused by 

the biomass feedstock heterogenous physical characteristics. These are particularly relevant during 

the gasification experiments performed with RFB from pine. 
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(a) 

 

  

(b) 

Figure 5.5 – Typical composition (CO2, CO, CH4, C2H4) along time of the dry gas produced at the 

exhaust (GE) during the gasification of: (a) wood pellets and (b) RFB from pine. 

Air feed rate = 200 NL/min 

ER = 0.25 

Biomass feed rate = 11.4 kg/h 

Air feed rate = 200 NL/min 

ER = 0.29 

Biomass feed rate = 9.5 kg/h 
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5.1.4.2 CHARACTERISTICS OF THE PG AT THE EXHAUST OF THE BFB GASIFIER 

The composition of the produced gas sampled at the exhaust of the BFB gasifier, hereafter referred 

as gas composition GE, showed that the most abundant gaseous components present in the produced 

gas were CO and CO2, followed by H2, CH4, C2H4, C2H6 and C3H8 by decreasing order of abundance 

(Excluding N2, Figure 5.6). The CO2 concentration in gas composition GE varied between 13.9 and 

17.0 %v and the CO concentration between 14.8 and 21.5 %v, depending mostly on the ER and 

biomass type, which yields changes in the ratio of reduced to oxidized species (CO:CO2). These 

variables also yield changes in the light hydrocarbon and hydrogen contents, thus the fuel gas 

produced presented CH4 concentration between 4.0 and 5.5 %v, C2H4 concentration between 1.4 and 

2.6 %v, C2H6 concentration  0.27 %v, C3H8 concentration  0.11 %v and H2 concentration between 

6.1 and 9.9%v. Highest H2 concentration was observed during the gasification of wood pellets with 

an ER of 0.21 (experiment reference GE-WP-2 in Table 5.3 and Figure 5.6), while the highest 

concentration of CO was observed during the gasification of RFB from pine with an ER of 0.19 

(experiment reference GE-CP-3 in Table 5.3 and Figure 5.6). These results are in the range of the 

values typically reported in the literature regarding direct (air) gasification in BFBs (see Section 

4.1.1). In general, the concentration of combustible gases, such as CO and H2, increased with the 

decrease of ER in the range used (0.19 to 0.30). This can be explained due to an increase in the O/C 

ratio in the reaction environment with the increase of the ER, thus favoring oxidation reactions that 

consume combustible gases. 

 

Figure 5.6 – Composition (CH4, CO, CO2, C2H4 and H2) of the dry gas sampled at the exhaust (GE). 

Experiments reference according to Table 5.3. 

Regarding the two fuels studied in this work, the most significant difference observed was related to 

the concentration of H2 in the produced gas. During wood pellets gasification, the H2 concentration 

varied between 8.2 and 9.9 %v, while during the gasification of RFB from pine the concentration of 

H2 was found in the range 6.1 to 7.2 %v. This phenomenon was previously observed and described 

in a work performed in this infrastructure (see Section 4.1.1). 

The LHV corresponding to gas composition GE was in range 5.1 to 6.9 MJ/Nm3 (Figure 5.7). The 

highest LHV value was found during the gasification of RFB from pine with ER 0.19 and bed 
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temperature equal to 798 ºC (GE-CP-3, Table 5.3 and Figure 5.7), and the lowest during the 

gasification of RFB from pine with ER 0.29 and bed temperature equal to 824 ºC (GE-CP-1, Table 

5.3 and Figure 5.7). It was observed that the LHV of the dry gas decreased with the increase of ER, 

and this is justified by the decrease of the concentration of the combustible gases with the increase 

of ER, previously discussed. The values of LHV determined during these gasification experiments 

are in the upper range of LHV values typically reported in literature for direct (air) biomass 

gasification in BFB reactors (see Section 4.1.1). 

 

Figure 5.7 – LHV and Ygas of the dry gas sampled at the exhaust (GE). Experiments reference 

according to Table 5.3. 

The Ygas values for GE experiments were between 1.5 and 2.0 Nm3 gas/kg biomass dry basis (db) 

(Figure 5.7); the highest value was obtained in the gasification of RFB from pine with 0.29 ER (GE-

CP-1) and the lowest in the gasification of wood pellets with 0.24 ER (GE-WP-1). The results 

obtained for Ygas during the gasification experiments performed in this work are slightly lower than 

the range of values typically reported in the literature (see Section 4.1.1); it was also found that the 

Ygas values determined here are typically lower in experiments with lower ER. Similar trends have 

been reported in the literature (see Section 4.1.1). 

Regarding CGE, values between 42.4 and 61.0% were determined for GE experiments as shown in 

Figure 5.8. The highest CGE value was determined for the gasification of RFB from pine with an ER 

of 0.24 (GE-CP-2) and the lowest for the gasification of wood pellets with an ER of 0.24 (GE-WP-

1). These CGE values are in accordance with the range of values generally reported in the literature 

for direct (air) biomass gasification in BFB reactors (see Section 4.1.1). 
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Figure 5.8 – CGE and CCE for experiments regarding the dry gas sampled at the exhaust (GE). 

Experiments reference according to Table 5.3. 

The effect of the ER on the CGE is not obvious, because while low ERs seem to favor a higher 

concentration of combustible gases, such as H2 and CO, and, consequently, higher CGE, decreasing 

the ER originates lower Ygas values, thus contributing to lower CGE. This trade-off must be 

accounted for and properly defined in order to establish the appropriate operation regime of the 

gasifier. Nonetheless, based on this work results and previous results obtained in this experimental 

infrastructure (see previous Sections), for direct (air) gasification of biomass in fluidized bubbling 

bed, it is expected a maximum value of CGE for an ER close to 0.25. 

Regarding CCE, values between 59.8 and 88.8 % were determined for GE experiments as shown in 

Figure 5.8. The maximum value was obtained for the gasification of RFB from pine with an ER of 

0.24 (GE-CP-2) and the minimum for the gasification of wood pellets with an ER of 0.24 (GE-WP-

1). These CCE values are in accordance with the typical range of values reported in the literature for 

direct (air) biomass gasification in BFB reactors (see Section 4.1.1). 

5.1.4.3 INFLUENCE OF THE TESTED CATALYSTS ON THE PG COMPOSITION 

The influence of the catalyst materials on the gas characteristics and consequently on the process 

efficiency parameters was evaluated based upon a comparison between the composition of the gas 

sampled above the surface of the bottom bed (GB experiments) and the gas sampled at the same 

location but passing through the fixed bed of catalytic materials (GBC experiments). 

The composition of the sampled gas at the bed surface (Figure 5.9), hereafter referred as gas 

composition GB, for experiments with wood pellets (GB-WP-Ash-1, GB-WP-Ash-2, GB-WP-

Fe:Olivine-1 and GB-WP-Fe:Olivine-2) and with RFB from pine (GB-CP-Char-1), was the 

following: CO between 7.7 and 16.9 %v, H2 between 3.2 and 8.3 %v, CH4 between 0.5 and 3.4 %v, 

CO2 between 9.5 and 14.6 %v, C2H4 between 0.2 and 1.2 %v, C2H6 ≤ 0.1 %v and C3H8 ≤ 0.03 %v 

(Figure 5.9). 
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Figure 5.9 – Composition (CH4, CO, CO2, C2H4 and H2) of the dry gas sampled above the surface of 

the bed (GB) and above the surface of the bed passing through a fixed bed of catalytic materials 

(GBC). Experiments reference according to Table 5.3. 

For similar ER, namely 0.21 to 0.29, it was observed that gas composition GB presented distinct 

values, namely lower in terms of H2 and CO concentration, in comparison with gas composition GE 

(experiments GE-WP-1, GE-WP-2, GE-CP-1, GE-CP-2 and GE-CP-3 (see Section 5.1.4.2).This can 

be related to the fact that gas composition GB is mainly composed by a mixture of gases coming 

from inside the bed and from biomass pyrolysis occurring at that location (feeding location), and thus 

resulted from a lower conversion of the solid feedstock and pyrolysis products into chemical species 

such as H2 and CO. The higher concentration of H2 and CO in the gas composition GE reflects the 

importance of the gas residence time and subsequent gas conversion along the freeboard of the BFB 

gasifier, and thus the impact of the system being even further away from attaining chemical 

equilibrium. 

The gas composition after passing the catalyst, hereafter referred as gas composition GBC (in 

experiments GBC-WP-Ash-1, GBC-WP-Ash-2, GBC-WP-Fe:Olivine-1, GBC-WP-Fe:Olivine-2, 

GBC-CP-Char-1 and GBC-CP-Char-2), shows an increase in concentration of H2 and CO 

concentration (Figure 5.9), therefore indicating that the different low-cost catalysts tested possibly 

provide an alternative pathway with lower activation energy for conversion of heavier hydrocarbons 

and, possibly,  tar destruction reactions. Accordingly, heavier hydrocarbons such as C2H6 and C3H8 

were only detected in the gas composition GB, i.e., before passing the bed of catalysts.  
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The volumetric gas composition GBC was the following: 

• For experiments performed with bottom bed ashes (GBC-WP-Ash-1 and GBC-WP-Ash-2): 

16.1 to 16.2 % CO, 12.8 to 12.9 % H2, 3.4 to 3.5 % CH4, 14.1 to 14.8 % CO2 and 0.8 to 

1.1 % C2H4. 

• For experiments performed with synthetic Fe2SiO4 (GBC-WP-Fe:Olivine-1 and GBC-WP-

Fe:Olivine-2): 34.2 to 37.6 % CO, 12.9 to 14.7 % H2, 3.6 to 6.6% CO2. CH4, C2H4, C2H6 or 

C3H8 were not detected when synthetic Fe-Olivine was used as catalyst. 

• For experiments performed using wood pellets chars: 14.2 to 18.5 % CO, 9.5 to 14.5 % H2, 

2.6 to 2.7 % CH4, 13.9 to 14.3 % CO2 and C2H4 ≤ 0.3 %. 

The comparison of these gases concentration values with those regarding gas composition GB, show 

that Fe-Olivine caused the highest increase of CO (305 %, GBC-WP-Fe:Olivine-2 compared to GB-

WP-Fe:Olivine-1), wood pellets chars the highest increase of H2 (352 %, GBC-CP-Char-1 compared 

to GB-CP-Char-1) and bottom bed ashes the highest increase of CH4 (85 %, GBC-WP-Ash-2 

compared to GB-WP-Ash-2), as shown in Figure 5.10. Despite the highest concentration of H2 being 

found with the application of Fe2SiO4 (14.7 %v), the application of this material caused a lower H2 

concentration increase (209 % maximum increase) than the increase observed with the application 

of wood pellets chars (352 % maximum increase). Thus, it is noticed that the wood pellets chars had 

a more relevant positive effect on the H2 concentration than the synthetic Fe2SiO4. This may be 

related to the alkaline and alkaline earth metals content present in the chars, such as Ca and K (Table 

5.2), which seem to act as catalysts during gasification processes (see Section 4.4). However, the 

bottom bed ashes also contain a high alkaline metal content (Table 5.2) and only allowed a maximum 

increase of 85 % of the H2 concentration value. These aspects and the fundamentals behind them 

need to be further clarified and studied in future work. 

 

Figure 5.10 – Influence of the different catalytic materials tested in this work on the composition 

(CH4, CO and H2) of the PG sampled above the surface of the fluidized bed. Experiments reference 

according to Table 5.3. 

It is thought that some loss of catalytic activity (deactivation) occurred during experiments performed 

with wood pellets chars, specifically on GBC-CP-Char-2, which was carried approximately 8 hours 

after the start-up of the gasification experiment. In fact, both CO and H2 concentration were lower in 
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the PG from GBC-CP-Char-2 than in the PG from GBC-CP-Char-1 (approximately 5%v lower). 

Note that GBC-CP-Char-1 was conducted approximately 6 hours before GBC-CP-Char-2, i.e. 

immediately after steady-state operating conditions in the gasifier were achieved. This phenomenon 

must be further investigated in future works. 

Based on the gas composition GB and GBC during these experiments, the following values of LHV, 

Ygas, CGE and CCE (see Figure 5.11 and Figure 5.12) were determined: 

• Experiments GB: 

o LHV = 2.4 to 4.3 MJ/Nm3. 

o Ygas = 1.0 to 1.8 Nm3 dry gas/kg biomass db. 

o CGE = 13.7 to 30.5 %. 

o CCE = 30.7 to 50.9 %. 

• Experiments GBC-Ash: 

o LHV = 5.1 to 5.3 MJ/Nm3. 

o Ygas = 1.4 to 1.7 Nm3 dry gas/kg biomass db. 

o CGE = 40.2 to 48.6 %. 

o CCE = 56.8 to 68.3 %. 

• Experiments GBC-Fe:Olivine: 

o LHV = 5.7 to 6.3 MJ/Nm3. 

o Ygas = 1.8 to 1.9 Nm3 dry gas/kg biomass db. 

o CGE = 56.9 to 66.3 %. 

o CCE = 81.8 to 86.6 %. 

• Experiments GBC-Char: 

o LHV = 3.9 to 4.9 MJ/Nm3. 

o Ygas = 1.9 to 2.0 Nm3 dry gas/kg biomass db. 

o CGE = 38.1 to 50.3 %. 

o CCE = 64.4 to 75.4 %. 

 

Figure 5.11 – LHV and Ygas for the experiments regarding the PG sampled above the surface of the 

bed (GB) and above the surface of the bed after passing through a fixed bed of catalytic materials 

(GBC). Experiments reference according to Table 5.3. 
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Figure 5.12 – CGE and CCE for the experiments regarding the PG sampled above the surface of the 

bed (GB) and above the surface of the bed after passing through a fixed bed of catalytic materials 

(GBC). Experiments reference according to Table 5.3. 

The highest percentage increase in terms of comparison between the efficiency parameters 

determined based on the gas composition GB and gas composition GBC was obtained with the use 

of synthetic Fe-Olivine, specifically 123 % increase in LHV, 62 % increase in Ygas, 262 % increase 

in CGE and 174 % increase in CCE (GBC-WP-Fe:Olivine-2 compared to GB-WP-Fe:Olivine-1, 

Figure 5.13). Therefore, based on these results, it can be concluded that the synthetized Fe-Olivine 

performed better than the bottom bed ashes or wood pellets chars tested in this work, in the 

improvement of the produced gas quality obtained from direct (air) biomass gasification in BFBs. 

Nonetheless, further studies must be performed to fully ascertain the influence of these low-cost 

catalysts on the produced gas quality and gasification efficiency parameters. 

 

Figure 5.13 – Influence of the different catalytic materials tested on this work on LHV, Ygas, CGE 

and CCE. Experiments reference according to Table 5.3. 
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5.1.5 CONCLUSIONS 

In this research, new results regarding the demonstration of direct (air) biomass gasification in a BFB 

pilot-scale reactor and the application of a new reactor configuration for in-situ low-cost catalytic 

materials for improvement of the PG quality were presented and analyzed. The research focused on 

the evaluation of the overall performance of the gasifier and of the low-cost catalytic materials 

adequacy for improving the PG quality in direct (air) gasification in BFB reactors. The pilot-scale 

gasification reactor was successfully operated under autothermal regime and for the operating 

conditions used, namely ER between 0.19 and 0.30 and average bed temperature between 780 and 

880ºC, steady-state operating conditions suitable for studying the proposed research were attained.  

For the evaluation of the overall performance of the gasifier, experiments were performed in which 

the PG was sampled at the exhaust of the BFB reactor. The dry gas sampled at this location presented 

the following volumetric composition: 14.8 to 21.5 %v CO, 6.1 to 9.9 %v H2, 4.0 to 5.5 %v CH4, 

13.9 to 17.0 %v CO2, 1.4 to 2.6 %v C2H4,  0.27 %v C2H6 and  0.11 %v C3H8 and LHV between 

5.1 and 6.9 MJ/Nm3. The highest concentration of CO was observed during the gasification of RFB 

from pine with an ER of 0.19 while the highest concentration of H2 was observed during the 

gasification of wood pellets with an ER of 0.21. For these experiments, the Ygas was found between 

1.5 and 2.0 Nm3 gas/kg biomass (dry basis), the CGE between 42.4 and 61.0 % and the CCE between 

59.8 and 88.8 %. Most of these values are in the medium/upper range of the values typically referred 

in the literature for direct (air) biomass gasification in BFBs. Thus, this work attests the suitability 

of the direct (air) biomass gasification process in BFBs to produce low heating value combustible 

gas. 

The evaluation of the low-cost catalysts performance for improving the produced gas quality was 

performed by sampling the gas before and after passing a fixed bed of catalysts located above the 

bottom bed of the pilot-scale BFB. The dry gas sampled at the bottom bed surface and before passing 

the fixed of catalysts presented the following volumetric composition: 7.7 to 16.9%v CO, 3.2 to 

8.3 %v H2, 0.5 to 3.4 %v CH4, 9.5 to 14.6 %v CO2, 0.2 to 1.2 %v C2H4, C2H6 ≤ 0.1 %v and C3H8 ≤ 

0.03 %v and LHV between 2.4 and 4.3 MJ/Nm3. For these experiments, the Ygas was found between 

1.0 to 1.8 Nm3 dry gas/kg biomass (dry basis), the CGE between 13.7 and 30.5 % and the CCE 

between 30.7 and 50.9 %. This gas showed a distinct composition than the dry gas sampled at the 

exhaust of the reactor, namely lower in terms of H2 and CO concentration. The higher concentration 

of H2 and CO in the gas sampled at the exit of the gasifier is justified by the gas higher residence 

time and thus the system being closer to attaining chemical equilibrium, thus reflecting the 

importance of the gas residence time and gas conversion along the freeboard of the BFB gasifier. 

The dry gas sampled after passing the fixed bed of catalysts presented the following volumetric 

composition: 14.2 to 37.6 %v CO, 9.5 to 14.7 %v H2, ≤ 3.5 %v CH4, 3.6 to 14.8 %v CO2, ≤ 1.1 %v 

C2H4 and 3.9 to 6.3 MJ/Nm3 LHV. No C2H6 or C3H8 were detected in this gas. For these experiments, 

the Ygas was found between 1.4 and 2.0 Nm3 dry gas/kg biomass (dry basis), the CGE between 38.1 

and 66.3 % and the CCE between 58.6 and 86.6 %.  

The highest percentage increase in the concentration of CO, H2 and CH4 in the produced gas after 

passing the fixed bed of catalysts was observed with Fe2SiO4 for CO (305 % increase), with wood 

pellets chars for H2 (352 % increase) and with bottom bed ashes for CH4 (85 % increase). The highest 

increases observed in the process performance parameters were observed with the use of the 

synthetized Fe2SiO4 as catalyst, namely 123 % increase in LHV, 62 % increase in Ygas, 262 % 

increase in CGE and 174 % increase in CCE. 

Based on these results, it can be concluded that the introduction of low-catalysts for in-situ appliance 

improvement of the PG quality was successful; all catalysts tested in this work allowed the 

improvement of the PG quality during direct (air) biomass gasification in BFBs. Nonetheless, it was 

observed that the synthetized Fe-Olivine performed better than the bottom bed ashes or wood pellets 

chars tested in this work. Further studies must be conducted to fully ascertain the influence of these 
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low-cost catalysts on the produced gas quality and gasification efficiency parameters, and to identify 

the influence of long operation times on the performance of the catalysts.  
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5.2 ARTICLES IX AND X - CONCRETE AND ILMENITE AS LOW-COST CATALYSTS TO 

IMPROVE GAS QUALITY DURING BIOMASS GASIFICATION IN A PILOT-SCALE 

GASIFIER 

5.2.1 ABSTRACT 

Naturally occurring ilmenite (FeTiO3) and synthetic concrete were compared as low-cost catalysts 

for in-situ application in the freeboard of an autothermal 80 kWth pilot-scale BFB direct (air) biomass 

gasifier. For comparison purposes, the process was also evaluated in an allothermal 3 kWth bench-

scale BFB gasifier. 

The in-situ application of the solid materials was successfully implemented in both infrastructures, 

showing promising results due to the increase of H2 concentration and H2/CO molar ratio in the PG, 

namely up to 99.2 and 77.4 % (relative), respectively. This indicates that these materials can promote 

the WGS reaction. However, this effect was highly dependent on the gas-solid contact time and 

catalyst temperature, being that it was only significant when these parameters were at least 4.7 s and 

746 ºC, respectively. Regarding the efficiency parameters, significant impacts were only found for 

the application of concrete, namely an increase of up to 25.1, 55.3 and 47.0 % for the Ygas, CGE and 

CCE. This suggests that, in addition to the promotion of the WGS reaction, this material also has the 

potential to promote tar reforming/cracking and carbon gasification reactions. 

 

Keywords: Gasification; Ilmenite; Concrete. 

5.2.2 INTRODUCTION 

The growing environmental and economic concerns related to the use of fossil fuels resulted in the 

study of new energy solutions. Amongst them, biomass appears as a sustainable option for energy 

conversion, having some advantages over other types of renewable sources and fossil fuels, including 

high availability and worldwide distribution, possible application in the current  energy carbon 

infrastructure and potential carbon neutrality [139,402]. However, several problems can be identified 

when using solid biomass feedstocks, such as handling, mass and heat transfer, material 

heterogeneity and application. In this regard, gasification can be an interesting solution, since it can 

process different types of biomass feedstocks to a fuel gas, denominated by PG, which present easier 

storage and handling, and can be used for the generation of heat and power, and for the synthesis of 

biofuels and chemicals [15,26,217]. 

Apart from the desirable compounds of the PG (e.g., H2), other byproducts are generated during the 

process, including a complex mixture of condensable organic compounds, denominated by tar. Tar 

compounds can lead to clogging and blockage of the equipment downstream the gasifier and are one 

of the major constraints for PG applications [26]. Therefore, PG upgrading and refining is mandatory 

for various potential PG applications. In this regard, tar removal can be performed by two main types 

of measures: primary, which are applied inside the reactor, and secondary, which are applied 

downstream of the gasifier. The interest in primary measures surge from their potential to promote 

more efficient industrial applications by preserving and using the thermal energy of the PG [15]. In 

this regard, the PG can be refined by optimizing the reactor design and process parameters, such as 

the ER, using active bottom bed materials (e.g., olivine, limestone and dolomite) and applying 

catalytic materials in an integrated section of the gasifier [15,123,124]. A more extensive description 

of this subject can be found in Chapter 2. 

Amongst the potential catalyst materials, Ca(OH)2/CaO has been gaining interest due to its cheapness 

and promising activity towards tar and hydrocarbons reforming and carbon gasification reactions 

[421]. In this regard, concrete is one of the most important construction materials and produces more 
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than 900 million tons of waste each year worldwide [466]. Concrete is composed by aggregate 

material (e.g. sand) and calcium silicates that undergo hydration in the presence of water, being a 

source of Ca(OH)2 and CaO [467,468]. Thus, concrete can be an interesting solution for the 

application of Ca(OH)2 as a catalyst for biomass gasification processes. In a gasification system, 

Ca(OH)2 will start dehydrating to CaO at about 500 ºC (Reaction 5.2), releasing H2O in the process. 

The CaO will then act as a CO2 sorbent (Reaction 5.3) and tar/hydrocarbon reforming catalyst [422], 

while the H2O will act as reactant in other reactions (e.g., Reaction 2.6), including carbon gasification 

reactions [418,421]. Following the decrease in CO2 partial pressure in the PG, the WGS reaction 

(Reaction 2.8) is driven forward, further increasing the H2 concentration [420,421]. The drawback 

of this process is the deactivation of CaO after capturing CO2, which constitutes a challenge for 

continuous application in gasification systems [418]. 

    𝐶𝑎(𝑂𝐻)2 ↔ 𝐶𝑎𝑂 +  𝐻2𝑂    Reaction 5.2 

    𝐶𝑎𝑂 + 𝐶𝑂2 ↔ 𝐶𝑎𝐶𝑂3    Reaction 5.3 

Hamad et al., [421] studied the production of H2 rich PG from gasification of biomass in a bench-

scale fixed bed reactor, using oxygen as gasifying agent and distinct catalytic materials as additives 

in the biomass feedstocks. The authors found that Ca(OH)2 increased the gas yield and reduced both 

char and tar production during gasification processes. The authors also found higher H2 yields with 

Ca(OH)2 in comparison to CaO, which can be justified by the H2O released during the Ca(OH)2 

dehydration process. Udomsirichakorn et al., [469] analyzed the combined role of CaO on CO2 

sorbent and tar reforming in a BFB biomass steam gasifier, and found that replacing the reactor sand 

bed by a CaO bed allowed 20 % higher concentration and almost double yield of H2, and a decrease 

of 67 % in tar content. The authors also found that the tar species shifted from higher to lower ring 

structures with CaO addition, consequently reducing its carcinogenic potential and dew point. Nam 

et al., [422] analyzed the application of CaO as bed material during air and air-steam gasification of 

biomass in a BFB reactor. The authors found that the presence of CaO significantly reduced the tar 

content through thermal cracking and oxidation reactions, and also increased the WGS reaction 

leading to an increase of the H2 concentration; the combination of steam and CaO allowed a H2 

concentration of approximately 50 %v. Jordan and Akay [470] analyzed the effect of CaO as bed 

material on tar production and dew point during gasification of cane bagasse in  a pilot-scale 

downdraft gasifier, and found that the use of 2, 3 and 6 %wt in-bed CaO decreased tar yield ranging 

from 16 to 35 %, which corresponded to a tar concentration decrease between 44 to 80 % in the PG. 

The authors also found an increase in syngas yield of 17 to 37 % and a decrease of tar dew point of 

37 to 60 ºC. 

Natural-occurring ilmenite (FeTiO3) is also an interesting potential low-cost catalytic material for 

gasification processes due to its mechanical and thermochemical properties at high temperature, 

catalytic activity for tar reforming and high WGS reaction activity [471,472]. In this regard, it is 

argued that the Fe content of the ilmenite, together with the H2O and CO2 content present in the PG, 

should significantly induce both steam and dry tar reforming (Reactions 5.4 and 5.5, respectively) 

[113,472]. The cost of the preparation of ilmenite catalysts is also argued to be low compared to other 

synthetized catalysts [473]. The drawback of the application of this mineral are the high level of coke 

deposits generated with its application, which consequently reduce its activity as catalyst [472]. This 

can be solved by removing the carbon deposits by oxidation, for example in a chemical-looping 

system [472]. 

𝐶𝑁𝐻𝑚 +  𝑛𝐻2𝑂 → (
𝑚

2
+ 𝑛) 𝐻2 + 𝑛𝐶𝑂   Reaction 5.4 
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𝐶𝑁𝐻𝑚 +  𝑛𝐶𝑂2 → (
𝑚

2
) 𝐻2 + 2𝑛𝐶𝑂  Reaction 5.5 

In this regard, Lind et al., [472] investigated tar reforming in a secondary catalytic reactor using 

ilmenite as the bed material, and found a reduction of the tar content in the PG by 35% and an increase 

of the H2/CO ratio from 0.7 to almost 3, with a gas residence time in the bed ranging from 0.4 to 

0.5 s. Min et al., [474] investigated ilmenite as a low-cost catalyst for the steam reforming of tars 

from the pyrolysis of mallee woody biomass. The authors found that ilmenite has good activity for 

steam reforming of tars due to its highly dispersed iron-containing species. Furthermore, the authors 

also found that the H2O and CO2 produced during the pyrolysis, play an important role for the 

minimization of coke deposition on the catalyst surface, and, consequently, the catalyst activity can 

be maintained for longer operation times. 

Despite these works, information regarding the application of ilmenite and Ca(OH)2/CaO is still 

limited, particularly regarding its application as in-situ catalysts in direct (air) pilot-scale biomass 

BFB gasifiers, and there are still various uncertainties regarding the capacity of these materials 

towards reducing tar formation and increasing non-condensable gases yields (e.g., H2). 

Thus, in this work, concrete and ilmenite were tested as in-situ catalysts in the freeboard of an 

autothermal 80 kWth bubbling fluidized bed (BFB) direct (air) biomass gasifier. The process was also 

evaluated in an allothermal 3 kWth BFB gasifier. The main objective is the determination of the 

performance of these low-cost catalysts as primary measures for the increase of the PG quality, 

during direct (air) biomass gasification in BFBs with distinct operating parameters (e.g., operating 

scale and gas-solid contact time). In this context, it was characterized the influence of both concrete 

and ilmenite on the PG composition (CO, CO2, CH4, C2H4, C2H6, C3H8, H2 and N2) and LHV and 

gasification process efficiency parameters, namely Ygas, CGE and CCE.  The influence of these solid 

materials on the tar concentration in the raw PG was qualitatively inferred by assuming that the 

increase of the concentration of combustion light gases results, in part, from tar destruction reactions 

promoted by the catalysts, as suggested in other works [124,393]. 

5.2.3 MATERIALS AND METHODS 

The experimental infrastructures used for this work were the DAO-UA 80 kWth pilot-scale BFB 

gasifier and the DAO-UA 3 kWth bench-scale BFB gasifier (Section 1.3.2). The methodologies used 

are described in Section 1.4. 

5.2.3.1 FEEDSTOCK CHARACTERIZATION 

The feedstock chosen for the gasification experiments was commercial pine (Pinus Pinaster) pellets 

due to three main reasons: 

1. Pine (Pinus Pinaster) is one of the most abundant tree species in the Portuguese Forests 

[354]. 

2. Pelletization allows an increase of the uniformity of the physical characteristics of biomass 

feedstocks, which leads to improved feeding regularity. 

3. This biomass feedstock has an adequate chemical composition (e.g., low ash content) and 

has previously shown good performance in other works performed here (See previous 

Sections). 

For the experiments carried out in the autothermal pilot-scale infrastructure, the pellets had 4 to 6 mm 

diameter depending on the experiments performed, i.e., for the experiments regarding concrete 

application the pellets used had 6 mm diameter, while for the experiments performed with ilmenite 

the pellets had 4 to 6 mm diameter. This latter lower size was used to try to increase the reactivity of 
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the pellets and consequently decrease char accumulation in the reactor bed, which caused some 

operational problems during the experiments performed with concrete. For the allothermal bench-

scale infrastructure, the pellets were previously grounded and sieved to a size between 2 to 4 mm 

diameter, due to the lower dimensions of the reactor and respective feeding system. The 

characteristics of the biomass used as feedstock are detailed in Table 5.5. 

Table 5.5 – Proximate and elemental analysis of the pine pellets used as feedstock in the gasification 

experiments. 

 Pine pellets 

Proximate analysis  

Moisture (%wt, wb) 4.6 

Volatile matter (%wt, db) 82.3 

Fixed carbon (%wt, db) 17.4 

Ash (%wt, db) 0.3 

Ultimate analysis (%wt, db)  

Ash 0.3 

C 47.5 

H 6.2 

N 0.1 

S nd 

O (by difference) 45.9 

LHV (MJ/kg db) 18.0 

Bulk density (kg/m3 wb) 614 
nd- not determined, below the detection limit of the method, 100 ppm wt. 

5.2.3.2 CONCRETE AND ILMENITE CHARACTERIZATION 

The concrete was prepared by combining Portland cement CIMPOR and quartzite sand (1:5). For 

this purpose, cement was mixed with sand and stirred evenly for a given water- ratio of 0.5 at 

controlled rotation speed (100 rpm). The samples were dried at 25ºC for 24 hours on a drying oven 

with controlled humidity. Hydration process was performed in an autoclave with curing time and 

controlled temperature to improve the Ca(OH)2 phase. 

The crystalline phases of the fresh solid materials were assessed by powder X-ray diffraction (XRD) 

(BrukerD8 Advance DaVinci). Diffraction patterns were analyzed using ICDD (International Centre 

of Diffraction Data, PDF 4). Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) 

measurements were performed to determine the specific surface area and average pore diameter of 

the particles. 

The XRD pattern shown in Figure 5.14 indicates ilmenite as the main phase (FeTiO3) and alumina 

(α-Al2O3), rutile (TiO2) and mayenite (Ca12Al14O33) as residual phases. For the fresh concrete sample, 

it was observed quartz as the main phases and some residual silicates phases. Note that the low 

intensities peaks observed for silicate phases may suggest amorphization of Ca-species in the fresh 

concrete sample. Other relevant characteristics of the used solid materials are shown in Table 5.6. 
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Figure 5.14 – Normalized XRD patterns of the fresh ilmenite and concrete samples. 

Table 5.6 – Physical-chemical characteristics of the low-cost solid materials used as catalysts in the 

gasification experiments performed. 

  Ilmenite Concrete 

Physical characteristics 

Particle size [µm] <355 <3000 

Apparent density [kg·m-3] 2570 1750 

Surface specific area [m2·g-1] 0.52 1.2 

Pore diameter [nm] 3 to 4 9 to 10 

Chemical composition [%wt] 

Ti 26.680 0.058 

Fe 36.640 0.731 

Mg 1.980 0.372 

Si 0.990 32.676 

Al 0.380 0.779 

Ca 0.260 17.492 

Mn 0.230 0.016 

V 0.120 - 

S 0.160 0.708 

Na - 0.057 

Cr 0.080 - 

Ni 0.043 - 

K 0.025 0.400 

P 0.011 0.013 

Zn 0.018 - 

Co 0.017 - 

Zr 0.015 - 

Cu 0.011 - 

Nb 0.005 - 

Cl - 0.012 

Sr 0.004 - 

Pb 0.001 - 

 O 32.330 46.686 
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5.2.3.3 OPERATING CONDITIONS 

The operating conditions of the gasification experiments performed in the autothermal pilot-scale 

and allothermal bench-scale BFB reactors are detailed in Table 5.7. For the pilot-scale reactor, the 

ER was maintained between 0.22 and 0.26 and bed temperature between 781 and 809 ºC. For the 

bench-scale reactor, the ER was kept at 0.25 and the bed temperature at 800 ºC (imposed by an 

electrical furnace and respective temperature controller). The contact time between the sampled PG 

and the fixed bed of catalysts was maintained between 0.2 and 3.5 seconds for the bench-scale 

reactor, and between 4.7 and 5.2 s for the pilot-scale reactor. The gas-solid contact time is calculated 

by assuming that the sampling flow of the PG is constant throughout the whole sampling line, 

including the fixed bed of catalysts. 

Table 5.7 – Gasification experiments reference and respective operating conditions. 

Experiment 

reference 

Pine pellets 

granulometry 

[mm] 

BFB 

scale 
ER 

Tbed 

[ºC] 

Qbiomass 

[kg/h] 

Qair 

[NL/min] 
Catalyst 

Tcatalyst 

[ºC] 

Gas-

solid 

contact 

time [s] 

BP  

Blank 
2 to 4 Bench 0.25 800 0.154 2.7 - - - 

BP  

Ilmenite 0.2 
2 to 4 Bench 0.25 800 0.154 2.7 Ilmenite 620 0.2 

BP  

Ilmenite 3.5 
2 to 4 Bench 0.25 800 0.154 2.7 Ilmenite 585 3.5 

BP  

Concrete 0.3 
2 to 4 Bench 0.25 800 0.154 2.7 Concrete 620 0.3 

BP  

Concrete 3.5 
2 to 4 Bench 0.25 800 0.154 2.7 Concrete 585 3.5 

PP  

Blank I 
4 to 6 Pilot 0.26 809 10.9 200 - - - 

PP  

Blank C 
6 Pilot 0.22 781 13.2 200 - - - 

PP  

Ilmenite 4.7 
4 to 6 Pilot 0.26 801 11.2 200 Ilmenite 774 4.7 

PP  

Concrete 5.2 
6 Pilot 0.22 798 13.2 200 Concrete 746 5.2 

5.2.4 RESULTS AND DISCUSSION 

The results presented in this Section include the average PG composition (H2, CO, CO2, CH4, C2H4, 

C2H6, C3H8, N2, H2/CO) and LHV, and gasification efficiency parameters (Ygas, CGE and CCE), for 

the autothermal 80 kWth pilot-scale BFB reactor and allothermal 3 kWth bench-scale BFB reactor, 

with and without the in-situ application of concrete and ilmenite. 

5.2.4.1 INFLUENCE OF THE TESTED CATALYSTS ON THE PG COMPOSITION 

For the autothermal pilot-scale BFB, the highest concentration of H2, CO and CH4 was found for the 

experiment performed with concrete as catalyst (PP - Concrete 5.2, Figure 5.15), namely 16.9, 19.1 

and 6.0 %v, respectively, corresponding to an average LHV of 7.5 MJ/Nm3, which are values higher 

than commonly referred in the literature for direct (air) gasification of biomass in BFB reactors [4]. 

Important to note that the experiments performed with ilmenite in the pilot-scale BFB had a higher 

ER (Table 5.7), thus a direct comparison between the catalysts effect is not possible. Therefore, 
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concrete allowed a relative increase of 99.2, 12.1, 19.0 and 23.8 % for the concentration of H2, CO 

and CH4 and LHV (Figure 5.16), respectively, in comparison with the gasification experiment 

performed under the same conditions but without concrete (PP – Blank C). This increase in H2 

concentration suggests that CaO significantly promoted the WGS reaction by performing CO2 

absorption, consequently pushing the reaction forward. Accordingly, the CO2 did not decrease and 

was maintained almost constant (relative increase of 1.2 %). However, its yield improved from 12.5 

to 19.8 g/kg biomass db. Thus, despite the absorption of CO2 performed by the CaO, the CO2 

concentration and yield did not decrease because of the consequent WGS reaction promotion and a 

potential increase in the specific dry gas production that can be associated to both tar reforming and 

carbon gasification reactions. 

In this regard, as the concrete was not located at the bottom bed of BFB reactor, but instead was 

placed above it (Figure 1.3, M3, Section 1.3.1), it should not be expected any promotion of carbon 

gasification. However, the general increase of the yield of the non-condensable gases seems to be 

too high (Figure 5.17) to be justified only by tar reforming/cracking, i.e., the combined yield of CO, 

CO2, H2 and CH4 increased from 544 to 585 g/Nm3 dry gas; as the tar concentration in a PG from 

BFB gasifiers typically revolves around 1 to 30 g/Nm3 [66,114], this would mean that even if all tar 

was converted to non-condensable gases, it would not be sufficient to justify this increase. Therefore, 

some carbon conversion must also have occurred, such as carbon particles elutriated with the upward 

gas flow of the reactor or soot/coke deposited on the concrete (further discussed in next Section in 

terms of Ygas). 

The highest H2/CO molar ratio was also found for experiment PP – Concrete 5.2, namely 0.88 

mol·mol-1, and is a direct consequence from the higher occurrence of the WGS reaction. This value 

is suitable for Fischer-Tropsch synthesis processes (0.6 mol·mol-1), but still needs to be higher for 

other applications, such as methanol synthesis or dimethyl ether production, which require molar 

ratios of 1 and 2, respectively [72,475]. 

Regarding the in-situ application of ilmenite in the autothermal pilot-scale BFB, a relative increase 

of 55.5, 15.7 and 5.8 % was found for the concentration of H2, CO2 and CH4, respectively. On the 

other hand, a relative decrease of 12.1 % was found for the concentration of CO. Accordingly, a 

relative increase of 68.5 and 0.4 % was found for the H2/CO molar ratio and LHV, respectively. 

These results indicate an increase in WGS activity induced by the ilmenite particles. The 

phenomenon was previously observed in other gasification processes involving ilmenite [272,472] 

and is typically associated to iron-based catalysts [123,471]. Analogous to the gasification 

experiments performed with concrete, it was also observed a general increase of the gases yields 

(Figure 5.17) that can be partly justified by the ilmenite promoting tar reforming/cracking and carbon 

gasification reactions. In fact, the combined yield of CO, CO2, H2 and CH4 increased from 514 to 

554 g/Nm3 dry gas with ilmenite application (further discussed in the next Section in terms of Ygas).
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Figure 5.15 – PG composition and LHV for the distinct gasification experiments performed in the pilot and bench-scale fluidized bed reactors. 

Experiments reference according to Table 5.7. 
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Figure 5.16 – Influence of the distinct low-cost catalytic materials on the composition and LHV of the PG for the different gasification experiments 

performed. Experiments reference according to in Table 5.7. 
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Figure 5.17 – CO2, CO and H2 yield for the distinct gasification experiments performed in the pilot and bench-scale fluidized bed reactors. 

Experiments reference according to Table 5.7
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For the allothermal bench-scale BFB, the highest concentration of CO, H2 and CH4 was found for 

the in-situ application of concrete with 3.5 s gas-solid contact time (BP – Concrete 3.5), namely 18.2, 

6.7 and 4.1 %v, respectively; this represented a relative increase of 30.7, 45.4 and 30.2 %, 

respectively. However, the CO2 also increased in a similar relative amount to these gaseous species, 

namely 15.6 %. Accordingly, in experiment BP – Concrete 0.3, a relative increase of CO, H2, CH4 

and CO2 of 22.0, 13.0, 26.7 and 22.5 %, respectively, was also found. These similar relative 

increases, as well as the unexpected increase of CO and CO2, indicate that the catalyst did not have 

a prominent influence on CO2 absorption or the WGS reaction during the experiments BP – Concrete 

3.5 and BP – Concrete 0.3, which is in contrast with the results observed for PP – Concrete 5.2. 

Accordingly, the H2/CO molar ratio was also maintained almost constant, with the maximum relative 

increase being found for experiment BP – Concrete 3.5, namely 11.2 %. 

The justification behind this phenomenon can be associated to the lower residence time and catalyst 

temperature employed in these experiments, in comparison with the experiments performed in the 

pilot-scale infrastructure (Table 5.7). Nonetheless, as the non-condensable gas yields increased 

(Figure 5.17), it can be inferred that there was some increase in tar reforming promoted by the 

concrete during these experiments, despite the lack of increased activity of the WGS reaction. 

Accordingly, the concrete also improved the LHV of the PG, allowing a maximum relative increase 

of 31.6 % (BP – Concrete 3.5). 

Regarding the gasification experiments performed with ilmenite in the bench-scale BFB reactor, the 

effect was inexistent for lower residence times (BP – Ilmenite 0.2), however, the concentration of 

combustible gases was increased in the PG during experiments with higher gas-solid contact times 

(BP – Ilmenite 3.5). In this latter, a relative increase of the concentration of CO2, CO, H2 and CH4 

by 14.5, 17.1, 21.1 and 15.6 %, respectively, was found; this represented a relative increase of 15.3 % 

in terms of LHV. Analogous to the discussion performed for the application of concrete in this bench-

scale infrastructure, as the non-condensable gases yield increased in similar amounts (Figure 5.17), 

it can be inferred that the activity of the WGS reaction did not increase, instead, the ilmenite particles 

seem to have induced an increase of tar reforming/cracking reactions, due to the specific gas 

production increase (further discussed in the next Section in terms of Ygas). Accordingly, the H2/CO 

molar ratio only showed a slight increase, namely between 3.6 and 5.8 %, further corroborating that 

the ilmenite only promoted the WGS activity at higher gas-solid contact times and catalyst 

temperature, namely in the experiments performed at the pilot-scale BFB (PP – Ilmenite 4.7). 

Conclusively, it seems that the influence of the catalytic materials on the PG composition was not as 

evident in the experiments performed in the bench-scale infrastructure as in the pilot-scale 

infrastructure, particularly regarding the increase of the WGS reaction occurrence. This is justified 

by the lower gas-solid contact time and catalyst temperature employed in this smaller-scale reactor. 

Furthermore, due to the lower dimension of the bench-scale BFB, an increase in the contact time 

between the PG and the catalyst leads to a decrease of the catalyst average temperature (Table 5.7), 

as evidenced by the temperature profile of the reactor (Figure 5.18), thus constituting a trade-off 

between these parameters. This is in contrast to the autothermal pilot-scale BFB, where it is possible 

to employ high gas-solid contact times at temperatures closer to the reactor bed (Figure 5.19). 

Therefore, it seems that a high gas-solid contact time (over 3.5 s) and a high catalyst temperature 

(over 740 ºC) is beneficial for the application of both ilmenite and concrete as in-situ catalysts, 

particularly regarding the WGS activity and consequent increase of the H2/CO molar ratio in the PG. 
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Figure 5.18 – Average vertical temperature profile in the allothermal bench-scale BFB reactor. 

Experiments reference according to Table 5.7. 

 

Figure 5.19 – Average vertical temperature profiles for the distinct gasification experiments 

performed in the autothermal pilot-scale BFB reactor. Experiments reference according to Table 5.7. 
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5.2.4.2 INFLUENCE OF THE TESTED CATALYSTS ON THE GASIFICATION EFFICIENCY 

PARAMETERS 

Figure 5.20 shows the efficiency parameters (Ygas, CGE and CCE) obtained for the distinct 

gasification experiments performed in the pilot-scale and bench-scale BFB reactors. For the prior, a 

maximum of 1.8 Nm3 dry gas/kg biomass db was found for PP – Ilmenite 4.7, while the highest CGE 

and CCE, namely 74.8 and 90.3 %, were found for PP – Concrete 5.2. It must be noted that the 

experiment PP - Ilmenite 4.7 had a higher ER than the experiment PP – Concrete 5.2, and that higher 

ER contributes to higher Ygas [4]. In terms of comparison with the blank experiments (PP – Blank I 

and PP – Blank C), performed under the same operating conditions, the highest relative increases 

were found for the experiments performed with concrete (PP – Concrete 5.2), namely 25.1, 54.4 and 

33.9 % for the Ygas, CGE and CCE (Figure 5.21), respectively. This indicates the positive influence 

of concrete on tar reforming/cracking reactions. However, as the increase of Ygas and CCE, namely 

from 1.4 to 1.8 Nm3 dry gas/kg biomass db and 67.4 to 90.3 %, respectively, seems to be too high to 

be caused only by tar destruction, some carbon conversion must also have been promoted by this 

catalytic material, as previously discussed regarding the increase of the non-condensable gases yields 

(Figure 5.17); this needs to be further assessed in future works. On the other hand, the efficiency 

parameters relative increases found for PP – Ilmenite 4.7, namely 9.6, 10.0 and 10.4 % for the Ygas, 

CGE and CCE, respectively, were lower than the ones found for PP – Concrete 5.2. This indicates 

that this natural-occurring mineral has higher impact on permanent gas-gas reactions (e.g., WGS 

reaction) due to the significant gas composition changes previously discussed (Figure 5.15 and 

Figure 5.16), than tar reforming or carbon gasification reactions. 

For the allothermal bench-scale BFB reactor, the highest relative increases of Ygas, CGE and CCE, 

were found for the experiments made with concrete (BP – Concrete 3.5), namely 18.0, 55.3 and 

47.0 %, respectively. For BP – Concrete 0.3, the relative increases were lower due to the lower gas-

solid contact time. Regarding the experiments performed with ilmenite in this infrastructure, positive 

increases were only obtained for experiment BP – Ilmenite 3.5, while the efficiency parameters 

actually decreased for experiment BP – Ilmenite 0.2. This is justified by the low gas-solid contact 

time used during this latter, which was not enough for the catalyst to have sufficient activity to 

surpass the influence caused by the natural variability of the operating conditions of the gasifier. For 

example, fluctuations in the biomass feeding rate or feedstock chemical composition lead to changes 

in the ER, which consequently influences the efficiency parameters; this is particularly relevant for 

the bench-scale BFB reactor because the biomass feeding rate used was relatively low (Table 5.7).
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Figure 5.20 – Ygas, CGE and CCE for the distinct gasification experiments performed in the pilot and bench-scale BFB reactors. Experiments 

reference according to Table 5.7.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

10

20

30

40

50

60

70

80

90

100

PP - Blank I PP - Ilmenite
4.7

PP - Blank C PP - Concrete
5.2

BP - Blank BP - Ilmenite
0.2

BP - Ilmenite
3.5

BP - Concrete
0.3

BP - Concrete
3.5

Y
g

a
s
 [
N

m
3

d
ry

 g
a

s
/k

g
 b

io
m

a
s
s
 d

b
]

C
G

E
 a

n
d
 C

C
E

 [
%

]

CGE CCE Ygas



Daniel Torrão Pio 

213 

 

 

Figure 5.21 – Influence of the distinct low-cost catalytic materials on Ygas, CGE and CCE for the 

different gasification experiments made. Experiments reference according to Table 5.7. 
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related to the promotion of the WGS reaction and not as relevant for tar reforming/cracking or carbon 

gasification reactions. 

Regarding the process efficiency parameters, the maximum relative increases were found for the 

experiments performed with concrete, namely up to 25.1, 55.3 and 47.0 % for Ygas, CGE and CCE, 

respectively. This further suggests the concrete capacity to promote tar reforming/cracking and 

carbon gasification reactions. On the other hand, the relative increases of process efficiency 

parameters for the experiments performed with ilmenite are significantly lower than for the 

experiments performed with concrete, thus, suggesting that this material can have higher impact on 

permanent gas chemistry (e.g., WGS reaction) than tar reforming or carbon gasification reactions. 

Conclusively, the in-situ application of low-cost catalysts (ilmenite and concrete) for the 

improvement of the PG quality was successfully performed in the 80 kWth pilot-scale BFB reactor 

and the 3 kWth bench-scale BFB reactor. In fact, both low-cost catalysts showed very promising 

results regarding the increase of H2 concentration and H2/CO molar ratio in the PG. Nonetheless, it 

was observed that the concrete performed better than the ilmenite, due to the significant increase of 

the gasification efficiency parameters observed during the application of this material, which can be 

associated to a promotion of the occurrence of tar reforming/cracking and carbon gasification 

reactions. Further work must be performed to fully quantify the effect of these solid materials on tar 

conversion and composition, and to determine the influence of long operation times on the decay of 

their catalytic activity.  
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5.3 INTEGRATED RESULTS DISCUSSION 

Based on the results of the developed Articles in this Section, it can be concluded that the introduction 

of low-cost catalysts for in-situ improvement of the PG quality was successfully performed in the 

two distinct reactive systems, namely the 80 kWth pilot-scale BFB gasifier and the 3 kWth bench-

scale BFB gasifier. All tested materials (wood pellets chars, eucalyptus ashes, Fe2SiO4, ilmenite and 

concrete) allowed the improvement of the PG quality and efficiency parameters. Nevertheless, the 

configurations must still be improved, particularly regarding the possibility of using higher gas-solid 

contact times and catalyst temperatures in the bench-scale reactive system; this is easier to perform 

on the pilot-scale reactor due to its higher inner diameter. 

Regarding the low-cost catalysts tested, it was found very promising results concerning the H2 

concentration and H2/CO molar ratio relative increases for the experiments performed with concrete 

and wood pellet chars. On the other hand, synthetic Fe2SiO4 promoted the highest relative increases 

of the PG LHV, Ygas, CGE and CCE, consequently showing suitability to be used when immediate 

direct combustion of the PG is desired. Nevertheless, the highest absolute values of H2 concentration, 

LHV, CGE and CCE were found for the experiments performed with concrete as catalyst. This 

indicates that these low-cost materials can have significant distinct impacts on the gasification 

process, and must be chosen in accordance with the desired PG characteristics. The promotion of the 

tar reforming/cracking, carbon gasification, WGS and CO2 absorption reactions, are inferred to be 

the reasons behind the increases found, depending on the material tested; this also seems to be highly 

dependent on the operating conditions (gas-solid contact time and temperature). These results further 

corroborate the conclusion from Chapter 4, i.e., the necessity of obtaining specific knowledge 

regarding the experimental demonstration of each type of biomass gasification process for each 

particular application, including the application of each potential catalyst and respective operating 

conditions. 

Further work must be performed to fully quantify the effect of these low-cost solid materials on tar 

conversion and composition, and to understand the respective tar cracking mechanisms. For this 

purpose, in a first stage, it may be helpful to test the catalysts on selected tar model compounds (e.g, 

naphthalene), and then upscale the experiments to use real tar mixtures from distinct PGs. It must 

also be determined the influence of long gasification operation times on the performance of the 

catalysts, including their potential loss of activity (e.g., by carbon deposition and poisoning). In this 

case, the possibility of regeneration must also be considered and evaluated, depending on the 

material. 
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6 COMBUSTION OF PP BYPRODUCTS AS A CO-INTEGRABLE BIOREFINERY 

PROCESS 

This Chapter is composed by Article XI, named “Co-combustion of residual forest biomass and 

sludge in a pilot-scale bubbling fluidized bed”. This Article evaluates the co-combustion process of 

distinct types of byproducts from the PP industry in a BFB reactor. For this purpose, the DAO-UA 

80 kWth pilot-scale BFB infrastructure (Section 1.3.1) was modified (description in Section 6.1.3). 

The objective is to show this process as a valid energetic valorization solution to be used as co-

integrable biorefinery process with other biomass gasification processes. This Article was published 

in the Journal of Cleaner Production in 2020 (https://doi.org/10.1016/j.egyr.2019.08.063). 

6.1 ARTICLE XI - CO-COMBUSTION OF RESIDUAL FOREST BIOMASS AND SLUDGE IN A 

PILOT-SCALE BUBBLING FLUIDIZED BED 

6.1.1 ABSTRACT 

In this work, the co-combustion of RFB from eucalyptus and its blend with different amounts of 

primary and secondary sludge from the PP industry was studied in a pilot-scale bubbling fluidized 

bed reactor. The main objective was the determination of sludge addition influence on the overall 

process and on the composition of the exhaust gases, with emphasis on chlorine emissions, namely 

present in the solid phase (fly ashes) and in the gaseous phase (hydrogen chloride), and nitrogen 

oxides emissions. The co-combustion process of RFB with primary sludge (up to 5 % in mass) and 

secondary sludge (up to 10 % in mass) was successfully demonstrated as a valid energy valorization 

option. Except specific cases, no significant emissions increase of nitrogen oxides, carbon monoxide 

or hydrogen chloride were found with the addition of sludge. In fact, hydrogen chloride emissions 

decreased, potentially due to an increase in the chlorine retention in ashes caused by the high 

inorganic content present in the sludge. This high inorganic content can also lead to a significant 

increase in ash production during the combustion process. Thus, consequently, without proper 

maintenance, significant ash accumulation along the combustion system may occur, which can 

decrease the process efficiency and cause equipment damage. 

Keywords: Biomass; Sludge; Bubbling fluidized bed; Combustion; Chlorine. 

6.1.2 INTRODUCTION 

Sewage sludge is an unavoidable byproduct of wastewater treatment processes [476]. This byproduct 

has been accumulating in the recent years due to lack of proper valorization and disposal methods 

[477]. In countries that produce PP, primary and secondary sludges from the PP industry may account 

for more sludge production than municipal wastewater treatment plants [478]. Co-combustion of 

these wastes with other fuels (e.g., residual forest biomass) is recognized as possible, due to the 

relatively moderate calorific value of sludges [479,480]. This process is also promising because it 

simultaneously allows the reduction of the sludges volume and the production of heat and power 

[481]. Furthermore, both waste sludge and RFB from eucalyptus are byproducts from the PP industry 

and considered as potential alternative fuels and renewable energy resources [477]. Regarding solid 

and exhaust gases emissions, it is commonly suggested that adding sludges to the combustion process 

of Cl-rich fuels may reduce Cl deposition and bed agglomeration, while increasing NOx emissions, 

due to the sludges high nitrogen content, and Cl gaseous emissions (HCl) [482–485]. 

https://doi.org/10.1016/j.egyr.2019.08.063
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Cl emissions are associated with diverse problems of deposition and corrosion in combustion 

systems. During biomass combustion processes, the Cl present in the fuel is released and can be 

present in both gas phase and solid phase. Furthermore, Cl can ease the mobilization of diverse 

inorganic compounds [486], such as alkali metals present in the burning biomass particles, easing 

the reaction between these and other substances [487]. Thus, Cl contributes to the increase of 

problems related to the alkali metals, such as corrosion and agglomeration in the combustion system. 

Depending on the temperature, it is recognized that a high Cl content in the fuel can cause a 

significant increase of the emissions of alkali metals [488]. Nonetheless, Cl release from the 

combustion particles can be controlled to a certain point by limiting the maximum temperature of 

the process [489]. Thus, the higher Cl content present in biomass (in comparison with coal [490]), 

limit the steam production process conditions in biomass combustion systems, due to temperature 

limitations [491–493]. 

Cl release during the devolatilization phase is related to the organic and inorganic fractions of Cl 

present in the fuel. Cl released at low temperature is associated to organic compounds or HCl and 

can be recaptured in the chars by secondary reactions with available alkali metals [494]. Then, re-

release of the captured Cl can occur due to KCl sublimation during pyrolysis and combustion at high 

temperatures [494]. Thus, all relevant Cl species involved in combustion processes are highly 

volatile, and a high volatilization of Cl is expected [51,494]. 

Accordingly, Lith et al., [495] observed high Cl percentage release, including complete 

dechlorination, during combustion of spruce and fiberboard with process temperature between 500 

and 850 ºC. Diaz-Ramírez et al., [496] observed Cl release near 50 % at temperatures below 700 ºC 

and complete dechlorination at around 800 ºC, during brassica and poplar combustion. Strömberg 

and Björkman [486] studied the pyrolysis and gasification of different types of biomass (sugarcane 

trash, switch grass, lucerne and straw rape) and observed that under biomass pyrolysis and 

gasification conditions, Cl release under 200 ºC is not significant, 20-50 % of Cl was released at low 

temperatures such as 300 to 400 ºC, and 30-60 % of the total Cl was still left in the chars at 900 ºC. 

Jensen et al., [489] studied the release and transformation of K and Cl as a function of temperature 

during the pyrolysis of straw in a laboratory batch operated reactor. The authors observed the release 

of Cl in two main phases: 60 % was released when the temperature was raised from 200 ºC to 400 ºC 

and the remaining fraction was released at temperatures between 700 and 900 ºC. Knudsen et al. 

[497], observed that 25 to 75 % of the Cl present in the fuel was released to the gaseous phase at 

temperatures lower than 500 ºC, during combustion experiments with different types of biomass. 

Afterwards, the Cl was released by volatilization under KCl form, mostly between 700 and 800 ºC. 

For temperatures above 800 ºC, the authors observed complete dechlorination for all experiments 

performed. 

During devolatilization (200-400 ºC), Cl is released to the gaseous phase mainly under HCl form 

[498]; at these relatively low temperatures, the free Cl ion tends to react with hydrogen ions to form 

HCl, but not with alkaline metals to form alkali chlorines. With temperature increase, HCl formation 

tends to decrease [487]. For higher temperatures, a significant part of Cl is released under KCl form 

and associated to char combustion [487,489,496,497]. After formation and release to the gaseous 

phase in the combustion system, the alkali chlorines tend to condensate over fly ash particles or heat 

exchangers [51]. Thus, part of the released Cl during biomass combustion seems to become 

associated to the solid phase of the exhaust gases, namely fly ashes, or deposited in heat exchangers, 

while the other part is emitted in the gaseous phase as HCl in the exhaust gas [51]. 

Due to the close relation between K and Cl, the release behavior and reaction mechanism of these 

species is dependent on their initial molar ratio present in the biomass [494]. The major Cl compound 

in biomass is KCl, which is stable in solid phase until temperatures of 700 ºC to 800 ºC are attained 

[494]; for temperatures lower than 700 ºC to 800 ºC, the vapor pressure of KCl is negligible [494]. 

Nonetheless, the Cl initially present as KCl can react with functional groups present in the organic 

matrix of the biomass, leading to release of HCl according to Reaction 6.1 [498]: 
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  𝑅 − 𝐶𝑂𝑂𝐻(𝑠) + 𝐾𝐶𝑙(𝑠) → 𝑅 − 𝐶𝑂𝑂𝐾(𝑠) + 𝐻𝐶𝑙 (𝑔)  Reaction 6.1 

Jensen et al., [489] suggested that at temperatures between 200 and 400 ºC, the original organic 

matrix of the biomass is destroyed, and Cl can be released from the solid phase and transferred to a 

liquid tar phase. Afterwards, Cl is further released to the gaseous phase in the form of HCl (g) or 

suffers secondary reactions with K on the char surface. Some further release of Cl under the form of 

HCl might be due to the reaction of KCl with functional oxygenated groups present in the chars, 

where HCl is released and K is bound to the char matrix. Jensen et al., [489] concluded that by using 

adequate operating conditions, for example, low heating rates and large reactors, HCl emissions in 

gaseous phase can be significantly minimized during biomass pyrolysis. 

As previously referred, the biomass type has a considerable influence on the Cl emissions [496,497]. 

Some studies suggest that the percentages of Cl emitted, in relation to the Cl content present in the 

fuel, are significantly higher for fuels with less Cl content, due to the fact that Cl emissions are 

conditioned by the number of proton donors, such as carboxyl and phenolic groups [496,497]. Cl-

rich fuels, such as wheat, rice, brassica, etc., present limited interaction between the inorganic Cl and 

the proton donating sites, thus, leading to lower Cl percentage release [496]. The addition of sludges 

(typically rich in sulfur) modifies the chemistry involved due to the reaction between KCl and sulfur. 

Thus, a total removal of Cl from the fly ashes is theoretically possible if sulfur exists in sufficient 

amounts to react with all KCl present (Reaction 6.2 [499]). 

 2 KCl(g) + 𝑆𝑂2(g) + 0.5 𝑂2(g) + 𝐻2O(g) → 𝐾2𝑆𝑂4(s) + 2 HCl(g)  Reaction 6.2 

In the literature, it is also suggested that adding sludges may be beneficial for inhibiting Cl deposits 

formation due to the following mechanisms [483]: 

• S in the sludges may react with K, producing SO4 and gaseous HCl. 

• KCl may be removed by condensation on fly ash particles added with the sludge. 

• K in gaseous phase may react with aluminosilicates present in the sludges. 

• The deposits may be mechanically removed by the increased ash flows caused by the 

sludges. 

Thus, with sludge addition it can be expected a decrease of Cl emissions in the solid phase and an 

increase of Cl emissions in the gaseous phase [485] (HCl, e.g. Reaction 6.2). Nonetheless, if the 

sludges are rich in Ca, Cl retention on ashes might increase while HCl concentration in the exhaust 

gases decreases. These aspects need to be characterized and studied experimentally. 

In this work, the co-combustion process of RFB from eucalyptus with primary sludge (up to 5%wt) 

and secondary sludge (up to 10 %wt) from wastewater treatment was characterized. The sludge 

resulted from the wastewater treatment in the PP industry. The influence of the addition of sludge on 

the overall process and on the exhaust gases composition, with emphasis on Cl emissions, namely 

present in the solid phase (fly ashes) and in the gaseous phase (HCl), and NOx emissions, was 

evaluated. The objective was to properly characterize the impact of the integration of this energy 

valorization solution for the sludges, on the solids and exhaust gases emissions during the co-

combustion operation. 

6.1.3 MATERIALS AND METHODS 

The experimental infrastructure used in this work is based on the DAO-UA 80 kWth pilot-scale BFB 

(Section 1.3.1) but was properly updated for the co-combustion of RFB and sludges. The general 

layout of the updated experimental infrastructure is shown in Figure 6.1. The bottom bed of the 
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reactor consists of 20 kg of sand (98.3 %wt. SiO2 content)) with particle size in range 0.250 mm to 

1.00 mm; the bottom bed of the reactor has a static height of around 0.24 m above the primary air 

(fluidizing air) injectors. At typical operating conditions, the expanded (fluidized) bed height level 

is approximately 0.30 m above the distributor plate; the fluidizing bed height level can be controlled 

by the discharge bed level at port C in Figure 6.1. The fluidized bed was operated at atmospheric 

pressure and in bubbling regime, with superficial gas velocity of around 0.28 to 0.30 m/s (depending 

on the operating conditions), and with average bed temperatures in the range of 800 to 850 ºC. The 

total combustion air was maintained at 250 NL/min, distributed in 80 % primary air (fluidization) 

and 20 % secondary air, in order to maintain the bottom bed and freeboard hydrodynamic conditions. 

The stoichiometry conditions of the combustion process were controlled by continuously monitoring 

the O2 concentration in the exhaust gases, and through proper adjustment of the biomass feed, which 

was maintained between 3 and 4 kg/h.
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Figure 6.1 – Layout of the experimental infrastructure with the pilot-scale BFB reactor (combustion mode). Dashed line — Electric circuit, Solid line — Pneumatic circuit, A - Primary air heating system, B - Sand bed, C - Bed solids level 

control, D - Bed solids discharge, E - Bed solids discharge silo, F - Propane burner system, G - Port for visualization of bed surface, H - Air flow meter (primary and secondary air), I - Control and command unit (UCC2), J - Biomass feeder, 

K - Water-cooled gas sampling probe, , N - Gas sampling pump, O - Gas condensation unit for moisture removal, Y – Computer based control and data acquisition system, Z - Exhaust duct; O2 – Online paramagnetic analyzer for the 

determination of O2 (ADC-700), FTIR – Online infrared analyzer for determination of H2O, CO2, CO, N2O, NO, NO2, SO2, HCl, NH3, CH4, etc., UCD0, UCD1, UCD2 - Electro-pneumatic command and gas distribution units, UCE1 - 

Electronic command unit. 
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The monitoring of the operating conditions was performed according to the following 

methodologies: 

1) Characterization of the exhaust gases. 

a) O2 concentration determination in a paramagnetic analyzer (ADC-700). 

b) H2O, O2, CO, CO2, CH4, NO, SO2 and HCl determination through heated sampling and 

analysis (180 ºC) with measuring principle by FTIR (Gasmet CEM-II). 

c) Total particles concentration determination through isokinetic sampling in quartz filters 

and their chemical characterization (Cl, Na, K and Ca). The isokinetic sampling for 

particle concentration determination was performed downstream of a cyclone and, in 

some cases, downstream of a bag filter located after the cyclone. The content of Cl, K, 

Na and Ca in the particles present in the exhaust gases (thinner fly ashes) was determined 

in terms of the content of soluble inorganic ions (Cl-, K+, Ca2+ and Na+) by ion 

chromatography in liquid phase according to the procedure described by Calvo et al., in 

[500]. 

2) Characterization of bottom bed ash and fly ash deposited in different locations of the 

combustion system. 

a) Determination of chemical elements content (Cl, Na, K, Ca, Mg, Al, Mn and P) was 

performed in an external laboratory following acid digestion and ICP-MS analysis. 

6.1.3.1 FEEDSTOCK CHARACTERIZATION 

The biomass fuel used included distinct types of chipped RFB derived from eucalyptus (Eucalyptus 

Globulus), different types of pellets produced from distinct fractions of RFB from eucalyptus 

(branches with leaves, bark, etc.), and mixtures of these types of RFB with primary (up to 5 % wt.) 

and secondary (up to 10 % wt.) sludges resulting from wastewater treatment processes in the PP 

industry. The pelletizing process of the RFB from eucalyptus was performed to increase the 

uniformity of the physical characteristics of the fuel and improve the fuel feeding regularity. The 

RFB from eucalyptus resulted from two different operations, namely from forestry operations, as for 

example trees logging, and was named eucalyptus RFB type A, and from industrial operations in the 

context of the PP industry, namely woodchip production from eucalyptus logs, and was named 

eucalyptus RFB type B. Both types of RFB were chipped, dried at atmospheric conditions, and sieved 

to a particle size below 5 mm. All the types of biomass were characterized in terms of properties with 

interest for thermochemical conversion of biomass (proximate and ultimate analysis, and heating 

value), as shown in Table 6.1. Some types of biomass were characterized in terms of inorganics 

composition, as shown in Table 6.2.  
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Table 6.1 – Characteristics of the different types of biomass used as feedstock in the combustion 

experiments in the pilot-scale BFB. 

 Eucalyptus RFB Pellets Sludge 

 Type A Type B A A* B C D E Primary Secondary 

Proximate analysis (%wt, db)           

Moisture 11.4 11.8 7.7 10.2 8.3 8.9 8.3 7.9 11.3 20.0 

Volatile matter  77.3 80.5 78.3 78.1 78.2 77.1 79.0 77.1 na na 

Fixed carbon  21.5 16.6 16.7 17.5 19.0 15.7 17.7 18.4 na na 

Ash  1.2 2.9 5.0 4.5 2.8 7.3 3.3 4.4 61.5 26.5 

Ultimate analysis (%wt, db)          

Ash 1.2 2.9 5.0 4.5 2.8 7.3 3.3 4.4 61.5 26.5 

C 49.1 48.2 44.4 46.4 50.6 48.2 50.9 51.4 32.4 36.7 

H 6.5 6.2 5.4 5.7 6.2 6.2 6.1 6.1 4.2 5.0 

N 0.1 <0.2 0.2 0.7 0.8 <0.2 0.9 1.4 0.5 2.2 

S nd 0.03 0.03 nd nd 0.03 nd nd nd 0.4 

O (by difference) 43.2 42.7 44.7 42.3 39.5 38.3 38.6 36.3 1.4 29.0 

Cl 0.05 0.05 0.20 0.40 0.14 0.05 0.18 0.38 0.02 0.19 
na – not available; nd – not determined, below the detection limit of the method, 100 ppm wt. 

Table 6.2 – Concentration of Ca, Na, K, Mg, Al, Mn and P in the ashes from the different types of 

biomass used as feedstock in the combustion experiments in the pilot-scale BFB. 

 Pellets Sludge 

 A* B D E Primary Secondary 

Ash elemental analysis Ppm wt., db 

Ca 8060 6960 7910 9480 245000 106166 

Na 635 3920 396 952 4290 nd 

K 3240 2750 2610 6310 291 1134 

Mg 1730 668 546 1421 1800 1608 

Al 367 41.9 63.3 61.2 313 869 

Mn 219 139 157 99 168 nd 

P 302 289 263 511 3450 2500 
nd – not determined. 

6.1.3.2 OPERATING CONDITIONS 

The operating conditions during the combustion experiments in the pilot-scale reactor were 

characterized, namely the biomass fuel feed rate, air feed rate, temperature and pressure along the 

reactor and gas composition at the exit. Table 6.3 shows information regarding the operating 

conditions and the respective reference of the experiments performed in this work.  
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Table 6.3 – Combustion experiments reference and respective operating parameters. 

Experiment 

reference 

Biomass 

(%wt.) 
Type of RFB 

Average bed 

temperature 

[ºC] 

O2 (%v, dry gas) in 

the exhaust 

combustion gases 

EL-0 100% eucalyptus Eucalyptus RFB type A 804 7.0 

EL-0 #2 100% eucalyptus Diverse pellets 821 8.1 

EL-5 5% SS + 95% eucalyptus Eucalyptus RFB type A 815 7.0 

EL-10 10% SS + 90% eucalyptus Eucalyptus RFB type A 810 6.2 

EL-10 #2 10% SS + 90% eucalyptus Eucalyptus RFB type B 825 7.4 

EL-10 #3 10% SS + 90% eucalyptus Pellets A 837 7.1 

EL-10 #4 10% SS + 90% eucalyptus Pellets B 848 7.2 

EL-10 #5 10% SS + 90% eucalyptus Pellets C 839 6.9 

EL-10 #6 10% SS + 90% eucalyptus Pellets A* 830 5.9 

EL-10 #7 10% SS + 90% eucalyptus Pellets E 828 6.0 

EL-10 #8 10% SS + 90% eucalyptus Pellets A* 836 4.5 

ELP-5 5% PS + 95% eucalyptus Pellets D 837 8.0 

ELP-5 #2 5% PS + 95% eucalyptus Pellets E 819 6.0 

ELP-5 #3 5% PS+ 95% eucalyptus Pellets A* 838 5.5 

ELP-5 #4 5% PS + 95% eucalyptus Pellets E 820 7.9 
Legend: PS – Primary sludge; SS – Secondary sludge; Diverse pellets – Different pellets used during the combustion experiment, namely, commercial pine 

pellets (2h), pellets A (5h) and pellets B (2h); Pellets A – Pellets from eucalyptus bark resulting from operations in the PP industry (sample 1); Pellets A*- 

Pellets from eucalyptus bark resulting from operations in the PP industry (sample 2); Pellets B – Pellets from eucalyptus branches, resulting from forest 

maintenance operations, with residual amounts of eucalyptus foliage; Pellets C – Pellets from powdered eucalyptus chips (<1mm) Pellets D – Pellets resulting 

from eucalyptus RFB type A and type B and eucalyptus foliage; Pellets E – Pellets from powdered eucalyptus branches. 

6.1.4 RESULTS AND DISCUSSION 

This Section includes results regarding the combustion experiments performed, namely, reactor 

temperature profiles (with time and longitudinal), combustion exhaust gas composition profiles along 

time (CO2, H2O, HCl, NO, CO and SO2), chemical composition (Cl, Na, K and Ca) of fly ash present 

in the exhaust gases, chemical composition (Cl, Na, K, Ca, Mg, Al, Mn and P) of bottom bed ashes 

and of fly ashes deposited in surfaces along the combustion system. 

6.1.4.1 TEMPERATURE PROFILES 

The evolution of temperature with time in different locations along the reactor during the combustion 

of the different mixtures of biomass follows a similar pattern and shows steady-state conditions of 

operation. These conditions were observed when using only RFB from eucalyptus or mixtures of this 

biomass with primary (up to 5 %wt) and secondary sludge (up to 10 %wt) (Figure 6.2). The 

temperature stability, despite the fuel mixtures variability and feeding irregularities caused by the 

heterogeneous physical characteristics of the RFB, is justified based on the recognized suitable mass 

and energy transfer characteristics provided by the BFB operation regime [51,69,501]. The bed 

material allows the absorption, storage and release of thermal energy and its mixing contributes to 

the existence of uniform temperature in the bottom bed section. Consequently, the biomass is rapidly 

converted after being fed to the reactor, due to the high heat transfer. In this work, the bed temperature 

was maintained between 800 and 850 ºC. 
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(a) 

 

(b) 

 

(c) 

Figure 6.2 – Typical evolution of the temperature with time at different locations along the reactor 

height during the combustion experiments: (a) EL-O, (b) EL-10 and (c) ELP-5. Experiments 

reference according to Table 6.3. 
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The longitudinal temperature profile for the different combustion experiments performed is shown 

in Figure 6.3. It is observed that the temperature increases from the inside of the bed to the freeboard 

zone located immediately above the bed, where the biomass is fed. The maximum temperature is 

observed close to the secondary air injection. Above this region the temperature decreases with height 

due to heat losses through the reactor walls, convection with the flue gas and the existence of a heat 

exchanger (liquid water with a flow rate of 0.6 L/min) located 1 m above the distributor plate (Figure 

6.1). Similar to the observation performed regarding the temperature profiles along time, it was 

observed that the introduction of sludge mixed with RFB did not cause major changes in the 

longitudinal temperature profile. 

 

Figure 6.3 – Longitudinal temperature profile in the BFB reactor during the biomass combustion 

experiments performed. Legend according to experiments references in Table 6.3. 

6.1.4.2 GAS COMPOSITION PROFILES 

In this Section, it is analyzed the typical concentration profile along time of different gaseous species 

(CO2, H2O, HCl, NO, CO and SO2) present in the exhaust gases, during the combustion experiments 

with different biomass mixtures (Table 6.3). 

6.1.4.2.1 CO2 and H2O 

Figure 6.4 shows the typical CO2 and H2O concentration profiles for the exhaust gases in the distinct 

experiments performed. It can be observed that both CO2 and H2O show small fluctuations with time 

which can be justified by irregularities in the biomass feeding rate and the heterogeneous physical 

and chemical characteristics of the biomass mixtures used. Nonetheless, for long periods of 

operation, it can be assumed that the system was operating in steady-state conditions in terms of CO2 

and H2O concentration. CO2 concentration was typically between 12 and 17 %v (dry gas), which are 
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typical values of industrial combustion systems [51]. The addition of primary and secondary sludge 

did not cause any noticeable change in the CO2 and H2O concentration profiles. 

 

(a) 

 

 

(b) 

Figure 6.4 – Typical CO2 and H2O concentration with time in the exhaust gases for (a) EL-10 #7 and 

(b) ELP-5 #3. 

6.1.4.2.2 HCl 

The HCl concentration profiles along time (Figure 6.5 and Figure 6.6) show a distinct behavior from 

the other chemical species (e.g., CO2, H2O) analyzed. While these species show a concentration that 

fluctuate around an average value, the HCl concentration increases immediately after the introduction 

of biomass until attaining a maximum value. Afterwards, HCl concentration decreases with time 
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until reaching a value that changes only in minor amounts with time. This behavior is more evident 

in experiments with sludge addition. For these experiments, the addition of sludge to the feedstock 

mixture caused an immediate decrease of HCl concentration in the combustion flue gases (see Figure 

6.5). This can be justified by the sludges high content in ashes rich in CaO (Table 6.2), which acts as 

adsorbent for acid species such as HCl. In fact, the addition of Ca is recognized as an effective 

measure for HCl removal in combustion systems [487]. Therefore, sludge addition seems to promote 

a decrease of the HCl concentration. 

 

(a) 

 

(b) 

Figure 6.5 – Typical HCl concentration with time in the exhaust gases for (a) EL-10 #7 and (b) ELP-

5 #3. Experiments reference according to Table 6.3. 

Despite the analogous conditions of operation obtained for the different combustion experiments 

performed (e.g., Figure 6.3), it is observed that the HCl concentration presents significant differences 
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between experiments (Figure 6.6). On one hand, this can be justified by the distinct Cl content present 

in each type of biomass used as feedstock (Table 6.1). On the other hand, it seems that lower 

stoichiometric ratios (assumed by lower O2 concentration in the combustion exhaust gases) tends to 

contribute to higher HCl concentration in the exhaust gases, being that for the same fuel mixture and 

bed temperature, lower HCl concentration values were found for lower O2 concentration in the 

exhaust gases (e.g., ELP-5 #2 and ELP-5 #4). This needs to be investigated in future works. 

It was also observed an effect of the operation time on the concentration of HCl in the exhaust gases 

(Figure 6.5), i.e., with the increase of operation time, the concentration of HCl in the exhaust gases 

tended to decrease. This effect might be related to the fact that at the end of each combustion 

experiment the reactor bed was replaced by a new sand bed. Thus, each experiment started with a 

clean bed without biomass/sludge ashes. Therefore, it is reasoned that the concentration of HCl might 

be influenced by the equilibrium between ash accumulation in the bottom bed and their capacity to 

adsorb HCl. This effect was particularly relevant during combustion experiments where sludge was 

included in the biomass mixture used as feedstock; the sludge promoted a higher introduction of Ca 

compounds in the reactor, and thus increased the capacity of the ashes to adsorb HCl. 

 

Figure 6.6 – HCl concentration with time (30 minutes moving average) for the distinct combustion 

experiments performed. Experiments reference according to Table 6.3. 

 

6.1.4.2.3 NO 

In Figure 6.7 and Figure 6.8, it can be observed the NO concentration for the different combustion 

experiments performed and its relation with the primary and secondary sludges addition. The 

addition of secondary sludge caused a major increase in NO concentration during the combustion of 

eucalyptus RFB type A (Figure 6.7 (a)). This can be justified by the difference between the nitrogen 

content present in the secondary sludges in comparison to the RFB from eucalyptus (Table 6.1). 

Analogous results were obtained for eucalyptus RFB type B (EL-5, EL-10 and EL-10#2). The 

addition of secondary sludge caused only a slight increase in the average NO concentration during 

the combustion of pellets from eucalyptus bark (Pellets A and A*), however, it led to the increase of 

the fluctuation of the NO concentration value (Figure 6.7 (b)). The addition of secondary sludge did 

not cause noticeable changes in NO concentration during combustion experiments with pellets from 
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eucalyptus branches (Pellets E, Figure 6.7 (c)). This can be justified by the already relatively high 

nitrogen content present in this type of biomass (Table 6.1). The addition of primary sludge (up to 

5 %wt) does not seem to promote any major change in the concentration of NO for all the 

experiments performed (Figure 6.7 (d)).  
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(c) 

 

(d) 

Figure 6.7 – Typical NO concentration with time in the exhaust gases for (a) EL-10, (b) EL-10 #6, 

(c) EL-10 #7 and (d) ELP-5 #3. Experiments reference according to Table 6.3. 

Thus, in some cases, it was observed that the addition of secondary sludge promoted an increase in 

NO concentration in the exhaust gases; however, in general, it was not observed a significant 
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or with sludges addition in the referred mass percentages. Typically, it was observed that the nitrogen 

content of the biomass has direct influence on the NO concentration in the exhaust gases. NO 

concentration values expressed as NO2 (at 6 %v O2, dry gas) were typically between 215 mg/Nm3 

and 433 mg/Nm3. The highest values were found during combustion experiments with pellets from 

eucalyptus branches, which is justified by the higher nitrogen content present in this biomass (Table 

6.1). For comparison, the values obtained for the NO concentration in these experiments were plotted 
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against the ELV referred in the Best Available Technologies (BAT) reference document for Large 

Combustion Plants [502] (180 mg/Nm3, 6 % O2) in Figure 6.8. It is observed that the experimental 

values obtained are always above the referred limit. 

 

Figure 6.8 – NO concentration with time (30 minutes moving average) for the distinct combustion 

experiments performed and comparison with the limit value referred on the BAT reference document 

for Large Combustion Plants [502]. Experiments reference according to Table 6.3. 

6.1.4.2.4 CO 

In general, it is observed that the concentration of CO in the exhaust gases is below the emission 

limit value (ELV) (500 mg/Nm3, 11 % O2, Figure 6.9 (a)) imposed for biomass boilers in the 

Portuguese legislation (in Portaria n.º 677/2009 [503], Portaria n.º 190-B/2018 [504] does not include 

CO ELVs). Nonetheless, during some experiments the CO concentration value exceeded the ELV 

(e.g., EL-10# 2, Figure 6.9 (b)). This is related to significant biomass feeding fluctuations caused by 

the heterogenous physical characteristics of the biomass used as feedstock in these experiments. 

Sludge addition did not promote any visible change in CO concentration. 
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(b) 

Figure 6.9 – CO concentration with time (30 minutes moving average) for the distinct combustion 

experiments performed and comparison with the limit value referred to biomass boilers in the 

Portuguese legislation, in Portaria 677/2009 [503]: (a) experiments with lower CO concentration 

values and (b) experiments with higher CO concentration values. Experiments reference according 

to Table 6.3. 

6.1.4.2.5 SO2 

It is observed that SO2 concentration values are relatively low (Figure 6.10), which results from the 

relatively low concentration of sulfur present in the biomass used as feedstock (Table 6.3). It is also 

observed that the addition of sludge did not cause any significant change on the SO2 concentration 

profiles, even though the secondary sludges have higher sulfur content than all the types of RFB from 

eucalyptus tested. This behavior may result from the fact that the sludge incorporation (up to 10 %wt) 

is not high enough to influence SO2 concentration in the exhaust gases. Furthermore, these sludges 

have a high Ca content, which can cause retention of SO2 on ashes [499]. The highest concentration 

value of SO2 found was 17.2 mg/Nm3 (dry gas, 11 % O2) during experiment EL-10, which is 

significantly lower than the ELV (500 mg/Nm3, 11 %O2, Figure 6.10) referred for biomass boilers in 

the Portuguese legislation (in Portaria n.º 677/2009 [503], Portaria n.º 190-B/2018 [504] does not 

stipulate O2 reference value for SO2 concentration ELV). 

 

Figure 6.10 – SO2 concentration along time (30 minutes moving average) for the distinct combustion 

experiments performed and comparison with the limit value referred to biomass boilers in the 

Portuguese legislation, in Portaria 677/2009 [503]. Experiments reference according to Table 6.3.  
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6.1.4.3 PARTICULATE MATTER ANALYSIS 

6.1.4.3.1 Fly ashes in the exhaust gases 

In this Section, the average particle concentration and composition (Cl, K, Ca, and Na) in the exhaust 

gases during the co-combustion experiments performed is presented and analyzed. 

The average particle concentration in the exhaust gases during each combustion experiment 

performed is shown in Figure 6.11. It is typically observed lower particle concentration in 

experiments with chipped RFB from eucalyptus (EL-0, EL-5, EL-10 and EL-10 #2) than in 

experiments performed with pellets produced from fractions of RFB from eucalyptus (EL-0 #2, EL-

10 #3, EL-10 #4, EL-10 #5, EL-10 #6, EL-10 #7, EL-10 #8, ELP-5, ELP-5 #2, ELP-5 #3 and ELP-

5 #4). In part, this is justified by the lower ash content of the chipped RFB (Table 6.1); bark and 

leaves typically have higher ash content than fractions of wood. In fact, combustion experiments of 

pellets from eucalyptus bark (EL-10 #6, EL-10 #8 and ELP-5 #3) and pellets from eucalyptus 

branches (Pellets E, EL-10 #7, ELP-5 #2 and ELP-5 #4) presented particle concentration significantly 

higher than other combustion experiments with other types of pellets. Nonetheless, the co-

combustion experiment performed with the biomass feedstock with highest ash content (Pellets C, 

EL-10 #5) did not present higher fly ash concentration in the exhaust gases. Thus, other factors apart 

from the ash content of the biomass may have influenced the formation of fly ash, such as the physical 

characteristics of the pellets (e.g., density and hardness) and the chemical composition of the ashes 

[505]. Future works should address this behavior. 

 
*- Only RFB, before introducing sludge. 

**- Only RFB, after the co-combustion process of sludge with RFB. 

FM- gas sampling after the bag filter. 

Figure 6.11 – Average particle (fly ash) concentration in the exhaust gases during the combustion 

experiments. The gas sampling was performed after the cyclone, except for references with FM, 

where the gas sampling was downstream of the bag filter. Experiments reference according to Table 

6.3. 
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Two main observations can be made regarding the effect of the addition of primary and secondary 

sludge on the particle concentration in the exhaust gases. In some cases, the sludge addition seems 

to promote a small increase of the particle concentration (e.g., EL-10 #3 and ELP-5), which is 

justified by the higher ash content present in the sludge in comparison to the RFB from eucalyptus 

(Table 6.1). In other cases, it was observed the opposite, i.e., the decrease of particles concentration 

after the addition of sludge (e.g., EL-10 #6, EL-10 #7 and ELP-5 #3). Nonetheless, in these 

experiments, when the sludge feeding ended, the particles concentration continued to decrease. The 

justification for this phenomenon may be related to the high content of Ca present in the ashes 

retained in the bed and on the exhaust duct, which may have prevented the formation of thinner fly 

ashes. In fact, the major components present in the fly ashes from the exhaust gases are Cl and K 

(Figure 6.12), whereas Ca was found as the major element in the composition of bottom bed ashes 

and ashes deposited in inner surfaces of the combustion system (Figure 6.15). This will be discussed 

in the following Section. Similar results were observed in other works regarding co-combustion of 

RFB with sludge from the PP industry [499]. 

K concentration (Figure 6.12) in the fly ashes was typically higher for experiments with pellets from 

eucalyptus bark (e.g., Pellets A*, EL-10 #6, EL-10 #8 and ELP-5 #3) and pellets from eucalyptus 

branches (Pellets E, EL-10 #7, ELP-5 #2 and ELP-5 #4). Furthermore, a linear correlation between 

K and Cl concentration was found for the particle matter in the exhaust gas (Figure 6.13 (a)). This 

relation is close to the mass ratio 1:0.91 for K:Cl in the compound KCl, which indicates that a 

significant part of Cl in the fly ashes present in the exhaust gases might be in the form of KCl, as 

suggested by some other works [51]. 

 
*- Only RFB, before introducing sludges. 

**- Only RFB, after the co-combustion process of sludges with RFB. 

Figure 6.12 – Average Cl, K, Ca and Na concentration emitted associated with the fly ashes present 

in the exhaust gases during the combustion experiments. These elements were measured as ion Cl-, 

K+, Ca2+ and Na+, and expressed as mg chemical element/Nm3 dry gas, corrected to 6 %v O2. 

Sampling was performed downstream of the cyclone (Figure 6.1). Experiments reference according 

to Table 6.3. 
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(a) 

 

(b) 

 

(c) 

Figure 6.13 – Relation between the content of K, Ca and Na with Cl in the fly ashes present in the 

exhaust gas during the combustion experiments: (a) K and Cl, (b) Ca and Cl and (c) Na and Cl. 
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Ca and Na concentration values in the fly ashes present in the exhaust gases (Figure 6.12) are 

significantly lower than the K and Cl concentration values. Furthermore, even though Ca has the 

capacity to remove Cl in gaseous effluents [506], only a weak relationship between Ca and Cl in the 

fly ashes was observed (Figure 6.13 (b)). The relatively low concentration value found for Ca in the 

fly ashes is in contrast with that found for the bottom bed ashes and ashes deposited in inner surfaces 

of the BFB reactor (Figure 6.15, next Section). In fact, Ca is the main alkali element present in the 

ashes from the RFB and sludges used (Table 6.2). The Na concentration in the fly ashes present in 

the exhaust gases is lower than Ca, however, it is observed a stronger linear relation between the 

mass concentration of Na and Cl (Figure 6.13 (c)). Nonetheless, this relation is significantly lower 

than the mass ratio of 1:1.5 for Na:Cl present in the compound NaCl. In summary, it is observed that 

the mass concentration of chemical elements in the fly ashes sampled in the exhaust gases during the 

combustion experiments shows the following decreasing order of abundance: Cl > K > Ca > Na. 

In Figure 6.14, it is shown the contribution from the gaseous phase (measured as HCl) and the 

particulate phase (fly ashes present in the exhaust gases) to the emission of Cl during the combustion 

experiments. It is observed that the concentration of Cl (quantified as the chlorine ion Cl-, by ion 

chromatography) in the solid phase (associated to fly ashes in the exhaust gases and denoted as Cl-

particles in Figure 6.14) is higher than in the gaseous phase (associated to HCl and denoted as Cl-

HCl in Figure 6.14) for the combustion experiments performed. It is also observed that the Cl 

emissions for both solid and gas phases are related to the Cl content in the biomass mixture used as 

feedstock. For example, experiments with pellets from eucalyptus bark (e.g. Pellets A*, EL-10 #6, 

EL-10 #8 and ELP-5 #3) or eucalyptus branches (Pellets E, EL-10 #7, ELP-5 #2 and ELP-5 #4), 

which have a high Cl content (Table 6.1), caused higher average emissions of Cl in both solid and 

gaseous phase (Figure 6.14). Similar to the observations made regarding Cl concentration in the 

gaseous phase (HCl), discussed in the previous Section, the addition of sludge seems to have caused 

a decrease of Cl concentration in the fly ashes present in the exhaust gases (e.g. EL-10 #2, EL-10 #6, 

EL-10 #7, ELP-5 and ELP-5 #3), which can be related to the Ca present in the sludge ashes and the 

respective adsorption of Cl by heavier particles retained in the BFB, e.g., in the bottom bed; however, 

some exceptions were observed that must be accounted (EL-10 #3, EL-10 #4 and EL-10 #5). This 

phenomenon should be addressed in future works. 

 

Figure 6.14 – Average Cl concentration in the solid phase, measured as ion Cl- in fly ashes (denoted 

as Cl-particles), and expressed as mg Cl/Nm3 dry gas corrected to 6 %v O2, and in gaseous phase 

(denoted as Cl-HCl), measured as HCl in the flue gas and expressed as mg Cl/Nm3 dry gas corrected 

to 6 %v O2, in the exhaust gases during the combustion experiments. Sampling was performed 

downstream of the cyclone (Figure 6.1). Experiments reference according to Table 6.3. 
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6.1.4.3.2 Bottom bed ashes and fly ashes deposited along the combustion system 

In this Section, results regarding the chemical characterization (Ca, K, Mg, P, Na, Al, Mn and Cl) of 

samples of bottom bed ashes and fly ashes deposited along the combustion system are presented and 

analyzed. The chosen locations of the combustion system for sampling the ashes were the bottom 

bed surface layer, the reactor walls above the distributor plate, a cold (liquid water cooling) 

deposition probe located 2.2 m above the distributor plate, the bottom of the horizontal exhaust duct 

of the reactor and the ash retained in the cyclone located downstream of the BFB reactor. The ashes 

were sampled after the experiments with reference EL-10 #4, EL-10 #6, EL-10 #7, ELP-5 #3 and 

ELP-5 #4 (Table 6.3). The average concentration values (Ca, K, Mg, P, Na, Al, Mn and Cl) found 

are shown in Figure 6.15. 

 

Figure 6.15 – Average composition (Ca, K, Mg, P, Na, Al, Mn and Cl) (and respective standard 

deviation) of the ashes deposited or settled in different locations of the combustion system. 

It is observed that Ca is present in significantly higher concentration in the different ash samples than 

the other analyzed elements (Figure 6.15). This results from Ca being the main chemical element 

present in the ashes for both RFB from eucalyptus and sludges (Table 6.2). Regardless of the 

sampling location, the average concentration of chemical elements on the ashes is by descending 

order of abundance: Ca>K>Cl>Mg>P>Na>Al>Mn. This composition is distinct from that observed 

for the fly ashes in the exhaust gases, where K and Cl were the main chemical elements (Figure 6.12). 

Nevertheless, K and Cl are still present in relatively high concentration in the bottom bed ashes and 

deposited ashes along the reactor surfaces. These elements are associated with corrosion processes 

[51,492,493,499,507], thus, their retention in the bottom bed ashes is desired. In fact, co-combustion 

of RFB with sludge from the PP industry has been referred as beneficial to prevent corrosion from 

compounds derived from Cl and K [482–484,499], which could be related to the high Ca content of 

the ashes. 

The concentration of the analyzed chemical elements in the bottom bed ashes is significantly lower 

than in the fly ashes deposited in other locations of the combustion system. This is justified by the 

fact that even after the combustion process, the bottom bed particle samples are composed mainly of 

the original sand (98.3 %wt of SiO2) and silicon was not analyzed. Nonetheless, the sum of the 
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average concentration of the analyzed chemical elements on the particle samples collected at the 

surface layer of the bottom bed is around 4.4%wt., which means that the sand from the bed is enriched 

with typical elements from the ashes of the biomass. 

Accordingly, it is observed a trend for the increase of the concentration of the analyzed chemical 

elements with the increase of the distance to the distributor plate. Furthermore, the maximum 

concentration value for these analyzed chemical elements was typically found in the ashes collected 

on the exhaust duct or the cyclone. Some exceptions observed are: experiment EL-10 #4 where Cl 

concentration decreased from the surface of the bed to the exhaust duct and experiment EL-10 #7 

where the highest Cl concentration value was found in the ashes collected in the deposition probe 

located at the top of the combustion chamber. In fact, the maximum average Cl concentration value 

was found in the ashes collected on the deposition probe. It was also found that the average sum of 

chemical elements analyzed (Na, K, Mg, Al, Mn, P, Ca and Cl) in the ashes collected in the deposition 

probe and exhaust duct was 40.2 % and 44.6 %wt db, respectively. This shows that the fly ashes 

deposited along the reactor are significantly enriched in typical elements of biomass inorganics, 

which in industrial scenarios may lead to relevant corrosion issues. 

Thus, the excess Ca introduced through the sludge addition seems to have caused a higher retention 

of Cl in the bottom bed ashes and fly ashes deposited on solid surfaces exposed to the exhaust gases. 

This might justify the reduction in HCl concentration in the exhaust gases observed with the addition 

of sludge, which was previously discussed. 

6.1.5 CONCLUSIONS 

The objective of this work was the evaluation of the co-combustion process of RFB from eucalyptus 

with primary (up to 5 %wt) and secondary (up to 10%wt) sludge from the PP industry in a pilot-scale 

BFB reactor, with emphasis on NO and Cl related emissions. 

The continuous monitoring of the operating parameters, such as temperature and exhaust gas 

composition along time in the BFB, during the co-combustion process of the different mixtures of 

RFB and sludge, showed that the reactor was operating under steady-state conditions. 

Regarding the composition of the exhaust gases, a continuous HCl concentration decrease with time 

until reaching an almost constant value was observed during the combustion process. This behavior 

can be related to the Cl retention promoted by the alkaline elements present in the biomass, such as 

Ca and K. In fact, sludge addition typically caused a decrease in the concentration of HCl in the 

exhaust gases, which can be related to the high content of alkaline elements present in the sludge 

(e.g., Ca). 

Regarding NO concentration in the exhaust gases, it was observed that it is mainly influenced by the 

characteristics of the feedstock used. It was also observed that the addition of sludge to RFB with 

low N content (e.g., eucalyptus wood chips) caused a significant increase in NO concentration during 

the combustion process. On the other hand, addition of sludge to RFB with high N content (e.g., 

eucalyptus bark) did not seem to promote any noticeable increase in the NO concentration. For all 

the combustion experiments performed, the NO concentration (expressed as NO2) values found in 

the exhaust gases met the stipulated ELV for biomass furnaces in the Portuguese legislation (Portaria 

677/2009 [503]), but are above the ELV indicated in the BAT reference document for Large 

Combustion Plants [502]. 

Regarding CO concentration in the exhaust gases, it was observed that it is immensely influenced by 

the regularity of the biomass feeding and that sludge introduction in the fuel mixture did not seem to 

promote any noticeable changes. Furthermore, by using an adequate control of the feeding conditions 

and an appropriate stoichiometric ratio, it was possible to meet the stipulated ELV for CO 
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concentration in the exhaust gases from biomass furnaces according to the Portuguese legislation 

(Portaria 677/2009 [503]). 

Regarding SO2 concentration in the exhaust gases, it was observed that this value was significantly 

lower than the ELV stipulated for biomass furnaces in the Portuguese legislation (Portaria 677/2009 

[503]). Furthermore, sludge addition to the fuel mixture did not cause a noticeable increase in the 

concentration of SO2. 

Regarding the fly ashes particles emitted with the exhaust gases, it was observed that Cl and K were 

the major inorganic chemical elements present in the fly ashes. It is reasoned that these two elements 

might be in the form of KCl, due to the observation of a linear relation between Cl and K with a mass 

ratio K:Cl close to 1:0.91. It was also observed that the mass of Cl emitted in the particulate phase 

was significantly higher than that emitted in the gas phase as HCl.  

The characterization of the bottom bed ashes and ashes deposited in inner surfaces along the 

combustion system, considering the chemical elements Ca, K, Mg, P, Na, Al, Mn and Cl, showed 

that the average concentration of chemical elements in the sampled ashes is (by decreasing order of 

abundance) Ca>K>Cl>Mg>P>Na>Al>Mn, regardless of the location of the sampling point. This 

knowledge is relevant to understand the potential negative effects that ashes can cause on combustion 

equipment, such as slagging and fouling, and upon the environment after emission to the atmosphere. 

Thus, this work demonstrates the potential of the co-combustion of RFB from eucalyptus with 

primary or secondary sludge in BFB. Except specific cases, it was not found a significant increase 

of NO, CO or HCl emissions with the addition of sludge to the fuel mixture. In fact, the addition of 

sludge typically promoted a decrease of HCl concentration in the exhaust gases, which can be related 

to Cl retention in Ca rich ashes. Nonetheless, for RFB from eucalyptus with low N content, the 

addition of sludge to the fuel mixture led to higher NO emissions. Furthermore, the high inorganic 

content present in the sludge can originate a significant increase in the amount of ash production. 

The accumulation of these ashes along time and along the combustion system (e.g. heat exchangers), 

can promote operational problems, such as the decrease of the process efficiency, increase of 

maintenance operation needs and equipment damage. This must be investigated in future works. 
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7 TECHNO-ECONOMIC ANALYSIS OF DIRECT BIOMASS GASIFICATION 

This Chapter is composed by Article XII, named “Biomass direct gasification for electricity 

generation and natural gas replacement in the lime kilns of the pulp and paper industry: A techno-

economic analysis”. This Article performs a comparative techno-economic analysis for the 

integration of biomass gasification in the PP industry for electricity generation and for the 

replacement of the natural gas used in the lime kilns and is currently submitted in the Energy Journal. 

In this Article, D.T. Pio had the role of co-author (see List of publications), which is in contrast with 

all the other Articles (Articles I to XI) present in this PhD thesis document, where D.T. Pio had the 

role of first author and was the main contributor (e.g., Methodology, Investigation, Validation, 

Formal analysis, Writing – Original Draft, Writing – Review & Editing, Visualization, Supervision). 

Accordingly, this Chapter presents a slightly distinct structure and organization in comparison with 

the other Chapters of this document. For example, specific methodology and nomenclature Sections 

are included in this Chapter. 

7.1 ARTICLE XII - BIOMASS DIRECT GASIFICATION FOR ELECTRICITY GENERATION 

AND NATURAL GAS REPLACEMENT IN THE LIME KILNS OF THE PULP AND PAPER 

INDUSTRY: A TECHNO-ECONOMIC ANALYSIS 

7.1.1 ABSTRACT 

This study aims to present a comparative techno-economic analysis of the integration of biomass 

gasification for the generation of PG for electricity generation and to replace natural gas in the lime 

kilns of the PP industry. Three possible configurations of the process were analyzed, including 

generation of electricity, generation of heat and co-generation of electricity and heat. The process 

chosen was the direct (air) gasification of RFB from eucalyptus, resulting from logging activities in 

the context of the PP industry, in BFBs. The analysis is based on review reports, evaluation of the 

existing literature on investment projects in biomass power plants and experimental investigation. 

An economic model was developed that combines the NPV, IRR and PBP. The main results of the 

energy analysis show that the net electricity generation (cases I and III) is greater than 70.00 

GWh/year, while the production of CaO by direct combustion of PG in the lime kiln (cases II and 

III) is 82.12 kt/year; a global efficiency between 21.70 and 34.17 % was achieved. The results predict 

the viability of the project due to a positive NPV of between 0.50 to 6.61 M€, an IRR between 8.99 

to 9.78 % and PBP of between 19.16 to 21.22 years. The sensitivity analysis yielded quite favorable 

investment projections given the low probability that the NPV will reach negative values. The NPV 

of the project is considerably more sensitive to the sale price of electricity and the efficiency of the 

gasification system for the scenarios with electricity generation, while for the scenario of thermal 

energy generation, the NPV is more sensitive to the price of natural gas and the purchase price of the 

RFB. 

Keywords: Techno-economic analysis; Gasification; Biomass; Bubbling fluidized bed; PP industry.  
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7.1.2 NOMENCLATURE 

A Last year with a negative cumulative NPV, years 

B Absolute value of cumulative NPV at the end of that year, € 

C Costs, € 

CFAT Cash flows after taxes, €  

CFBT Cash flow before taxes, €  

Cp Specific heat capacity, kJ/kg.K 

D Total annual cash flow during the year after, € 

DEP Depreciation, € 

�̇�  Energy flows, kW 

𝑬�̇�  Electricity power, kW 

h Enthalpy, kJ/kg  

I Initial investment, € 

IR  Inflation rate, % 

LHV Lower heating value, kJ/kg 

�̇�  Mass flow, m/s 

N Plant lifetime 

�̇�𝑮  Losses, kW 

r Discount rate, % 

t Time, years 

t Tons, t 

TXI Taxable Income, € 

TXR Tax Rate, % 

∆T Temperature variation, K 

η Efficiency, % 

Subscripts 

CC Combined cycle 

EG Exhaust gases 

el Electric 

EP Electricity produced 

LK Lime kiln 

Self-con Electrical self-consumption 

th Thermal 

Acronyms 

BFB Bubbling fluidized bed 

BIGCC Biomass-based integrated gasification combined cycle system 

GT Gas Turbine 

IRR  Internal rate of return 

NG Natural gas 

NPV Net present value 

OLGA Dutch Acronym for oil-based gas washer 

PBP Payback period 

PG Producer gas 

PP Pulp and paper 

RFB Residual forest biomass 

ST Steam Turbine 

WI Wobbe index 
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7.1.3 INTRODUCTION 

To achieve the EU goals of a climate-neutral economy by 2050 [508], an adjustment of the current 

economy to one based on renewable raw materials (bioeconomy) must occur [57,509,510]. For this 

purpose, current and new renewable and sustainable energy technologies must be developed and 

improved. These renewable solutions must be introduced into our existing production chain and must 

be conceived not as immediate solutions, but as long-term solutions, which must be employed as 

soon as possible and improved along time. Nonetheless, a complete transition of the current 

production system to a more sustainable one is a difficult challenge [511]; this will require 

technological development and significant scientific advancements, as well as innovative thinking 

and research approaches and proper support from governments and stakeholders. 

Lignocellulosic biomass is recognized as a key material for this transition to a bioeconomy [224,509], 

by being the main source of renewable carbon. The use of biomass for energy sectors offers benefits 

that other renewable sources of energy are unable to provide, such as adjustable energy production 

or the direct replacement of fossil fuels in the current carbon infrastructure. Gasification is a key 

technology for biomass to energy conversion because it provides flexibility, i.e., the generation of 

PG that can be used in distinct applications to obtain multiple bioproducts, including heat, electricity, 

biofuels and biochemicals [26]. Thus, biomass gasification technologies can reduce the reliance on 

fossil fuels in different scenarios and, consequently, represent a main role in the transition to a 

sustainable bioeconomy and in future biorefineries that will compete with conventional 

petrochemical refineries for the production of various value-added products [26,56,123,512]. 

The PP industry is one of the world largest consumers of biomass and producer of bioenergy and 

biomaterials and is highly suitable to transform into complete biorefineries due to decades long 

experience with biomass handling, process integration opportunities and existence of partly 

processed byproducts [61,64,151]. Replacing the natural gas and oil used in the manufacturing 

process of this industry (e.g., in the lime kilns and boilers) by PG from biomass gasification, is 

perhaps the most immediate step for the integration of gasification processes in the PP industry. This 

immediately leads to reduced fossil fuel dependence in the industry manufacturing process and has 

the potential to promote additional profits, reduced emissions, energy security and rural economic 

development [44]. Unfortunately, biomass gasification technologies often are not cost-competitive 

or reliable due to various technical and commercial barriers (e.g., tars present in the PG and 

associated necessary cleaning equipment costs [123]), leading to the lack of gasification plants 

construction and even the stoppage of operation of fully functioning plants [103]; this decreases 

confidence from the stakeholders. 

In this regard, techno-economic analysis is a tool of most relevance in supporting the deployment of 

the technology, by providing estimation of the performance, emissions and costs of the gasification 

plant before it is integrated in the PP industry [513]. Pettersson et al., [160] analyzed the integration 

of black liquor gasification in the PP industry for the production of electricity and DME and showed 

that this latter was the most profitable option. Naqvi et al., [164] showed significant potential 

production of SNG production by integrating black liquor gasification in small pulp mills without 

chemical recovery. Isaksson et al., [154,155,158] showed that the integration of wood wastes 

gasification in the PP industry was feasible and presented good potential for obtaining four distinct 

bioproducts, namely methanol, FT diesel, SNG and electricity by IGCC, with net annual profits for 

all biofuels production scenarios. Wetterlund et al., [159] showed that the integration of the 

gasification of wood wastes and purchased wood in the PP industry for the production of electricity 

by IGCC and DME was economically feasible, however, the authors stated that the economic results 

have a high degree of uncertainty due to the dependence on energy market parameters. Akbari et al., 

[153] showed that ammonia can be synthetized with competitive market prices from the PG of the 

gasification of distinct byproducts from the PP industry, namely black liquor, and mixtures of black 

liquor with different types of sludge from wastewater treatment. 
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Despite these promising studies, it was not found in the literature any comprehensive techno-

economic analysis of the replacement of natural gas by PG in industrial gas burners of the PP industry 

manufacturing process, which is the most immediate step towards the transformation of this industry 

into complete gasification-based biorefineries. To address this gap, this work performs a techno-

economic pre-feasibility analysis of the integration of biomass gasification for PG production to 

replace natural gas in the lime kiln of a PP industry, using the case study of a Portuguese medium 

scale Portuguese PP facility. Generation and co-generation of electricity were also considered as 

possible integrations. For this purpose, RFB from eucalyptus (Eucalyptus Globulus) in the context 

of the PP industry manufacturing process were considered as feedstock for direct (air) gasification 

in BFBs. The composition of the obtained PG was determined by experimental research in an 80 

kWth pilot-scale BFB. Investment analysis was performed by calculating the NPV, IRR and PBP. A 

sensitivity analysis was conducted to measure the risks associated to the variations of the biomass 

and natural gas costs and PG composition. The main technical and economic challenges and barriers 

associated to this integration were analyzed and highlighted. 

7.1.4 MATERIALS AND METHODS 

This study followed three steps:  

1. Energy analysis, based on process engineering principles and the first law of 

thermodynamics, to identify the mass and energy flows of each process involved in the 

processing and generation of energy from RFB. 

2. Economic analysis, using economic engineering principles, a spreadsheet-based model was 

formulated to identify cash flows, calculate costs and revenues throughout the life of the 

project and obtain the NPV, IRR and PBP. 

3. Sensitivity analysis based on the Monte Carlos method to allow the measure of the risks 

associated with the project, namely by analyzing the behaviour of the main economic 

indicators. 

For this purpose, three possible cases for the direct (air) gasification of RFB from eucalyptus in BFBs 

were analyzed. In Case I, it is analysed the generation of electricity from RFB in an IGCC. In Case 

II, it is analised the generation of PG by gasification for replacement of natural gas in the burners of 

the lime kiln to produce calcium oxide (CaO). In Case III, it is analised the integration of Case I with 

Case II (co-generation of electricity and heat). The detailed configuration of each Case and respective 

formulation for energetic analysis is made in Section 7.1.4.3. 

7.1.4.1 FEEDSTOCK CHARACTERIZATION 

The case study location in Aveiro region coincides with one of the areas with the highest availability 

of forest biomass in Portugal. In this region, the maximum availability of forest biomass is estimated 

to be over 83 kt/year [514,515], which ensures the biomass supply to the plant. Table 7.1 shows the 

characteristics of the eucalyptus RFB considered for this study.  
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Table 7.1 – Characteristics of the eucalyptus RFB considered as feedstock in this work. 

 Eucalyptus RFB 

Proximate analysis (%wt, wb)  
Moisture 11.8 

Volatile matter 71.0 

Fixed carbon 14.6 

Ash 2.6 

Ultimate analysis (%wt, db)  

Ash 2.87 

C 45.85 

H 6.13 

N 0.35 

S nd 

O (by difference) 44.8 

LHV (MJ/kg) (db) 17.6 
nd-not determined, below the detection limit of the method, 100 ppm wt. 

7.1.4.2 TECHNOLOGIES AND PG CHARACTERISTICS 

The technology chosen to be used in this analysis is the direct (air) gasification in BFBs. The data 

(Table 7.2) related to the gasification of eucalyptus RFB was obtained from experiments carried out 

in the DAO-UA 80 kWth BFB gasifier (Article IV, Section 4.1).  

Table 7.2 – Operating conditions of the gasifier and characteristics of the PG. 

Operating conditions  

Average bed temperature (°C) 785 

Ygas (Nm3
gas/kgbiomass db) 1.58 

ER [-] 0.25 

CGE (%) 52.7 

CCE (%) 80.0 

Characteristics of the PG  

CO2 [%,db] 15.4 

CH4 [%,db] 4.8 

CO [%,db] 18.0 

H2 [%,db] 6.4 

C2H4 [%,db] 2.0 

N2 [%,db] 53.4 

LHV (MJ/Nm3) 5.9 

Despite this experimental data, practical PG from biomass gasification processes also contain small 

amounts of distinct organics compounds (e.g., tars). [1–7]. Tars are a mixture of highly aromatic 

(e.g., benzene, toluene, naphthalene, phenol) organic condensable compounds formed during thermal 

or partial-oxidation regimes (gasification) of any organic material [114,124,516]. These compounds 

are responsible for causing several operating problems during the gasification process and 

downstream use of the PG, such as surface corrosion, blocking and fouling of engines, filter and pipe 

plugging and catalyst deactivation, leading to the general malfunction of equipment, breakdowns in 

operation and low efficiency. A more in-depth description and analysis of this subject can be found 

in Section 4.4 (Article VII). According to Ríos et al., [113], the tar content should be less than 

<100 mg/Nm3, particulate matter must not exceed 30 mg/Nm3, while the sulfur compounds must be 

<30 ppmv and nitrogen compounds (N2 not included) must be <50 ppmv, in order to use the PG in 

gas turbines. Accordingly, the PG must be subjected to a cleaning process in Cases I and III. 
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In this context, a wet cleaning system based on multi-stage scrubbers denominated by OLGA 

technology is proposed for the analysis made in this work. The technology uses vegetable oil as 

scrubbing agent and is capable of efficiently removing tar and particles from the gas at levels suitable 

for multiple end applications. To date, this process is considered as one of the most efficient PG 

cleaning processes [517,518]. OLGA technology is divided into two stages, as shown in Figure 7.1. 

In the first stage (collector), the gas is cooled by the wash oil, allowing the heavy tars to condense 

and separate from the gas stream. In the second stage (absorbent/stripper), the wash oil absorbs the 

lighter gaseous tars (phenol and aromatic with one to two rings). Subsequently in the stripper, the 

light tars are separated from the oil by the action of a hot air stream and are fed together with the air 

to the gasifier [519,520]. 

 

Figure 7.1 – OLGA syngas cleaning system [521]. 

7.1.4.3 CASES DEFINITION 

For the energetic analysis, some key technical parameters must be considered, such as the efficiency 

of biomass dryers, compressors, gas turbines and recovery boilers, and the self-consumption of 

electrical energy from the plant.  Table 7.3 shows the values considered for the Case studies. The 

Cases I, II and III respective formulation for energetic analysis are defined in the following Sections.  
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Table 7.3 – Predetermined data of the PP industry. 

Parameter Value 

ηDryer (%) [522] 60 

ηHRSG (%)[522] 80 

ηcomp. (%) [523] 85 

ηGT (%) [524] 35 

ηST (%)[523] 90 

Cpg (kJ/kg.K) [525] 1.25 

Hours of operation (h/year) 7884 
Self-consumption energy (%) 12 

7.1.4.3.1 Case I: Direct (air) gasification of eucalyptus RFB for electricity generation in CC 

In Case I, it is analyzed the direct (air) gasification of RFB for generation of electricity in a BIGCC 

system. The schematic representation of the set of integrated processes is shown in Figure 7.2. The 

eucalyptus RFB, after being dried, is gasified in an atmospheric BFB reactor, which uses air as the 

oxidizing agent. Impurities from the raw PG stream are removed by an OLGA-type cleaning system 

(Figure 7.1). The clean PG is used as fuel for the generation of electricity in the gas turbine (GT). 

The exhaust gases from the GT are recovered in heat recovery steam generators (HRSG) for the 

generation of steam that is later converted into electricity in the steam turbine (ST). Exhaust gases 

must leave the HRSG at temperatures above 150 °C to avoid acid condensation [526]. These gases, 

which are still at a high temperature, are used at the dryer to decrease RFB moisture content from 

40 %wt (as received at the plant) to an average moisture content of 10 %wt [527]. Decreasing the 

moisture content of RFBs to 10%wt is important to achieve efficiency levels above 50 % in the 

gasification system [4]. In this configuration, the system was designed with a processing capacity of 

approximately 17.1 t/h of eucalyptus RFB (40 %wt moisture), corresponding to a thermal power of 

approximately 50 MWth and electric power of 10.8 MWe. 

 

Figure 7.2 – Integrated schematics of Case I. 
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A theoretical model based on the principle of conservation of mass and energy (first law of 

thermodynamics) was developed to describe the BIGCC system (Figure 7.2), including the 

production of electricity and the energy efficiency of the process. The general equation for energy 

balance can be written as follows: 

�̇� + ∑ �̇�𝑖𝑛 × (ℎ𝑖𝑛 +
𝑉𝑖𝑛

2

2
+ 𝑔 × 𝑍𝑖𝑛) = �̇� + ∑ �̇�𝑜𝑢𝑡 × (ℎ𝑜𝑢𝑡 +

𝑉𝑜𝑢𝑡
2

2
+ 𝑔 × 𝑍𝑜𝑢𝑡) Equation 7.1 

To simplify the analysis, the system is considered in steady-state operation and the contribution of 

kinetic and potential energy is considered negligible in comparison to the other terms. So, the energy 

balance becomes: 

   �̇� + ∑ �̇�𝑖𝑛 × ℎ𝑖𝑛 = �̇� + ∑ �̇�𝑜𝑢𝑡 × ℎ𝑜𝑢𝑡  Equation 7.2 

The above energy balance is applied to the gasification system and to the CC system; for the biomass 

drying and OLGA processes it is used the global efficiency parameters described in Table 7.3. For 

the gasification system, the energy balance is described in Equations 7.3 to 7.8. The LHV of tar is 

calculated using Equation 7.9 and the data present in Table 7.4 [528–530]. The CGE was determined 

according to the methodology described in Section 1.4. 

   �̇�𝑅𝐹𝐵 + �̇�𝐴𝑖𝑟 × 𝐶𝑝 × ∆𝑇 = �̇�𝑃𝐺 + �̇�𝑇𝑎𝑟 +  �̇�𝑎𝑠ℎ + 𝑄𝐺  Equation 7.3 

    �̇�𝑅𝐹𝐵 = �̇�𝑅𝐹𝐵 × 𝐿𝐻𝑉𝑅𝐹𝐵    Equation 7.4 

    �̇�𝐴𝑖𝑟 = �̇�𝐴𝑖𝑟 × 𝐶𝑝 × ∆𝑇    Equation 7.5 

    �̇�𝑃𝐺 = �̇�𝑃𝐺(𝐶𝑝 × ∆𝑇 + 𝐿𝐻𝑉𝑃𝐺)   Equation 7.6 

    �̇�𝑇𝑎𝑟 = �̇�𝑇𝑎𝑟 × 𝐿𝐻𝑉𝑇𝑎𝑟    Equation 7.7 

    �̇�𝐴𝑠ℎ = �̇�𝑎𝑠ℎ × 𝐶𝑝 × ∆𝑇    Equation 7.8 

 𝐿𝐻𝑉𝑡𝑎𝑟 = 0.4879 × [𝐶5𝐻12] + 0.4202 × [𝐶6𝐻6] + 0.3245 × [𝐶6𝐻6𝑂] Equation 7.9 

Table 7.4 – Assumed concentration for the main compounds present in the tar in the raw PG, and its 

LHV [528–530]. 

Model tar 

compound 
Remarks 

LHV 

(MJ/kg) 

% wt of each 

compound in tar 

Naphthalene 

(C5H12) 

Represents the LPAHs tars or tertiary tars, at 900 °C, 

Naphthalene is the major single compound in the tars. 

These tars condense at low temperature even in very 

low concentration. 

48.79 45 

Phenol 

(C6H6O) 

Represents heterocyclic tars, highly water-soluble 

compounds. 
32.45 9 

Benzene 

(C6H6) 

It represents a stable aromatic structure, formed in 

high-temperature processes; It is a light hydrocarbon 

with a single ring; it does not pose a problem about 

condensability and solubility 

42.02 46 

The energy balance of the CC will conveniently be divided into two parts: first it is shown the GT 

(Brayton cycle) and then the ST (Rankine cycle). Although there is still no clear definition of how 

the efficiency of the GT is affected by the LHV of the PG, it is possible to make some general 

assumptions. GT are designed primarily for the combustion of NG, a fuel composed primarily of 

CH4, with a high LHV (near 40 MJ/Nm3) and a high Wobbe index (WI) between 48 and 53 MJ/Nm3 

[531]. On the other hand, the PG is a mixture of several combustible gases H2, CO2, CH4, with inert 

components such as CO2 and N2, the latter in high concentration, and show a low WI (5 to 

13 MJ/Nm3) [532]. Since the WI of the PG is smaller, a larger volume of fuel must enter the 

combustion chamber of the GT, to provide the same power as with NG. This results in a higher mass 
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flow of gas through the turbine section, increasing shaft power. This is the main impact of the use of 

PG in the gas turbines. According to Brooks [533], in most cases of operation with fuels of low LHV, 

it can be assumed that the output power and efficiency of the gas turbine will be equal to or greater 

than that obtained with NG. 

The combustion chamber of the GT is designed to burn fuel efficiently, reduce emissions and 

decrease the wall temperature. In recent years, GT manufacturers have developed flexible 

combustion chambers that can handle solid, liquid and gaseous fuels [534]. Amongst gaseous fuels, 

those derived from biomass gasification and with medium (12 to 20 MJ/Nm3) to low (3 to 7 MJ/Nm3) 

LHV, can also be burned [535], although an increase in the PG flow must be considered to maintain 

the same power as when NG is burned. The results obtained by Ghenai [534] and Park et al., [536] 

in studies about combustion of PG in the combustion chamber of GTs show that low LHV fuels can 

be burned efficiently, leading to reduced emissions of polluting gases and without significantly 

affecting the performance of the turbine. 

The general reaction for the complete combustion of PG with the theoretical amount of air required 

is given by Equation 7.10, with unknown coefficients a, b, c, d, and e, determined by applying the 

principle of conservation of mass to each element that constitutes the PG.. 

  𝐶𝑋𝐻𝑌𝑁𝑍 + 𝑎(𝑂2 + 3.76𝑁2) = 𝑏𝐶𝑂2 + 𝑐𝐻2𝑂 + 𝑑𝑂2 + 𝑒𝑁2 Equation 7.10 

The electrical efficiency of the GT is determined as the ratio between the electric power output and 

incoming fuel power, as given by Equation 7.11: 

    𝜂𝐺𝑇 =
𝐸�̇�𝐺𝑇

(�̇�𝑃𝐺−�̇�𝐺𝑆)
    Equation 7.11 

The HRSG is used to recover thermal power from the GTs exhaust gases to generate steam and to 

run the ST to generate electricity. The performance of HRSG and ST is determined according to 

Equations 7.12 to 7.15: 

    𝜂𝑆𝑇 =
𝐸�̇�𝑆𝑇

�̇�𝐸𝐺 .𝜂𝐻𝑅𝑆𝐺
     Equation 7.12 

    𝜂𝐻𝑅𝑆𝐺 =
�̇�𝑆𝑡𝑒𝑎𝑚

�̇�𝐸𝐺
     Equation 7.13 

   �̇�𝑆𝑡𝑒𝑎𝑚 = �̇�𝑆𝑡𝑒𝑎𝑚 × (ℎ𝑖𝑛𝑡 − ℎ𝑂𝑢𝑡)    Equation 7.14 

   �̇�𝐸𝐺 = �̇�𝐸𝐺 × 𝑐𝑝𝐸𝐺 × (𝑇𝑖𝑛𝑡 − 𝑇𝑂𝑢𝑡)    Equation 7.15 

The operating parameters of the plant designed in Case I (Figure 7.2) are shown in Table 7.5. The 

global efficiency is determined by Equation 7.16: 

   𝜂𝐺𝑙𝑜𝑏𝑎𝑙 =
𝐸�̇�𝐺𝑇+𝐸�̇�𝑆𝑇−𝐸�̇�𝑆𝑒𝑙𝑓−𝑐𝑜𝑛

�̇�𝑅𝐹𝐵
     Equation 7.16  
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Table 7.5 – Operating parameters for the plant designed in Case I. 

Description  m (kg/s) T (K) P (kPa) W (MW) 

1 4.7 298.2 101.3 50.0 

2 3.2 333.0 101.3 50.0 

3 3.7 298.2 101.3 0.3 

4 0.02 298.2 101.3 - 

5 6.6 1073.0 101.3 38.3 

6 0.3 298.2 101.3 4.5 

7 6.6 1073.0 101.3 38.3 

8 6.6 973.0 101.3 36.0 

9 6.0 298.0 101.3 28.0 

10 6.0 323.1 1519.5 28.2 

11 22.4 298.2 101.3 - 

12 22.4 323.1 1519.5 0.6 

13 28.4 927.0 1443.5 27.3 

14 - - - 9.8 

15 28.4 763.0 106.4 15.2 

16 28.4 373.2 101.3 2.7 

17 1.5 373.2 101.3 2.8 

18 28.4 373.2 101.3 2.3 

19 0.01 298.2 101.3 0.1 

20 2.8 298.0 101.3 - 

21 2.8 398.0 101.3 0.4 

22 0.01 298.0 101.3 0.5 

23 0.2 298.0 1001.3 0.7 

24 0.4 373.2 101.3 0.6 

25 3.0 530.0 6400.0 9.1 

26 - - - 2.5 

27 3.0 803.0 6400.0 9.1 

28 3.0 378.0 121.0 0.1 

29 0.01 530.0 6400.0 0.03 

30 3.0 378.0 121.0 0.1 

31 3.0 378.2 6400.0 0.1 

 

7.1.4.3.2 Case II: Direct (air) gasification of eucalyptus RFB for natural gas replacement 

in the lime kiln 

In Case II, it is analysed the use of PG as fuel for the lime kiln (calcination process) of a PP industry. 

The PG is generated by the eucalyptus RFB gasification, as shown in Figure 7.3. This system is made 

up of the following processes: dryer, BFB gasifier, and lime kiln. Considering that the PG can be 

burned directly in a lime kiln, the raw gas stream from the gasifier will be subjected to a minimal 

clean process to remove particulates through a cyclone-filter placed at the outlet of the gasifier. This 

system was designed with a processing capacity of approximately 2.7 t/h of eucalyptus RFB (40 %wt 

moisture) with thermal power of approximately 8 MWth and the capacity to produce 10.4 t/h of CaO. 
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Figure 7.3 – Integrated schematics of Case II. 

Lime production is an energy-intensive process, mainly due to the highly endothermic calcination 

reaction that requires a high energy consumption (∼1.78 MJ/kg CaCO3, at 1173 K [537,538]) to 

decompose the limestone into calcium oxide and carbon dioxide (Reaction 7.1). This high energy 

demand implies the emissions of large volumes of CO2 caused by high fuel consumption. 

   𝐶𝑎𝐶𝑂3 (𝑠) + ∆𝐻𝑅 → 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2 (𝑔)   Reaction 7.1 

According to Granados et al., [537], for rotary kilns fed with dry limestone, the energy consumption 

for the calcination process is between 6 to 8 MJ/kg of CaO produced, more than double when 

compared to the heat required for the reaction (3.04 MJ/kg of CaO). This shows that there is 

considerable scope to improve the efficiency of the process. In Equation 7.17 it is shown the energy 

balance of the lime kiln. 

 �̇�𝐶𝑎𝐶𝑂3
× ℎ𝐶𝑎𝐶𝑂3

+ �̇�𝑃𝐺 = �̇�𝐶𝑎𝑂 ×  ℎ𝐶𝑎𝑂 + �̇�𝐶𝑂2
× ℎ𝐶𝑂2

+ �̇�𝐸𝐺 Equation 7.17 

The operating parameters of the plant designed in Case II (Figure 7.3) are shown in Table 7.6. The 

global efficiency is determined by Equation 7.18, with the efficiency of the lime kiln (𝜂𝐿𝐾) estimated 

at 61.2 %, according to [539]. 

    𝜂𝐺𝑙𝑜𝑏𝑎𝑙 =
(�̇�𝑃𝐺 x 𝜂𝐿𝐾)

�̇�𝑅𝐹𝐵
     Equation 7.18 
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Table 7.6 – Operating parameters for the plant designed in Case II. 

Description  m (kg/s) T (K) P (kPa) W (MW) 

1 0.74 298.2 101.3 7.8 

2 0.50 333.0 101.3 7.8 

3 0.23 298.2 101.3 - 

4 0.01 298.2 101.3 - 

5 0.73 973.0 101.3 4.4 

6 0.01 298.2 101.3 - 

7 0.001 298.2 101.3 - 

8 0.73 973.0 101.3 4.4 

9 2.51 398.2 101.3 0.4 

10 2.51 398.2 101.3 0.4 

11 3.24 573.0 101.3 1.1 

12 3.24 448.2 101.3 0.8 

13 0.24 373.2 101.3 0.5 

14 3.24 373.2 101.3 0.3 

15 5.12 298.2 101.3 - 

16 2.89 298.2 101.3 - 

17 2.23 298.2 101.3 - 

7.1.4.3.3 Case III: Direct (air) gasification of eucalyptus RFB for electricity generation in 

CC and natural gas replacement in the lime kiln 

In Case III, it is analyzed the direct (air) gasification of eucalyptus RFB for the generation of PG to 

be used in a CC for electricity generation and as fuel to replace the natural gas in the burner of a lime 

kiln for production of CaO (Figure 7.4). This configuration integrates in a single plant the system 

described in Cases I and II. For this purpose, the system is made up of the following elements: dryer, 

BFB gasifier, OLGA, GT, HRSG, ST and lime kiln. The eucalyptus RFB, after undergoing a drying 

process, is gasified in a direct (air) atmospheric BFB reactor. The raw PG stream from the gasification 

reactor passes through a high temperature cyclone filter to remove the particulate material, and then, 

a fraction of the PG is burned directly in the lime kiln and the other fraction is subjected to deeper 

cleaning in the OLGA system, in order to be used as fuel in the GT. The organic stream resulting 

from the OLGA process is fed to the burner of the lime kiln, together with the PG. The thermal power 

from the GTs exhaust gases is recovered in an HRSG for steam generation which is then fed to the 

ST for electricity production. For the drying of the biomass, it is used the residual thermal energy of 

the exhaust gases of the HRSG, together with the exhaust gases from the lime kiln. In this 

configuration, the system was designed with a processing capacity of approximately 17.1 t/h of 

eucalyptus RFB (40 %wt moisture), with thermal power of approximatelly 50 MWth and electric 

power of 8.9 MWe, allowing the generation of 10.4 t/h CaO. 
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Figure 7.4 – Integrated schematics of Case III (combination of Cases I and II). 

The operating parameters of the plant designed in Case III (Figure 7.4) are shown in Table 7.7 and 

the global efficiency is determined by Equation 7.19. 

   𝜂𝐺𝑙𝑜𝑏𝑎𝑙 =
𝐸�̇�𝐺𝑇+𝐸�̇�𝑆𝑇+(𝐸̇

𝑃𝐺 x 𝜂𝐿𝐾)−𝐸�̇�𝑆𝑒𝑙𝑓−𝑐𝑜𝑛

�̇�𝑅𝐹𝐵
  Equation 7.19  
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Table 7.7 – Operating parameters for the plant designed in Case III. 

Description  m (kg/s) T (K) P (kPa) W (MW) 

1 4.7 298.2 101.3 50.0 

2 3.2 333.0 101.3 50.0 

3 3.2 298.2 101.3 0.3 

4 0.0 298.2 101.3 - 

5 5.1 1073.0 101.3 29.6 

6 0.3 298.2 101.3 4.5 

7 5.1 1073.0 101.3 29.6 

8 5.1 973.0 101.3 27.8 

9 5.1 298.0 101.3 23.6 

10 5.1 323.1 1519.5 23.8 

11 23.1 298.2 101.3 - 

12 23.1 323.1 1519.5 0.6 

13 28.1 927.0 1443.5 24.3 

14 - - - 8.5 

15 28.1 763.0 106.4 15.0 

16 32.3 373.2 101.3 3.0 

17 1.5 373.2 101.3 2.8 

18 32.3 373.2 101.3 2.7 

19 0.01 298.2 101.3 0.1 

20 2.9 298.0 101.3 - 

21 2.9 398.0 101.3 0.4 

22 0.01 298.0 101.3 0.5 

23 0.3 298.0 1001.3 0.8 

24 0.4 373.2 101.3 0.6 

25 1.9 530.0 6400.0 6.0 

26 - - - 1.6 

27 1.9 803.0 6400.0 6.0 

28 2.9 378.0 121.0 0.1 

29 1.0 530.0 6400.0 3.1 

30 2.9 378.0 121.0 0.1 

31 1.9 378.2 6400.0 0.0 

32 0.9 298.0 101.3 4.4 

33 3.2 298.2 101.3 - 

34 3.2 398.2 101.3 0.5 

35 4.2 573.0 101.3 1.0 

36 4.2 448.2 101.3 1.3 

37 5.1 298.2 101.3 - 

38 2.9 298.2 101.3 - 

39 2.2 298.2 101.3 - 

7.1.4.4 METHODOLOGY FOR THE ECONOMIC AND SENSITIVITY ANALYSIS 

The general approach to an economic analysis is to compare the costs of the project with the expected 

income during its useful life. Basically, this analysis includes the evaluation of the performance of 

the system designed in terms of its efficiency, capital cost, operation and maintenance cost, energy 

generation cost, periods of recovery of the investment, acceptance of the technology and the 

profitability of the whole system. Such research depends on many parameters, such as the availability 

and cost of biomass at the gasification site, the capacity for energy production, the quality of the 

energy produced, the efficiency of the process, the optimization of the system and the applications 

of the energy produced [91,540]. Table 7.8 presents the financial data and details the annually 

considered cost factors to model the economic feasibility of the plant considered for each of the 

developed Cases (I, II and III). 
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Table 7.8 – Initial input financial data and cost factors considered to model the plant configurations 

preconized in the developed Cases (I, II and III). 

Item Value Comments Reference 

IGasifier (€/kWth)  800 
Costs related to the acquisition of the dryer and the 

BFB gasifier system. 
[541,542] 

IOLGA (€/Nm3) 100 
Costs related to the acquisition of the OLGA 

system. 
[520] 

ICC (€/kWe) 
700 

 

Costs related to the acquisition of the GT, the 

HRSG and the ST. 
[104] 

CElectricity (€/kWh) 0.13 Electricity sales price practiced in Portugal. [543] 

CO&M (%) 3.2 

Operation and maintenance (O&M) costs refer to 

3.2% of the total investment, applied accordingly to 

both systems. Includes salaries, electricity, water, 

ash removal and equipment maintenance costs. 

[271] 

r (%) 1.4 Interest rates on credit operations [544] 

CRFB (€/t)  35 
RFB acquisition costs for Portugal include 

transportation and splintering. 
[377] 

𝑪𝑵𝑮𝑪𝒐𝒏𝒔.
(€/Nm3) 0.25 

Value paid per cubic meter (standard pressure and 

temperature) of natural gas consumed 
[545] 

CO2 (€/tCO2) 24.8 Economic value for CO2 emission rights. [546] 

(i)2020 (%)  8.5 
Average discount rate considered per year. Applied 

to both systems. 
[547] 

IR (%) 1.6 Inflation rate; Harmonised inflation Portugal 2020. [548] 

Project lifetime (years) 25 Plant lifetime [549] 

Economic analysis methods are based on the costs and benefits of investments. In the literature, it is 

possible to find several methods of economic analysis that allow identifying with great precision the 

potential costs and benefits of a specific investment. Total present value is one of the most used 

economic methods to assess the economic viability of a project. This method is the combination of 

three economic indicators, namely the NPV, the IRR and the PBP, each of these indicators have their 

strengths and limitations. To calculate the economic indicators, an analysis of the cash flows is 

performed. First, the costs and income of cash flow before taxes (CFBT) incurred in: 

I. An initial investment period related to the design and construction phase of the plant. 

II. Amortizations of the debt contracted with the acquisition of the project. 

III. Investments in fixed assets and working capital, which will be deducted from amortizations to 

recover the investments. 

IV. Costs related to operation and maintenance (O&M), employees and structure. 

V. Financial income from capital investments. 

VI. Income is obtained from the sale of electricity to the network, from the values saved in the 

purchase of natural gas and the payment of CO2 emission rights. 

Then, the CFBT is calculated by balancing revenues and expenses while further applying the discount 

rate, as shown in Equation 7.20 [550]: 

   𝐶𝐹𝐵𝑇 = (∑ 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠 − ∑ 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠)/(1 + 𝑖)𝑡 Equation 7.20 

The cash flow after taxes (CFAT) is one of the most useful liquidity measures to assess the financial 

health of a project or company since it considers the effect of the tax burdens on the obtained profits. 

It also allows the determination of the economic viability of the future investments while measuring 

the profitability growth of an investment. In this work, the CFAT was determined by Equation 7.21, 

which relates CFBT minus taxation [551]. 

    𝐶𝐹𝐴𝑇 = 𝐶𝐹𝐵𝑇 − 𝑇𝑎𝑥     Equation 7.21 

    𝑇𝑎𝑥 = 𝑇𝑋𝐼 × 𝑇𝑋𝑅     Equation 7.22 

    𝑇𝑋𝐼 = 𝐶𝐹𝐵𝑇 − (𝐷𝐸𝑃 × 𝐼𝑛𝑣)    Equation 7.23 
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In Equations 7.22 and 7.23, TXI represent the Taxable Income, TXR the Tax Rate, Inv the initial 

investment, and DEP is the Depreciation, which is the amount that tax authorities allow to deduct 

from taxes. The depreciation of assets in Portugal follows the regulatory decree 25/2009 from the 

Ministry of Finance and Public Administration, which considers a depreciation rate of 8.3% for 

power generation companies [552]. Before and after-tax cash-flows for cost and revenue calculations 

over the life of the project are applied to an economic model based on a spreadsheet developed to 

calculate these economic indicators. 

The NPV is an economic indicator that allows the evaluation of the profitability of a project by 

considering all the inflows and outflows of cash throughout its useful life. A positive NPV indicates 

that the project is profitable, while a negative NPV indicates losses. Thus, the NPV refers to the 

current values of all costs and revenues associated with the system and in this work it is calculated 

by Equation 7.24 [549], with the plant lifetime estimated for 25 years (N). 

    𝑁𝑃𝑉(𝑖, 𝑁) = ∑
CFBT

(1+𝑖)𝑡
𝑁
𝑡=0     Equation 7.24 

The period t=0 is the initial investment stage of the project, and corresponds to the investment costs 

associated to the purchase and installation of the equipment. 

The IRR is the interest or return rate offered by an investment. The higher the IRR, the greater the 

profitability of the project will be. Also, the IRR is the discount rate that makes the NPV of all cash 

flows equal to zero, determining the minimum rate of return for the project to be viable. If the IRR 

is higher than the discount rate (𝑖), then the project is feasible [377]. In this work, the IRR is 

calculated by Equation 7.25. 

   𝑁𝑃𝑉(𝐼𝑅𝑅, 𝑁) = ∑
CFBT

(1+𝐼𝑅𝑅)𝑡
𝑁
𝑡=0 = 0   Equation 7.25 

The PBP is the payback period i.e., the time needed to earn back the initial capital investments. The 

shorter the PBP, the stronger the financial viability of the project. In this analysis, PBP is calculated 

by finding the year in which the cumulative NPV cash flow becomes positive[549]. For this purpose, 

it was used the Equation 7.26, where A is the last year with a negative cumulative NPV, B is the 

absolute value of cumulative NPV at the end of that year, and C is the total annual cash flow during 

the year after. 

    𝑃𝐵𝑃 = 𝐴 +
𝐵

𝐶
      Equation 7.26 

The methodology used for the economic analysis of Cases I, II and III considers various assumptions 

related to the sector of biomass conversion into useful energy, so it is important to perform a 

sensitivity analysis. The analysis was performed to measure the influence of different techno-

economic variables and assumptions on the results of the economic analysis of the distinct designed 

plants. This approach allows changes in the results of the economic analysis, indicating the 

importance of specific risk parameters when evaluating their influence on system performance. It is 

worth noting that some of these input variables comprise a greater range of uncertainty than others. 

In this sensitivity analysis, it was chosen a set of techno-economic variables assumed to be those 

with higher influence on the performance of the plant, namely: 

I. Efficiency of the gasification system, because it influences the amount of biomass consumed, 

the characteristics of the PG and the global efficiency of the plant. 

II. Initial investment, given the large initial amount of capital outflow from which the project needs 

to recover. 

III. Cost of the RFB, considering that it constitutes the main raw feedstock of the plant, on which 

the production is sustained. 

IV. Discount rate, because it influences the present value of future costs and benefits. 

V. Sale price of electricity (for Cases I and III) and purchase price of natural gas (for Cases II and 

III), due to its importance for expected energy revenues and long-term uncertainty from market 

fluctuations and policies. 
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The sensitivity analysis was evaluated by the Monte Carlo method implemented in the MATLAB 

program version 2019b. The model was programmed for a total of 10000 iterations following a 

triangular distribution considering a lower limit (unfavorable value), a most likely value (baseline 

value) and the upper limit (favorable value). This type of distribution is often applied to sensitivity 

analysis due to its relative mathematical simplicity while generating enough random samples to 

identify the most sensitive parameters [553]. For each iteration, the input variables move based on 

the defined range of sensitivity limits (± 10 % over the reference value of the selected input 

variables), while the other variables within the model were maintained constant during this analysis. 

This uncertainty in the variables of selected inputs has an impact on the results of the financial 

indicators (NPV, IRR and PBP) selected as the corresponding products in the risk model. 

7.1.5 RESULTS AND DISCUSSION 

7.1.5.1 ENERGY ANALYSIS RESULTS 

The results of the mass and energy analysis of the integration of biomass gasification in the PP 

industry following the system configuration of Cases I, II and III (Table 7.5, Table 7.6 and Table 

7.7) allows the analysis of the energy performance of each component of the plant for each 

configuration. Eucalyptus RFB consumption, total electricity generated, CaO production and the 

global efficiency of electricity generation and CaO production for the three configurations studied 

with the implementation of biomass direct gasification in BFB, are presented in Table 7.9. In Case I, 

an electrical power of 10.9 MWe is achieved, with a eucalyptus RFB consumption of 17.1 t/h, and 

global system efficiency of 21.7 %. In Case II, a production of 10.4 t/h of CaO is achieved, with an 

eucalyptus RFB consumption of 3.6 t/h and global system efficiency of 34.2 %. In Case III, an 

electric power of 8.9 MWe is achieved, producing 10.3 t/h of CaO, with an eucalyptus RFB 

consumption of 17.1 t/h and global system efficiency of 25.0 %. 

Table 7.9 – Eucalyptus RFB consumption, total electricity generated, CaO production and the global 

efficiency of electricity generation for the three configurations studied. 

Configuration EE [MWh] CaO [t/h) �̇�𝐑𝐁𝐅 [t/h] ηGlobal [%] 

Case I 10.85 - 17.05 21.70 

Case II - 10.42 3.60 34.17 

Case III 8.92 10.42 17.05 24.94 

Figure 7.5 shows the Sankey diagram of the energy flows of each configuration analyzed. To simplify 

the analysis of the Sankey diagram, only the main energy flows are considered: i) in Case I, it is 

shown the energy flows for the biomass gasification system and for the CC power generation system, 

ii) for Case II, it is shown the energy flows for the biomass gasification system and for the production 

of CaO by combustion of the PG in the lime kiln, and iii) for the Case III, it is shown the energy 

flows for the biomass gasification system, for the CC power generation system and for the CaO 

production by combustion of the PG in the lime-kiln. 
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Figure 7.5 – Sankey diagram for the main energy flows in the system configurations studied: a) Case 

I, b) Case II and c) Case III. 

The energy contained in the eucalyptus RFB is converted into thermal and chemical energy in the 

PG during the gasification process. Thermal energy and solids discharged (ash, unconverted char) 

become the main sources of energy loss during the gasification process, representing 44.0 % of total 

losses for all configurations. In Case I, the PG is used as fuel in the CC for electricity generation, and 

the energy losses in this process reach 34.30 %, and are mainly due to the loss of thermal energy in 

the exhaust gases and to inefficiencies in the CC; the global efficiency of the system configuration 

in Case I is 21.70 %. In Case II, the PG is used as fuel in the burner of the lime kiln for the production 

of CaO, and the energy losses in this stage reach 21.80 %. According to Watkinson & Brimacombe  

[538], these losses are mainly associated with the thermal energy in the exhaust gases and the 

inefficiency in the limestone calcination process; the system achieves a global efficiency of 34.20 %. 

In Case III, 78.90 % of the PG is used as fuel for the generation of electricity in the CC, and the 

energy losses in this process are 26.40 %, and 21.10 % of PG is burned in the lime kiln to produce 

CaO, with energy losses of 4.60 %; the global efficiency for this system is 23.13 %. 

7.1.5.2 ECONOMIC ANALYSIS RESULTS 

Figure 7.6 shows the cash-flow calculated after taxes and the total annual inflows and outflows for 

the system configurations of Case I, II and III. During the investment period (year 0), the initial 

disbursement for Case I is around 49.4 M€, for Case II is 6.3 M€ and for Case III is 47.62 M€. It is 

considered that 30 % of the initial investment comes from own capital and 70 % from borrowed 

capital [554]. The capital is lent with an interest rate of 1.6 % [544] and the debt must be amortized 

in 12 years.  
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Figure 7.6 – Cash-flows through the useful lifetime of the plant for (a) Case I, (b) Case II and (c) 

Case III. 
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In all the cases analyzed, the useful life of the plant was considered 25 years [549]. For year 1, the 

projects after-tax cash-flow will increase to positive as it reaches the operating phase. For the Case 

I, the inputs come from electricity sales revenues and the outputs come from the first period of debt 

amortization and expenses with O&M, employees, structure and purchase of the eucalyptus RFB. It 

is assumed that, from the first year, the plant will generate approximately 85.52 GWh/year for the 

rest of the useful lifetime of the project, achieving an average income of more than 12.0 M€/year. 

For the Case II, the inputs come from the costs avoided in the purchase of NG, which is replaced 

with PG for the production of CaO, and from the costs avoided by saving CO2 certificates. The 

outputs are derived from the amortization of the debt and the expenses with O&M, employees, 

structure and purchase of the eucalyptus RFB. It is assumed that, from the first year, the plant will 

save approximately 4.3×106 Nm3/year of NG during the rest of the useful lifetime of the project, 

which translates into an average income of over 1.8 M€/year. For Case III, the inputs come from 

electricity sales, from the costs avoided in the purchase of NG, which is replaced with PG for the 

production of CaO, and from costs avoided by saving CO2 certificates. The outputs derive from the 

amortization of the debt and expenses with O&M, employees, structure and the purchase of the 

eucalyptus RFB. It is assumed that, from the first year, the plant will generate approximately 63.37 

GWh/year and save approximately 4.3×106 Nm3/year of NG during the rest of the useful lifetime of 

the project, achieving an average income of over 12 M€/year. 

For the three cases analyzed, the projects cash-flows tend to increase steadily as the income exceeds 

the expenses, which is derived from these inflows and outflows growing at the inflation rates imposed 

throughout the useful lifetime of the plant. Revenue shows a fairly positive incremental cash flow 

for all the cases analyzed over the years, emphasizing the relevance of the benefits of the electricity 

sale price for the Cases I and III, in terms of the viability of the project. In the year 12 of the project, 

a sudden increase in cash flow is observed, which is caused by the completion of the payment of the 

debt contracted with the acquisition of the main equipment and the construction of the plant.  

According to the results of the financial analysis for the Case I, the plant will be debt-free at the end 

of year 16.0 of operation, in Case II it is estimated that the investment will recover from year 19.0, 

and for Case III, after year 18.2. For all the cases analyzed, in addition to the initial investment that 

is only reflected during the investment period, the annual costs with the acquisition of the eucalyptus 

RFB, constitute the largest cash outflow during the useful lifetime of the project; these expenses 

represent approximately 65 to 85% of the total annual expenses. The annual expenses in O&M, 

responsible for keeping the plant operational, are also high and rank as the second most important 

expenses, representing approximately between 7 to 20 % of total annual expenses; this results from 

the high initial investment because the O&M is calculated as a percentage of the initial investment 

(Table 7.8). Finally, the debt amortization expenses, account between 10 to 16 % of total annual 

expenses, and its weight is reflected in the first 12 years of the project. 

After obtaining the cash-flows, it was analyzed the behavior of the economic indicators NPV, IRR 

and PBP, to determine if the project is economically acceptable. Figure 7.7 shows the results of the 

economic analysis considering these three indicators for each case in study. For all the cases 

analyzed, the NPV profile is evaluated for various discount rates (0 to 25 %), which allows the 

determination of whether the project is accepted or rejected. Based on this approach, the project is 

accepted if the NPV is greater than zero and rejected if it is less than zero. In this study, for all the 

analyzed cases, as the discount rate increases, the value of the NPV decreases, which shows that the 

comportment of the NPV is inversely proportional to the discount rate. Applying an after-tax discount 

rate of 8.5 % [547], the NPV of the project for Case I, is 6.61 M€ (Figure 7.7 (a)), 0.50 M€ for Case 

II (Figure 7.7 (b)) and 5.81 M€ for Case III (Figure 7.7 (c)). The IRR is given by the time the NPV 

equals zero, and the IRR is 8.99 % for Case I, 9.36 % for Case II and 9.78 % for Case III. Note that 

the IRR is calculated concerning the results of the cash-flows after-tax, as given by Equation 7.25. 

Finally, the payback period (PBP), which is the year in which the accumulated cash-flow turns 

positive, is equal to 19.52 years for Case I, 21.22 years for Case II and 19.16 years for Case III. 
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Figure 7.7 – Financial indicators (NPV, IRR and PBP) throughout the useful lifetime of the plant, 

for (a) Case I, (b) Case II and (c) Case III. 
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According to the results of the economic indicators, the projects (Case I, II and III) show a positive 

NPV, an IRR greater than the discount rate and a PBP less than the useful lifetime of the plants, 

turning them to a viable investment from the economic point of view. However, according to the 

World Bank Group's considerations for international financial cooperation [549], typical benchmarks 

for key financial parameters in biomass projects point out that the NPV must be positive, the IRR 

must be greater than 10 % and the PBP less than 10 years. Based on these criteria, neither of the three 

configurations considered (Cases I, II and III) are attractive to investors because the IRR is less than 

10 % and the PBP exceeds 10 years. In particular, the PBP is between 19.16 to 21.22 years, which is 

approximately 80 % higher than recommended by the World Bank [549]. It is evident that the longer 

the PBP, the less desirable the project is to investors. It is also clear that these criteria vary according 

to the specific conditions of each country and according to the economic evaluation methodology 

used. Table 7.10 shows a summary of the main results for the three cases analyzed. 

Table 7.10 – Summary of the results of the economic evaluation. 

Items Case I  Case II Case III 

Gasifier system cost (M€) 40.00 6.28 40.00 

Cleaning system cost (M€) 1.84 - 1.55 

Combined Cycle cost (M€) 7.59 - 6.22 

Total capital cost (M€) 49.43 6.28 47.62 

Electricity cost (k€/kW) 4.51 - 4.68 

Limestone cost (k€/tCaO) - 0.01 0.01 

NPV (k€) 6.61 0.50 5.81 

IRR (%) 8.99 9.36 9.78 

PBP (Years) 19.52 21.22 19.16 

7.1.5.3 SENSITIVITY ANALYSIS RESULTS 

Figure 7.8 shows the NPV risk forecast histograms as a function of the probability density and the 

cumulative probability for the three cases analyzed, following the methodology presented in Section 

7.1.4.4. The average distribution values, given by the vertical line "Mean" in the NPV probability 

distribution figures, are very close to the average values previously calculated in the economic 

analysis, demonstrating the validity of the simulation. The standard deviation (referred as “St. dev.” 

in Figure 7.8) indicates how dispersed the data is from the mean; the widest standard deviation value 

is observed for Case II, namely St. dev.=0.70 M€ and mean of 0.45 M€ (Figure 7.8 (b)), followed by 

Case I with St. dev.=7.29 M€ and a mean of 6.35 M€, (Figure 7.8 (b)), and the lowest value in Case 

III with St. dev.=5.00 M€ and a mean of 5.08 M€ (Figure 7.8 (c)). These results show that a higher 

probability of loss of investment is more likely to occur in Case II, followed by Case I, and then Case 

III. In describing the NPV projection, the probability of reaching a negative NPV is given by the 

probability density area to the left of NPV=0 in the X-axis of Figure 7.8. This area for Case I is 

around 19.52 %, while for Case II it is 26.55 %, and in Case III it is 15.75 %. On the other hand, the 

probability of this investment exceeding an NPV of 12 M€, for Cases I and III, it is approximately 

21.93 % and 8.69 %, respectively. For Case II, the probability of this investment exceeding the NPV 

of 1 M€ is approximately 21.98 %. In general, the probability distribution for the NPV presents a 

positive prognosis, with a probability of total gain of approximately 80.48 % for the Case I, 73.45 % 

for Case II and 84.25 % for Case III. 
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Figure 7.8 – Probability distribution for NPV for (a) Case I, (b) Case II and (c) Case III. 
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It was also made an analysis to the IRR and PBP risk forecast histograms as a function of the 

probability density and the cumulative probability for the three cases analyzed, following the 

methodology presented in Section 7.1.4.4. The results for the mean and standard deviation values 

relative to the parameters IRR and PBP are summarized in Table 7.11. The standard deviation of the 

IRR is between 0.01 % to 0.02 %, while the standard deviation of the PBP varies from 4.14% to 

5.39 %. These results indicate that all the expected values tend to be close to the mean, which means 

that the investment presents a low flaw risk. 

Table 7.11 – Parameters of the probability distributions for IRR and PBP, considering Cases I, II and 

III. 

 IRR PBP  
Mean (%) St. dev (%) Mean (Years) St. dev. (Years) 

Case I 8.98 0.02 19.58 5.39 

Case II 9.49 0.02 20.55 4.75 

Case III 9.78 0.01 19.93 4.14 

These results show that the NPV has higher standard deviation values than the IRR and PBP, meaning 

that the NPV is the financial indicator for which the uncertainty can represent the highest risk for the 

investment. Therefore, the following discussion is focused on how the uncertainty of each of the 

input variables considered will influence the NPV for each analyzed case. 

Figure 7.9 shows the impact of each input variable on the NPV and its sensitivity range. For Cases I 

and III, the profitability of the project (as reflected by the uncertainty in NPV) is more sensitive to 

the electricity sale price, followed by the gasification system efficiency and the eucalyptus RFB 

costs. For Case I, the less striking variables are the initial investment followed by the discount rate, 

while for Case III, it is the discount rate followed by the initial investment. For Case II, the NPV is 

more sensitive to the price of natural gas, followed by the eucalyptus RFB cost, initial investment, 

discount rate, and the gasification system efficiency. 

For Case I, the electricity sale price and the efficiency of the gasification system show a considerable 

impact on the NPV, compared to the other input variables. In fact, these two variables can greatly 

compromise the economic viability of the project, including the attainment of a negative NPV in an 

unfavorable and stressful scenario, namely up to −1.30 M€ and −1.02 M€, respectively. On the other 

hand, the NPV of the project can also increase considerably in result of more favorable scenarios for 

the electricity sale price and gasification system efficiency, namely up to a maximum of 14.24 M€ 

and 14.38 M€, respectively (mean value = 6.35 M€).  

For Case II, the purchase price of natural gas (which translates into avoided costs) and the purchase 

price of the eucalyptus RFB can compromise the NPV in an unfavorable and stressful scenario, 

namely up to −0.47 M€ and −0.17 M€, respectively. On the other hand, in more favorable scenarios 

of natural gas and RFB prices, the NPV of the project can also be benefited up to a maximum of 1.36 

M€ and 1.12 M€, respectively (mean value = 0.45 M€).  

For Case III, the electricity sale price is the variable with higher influence on the economic viability 

of the project, allowing a negative NPV in an unfavorable and stressful scenario of up to −1.23 M€. 

On the other hand, in more favorable scenarios for electricity sales prices the NPV can also increase 

up to 11.43 M€ (mean value = 5.08 M€). 
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Figure 7.9 – Impact of changes in selected input variables on the NPV for (a) Case I, (b) Case II and 

(c) Case III. 
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7.1.6 CONCLUSIONS 

This work presented a techno-economic analysis of three possible configurations for the energetic 

integration of eucalyptus RFB gasification in the PP industry. In Case I, it was analyzed the 

generation of electricity from RFB in a BIGCC. In Case II, it was analyzed the production of CaO 

from the combustion of PG in the lime kiln, consequently replacing natural gas. In Case III, it was 

analyzed the integration of Case I with Case II, namely a BIGCC system for electricity generation 

integrated with combustion of PG (replacing the NG) in the lime kiln for CaO production. All the 

data related to the gasification of the eucalyptus RFB was obtained from experiments carried out in 

the DAO-UA 80 kWth pilot-scale BFB gasifier (see Section 4.1). 

For Case I, a net electricity generation of 85.46 GWh/year is achieved, with an RFB consumption of 

134.39 kt/year and a global system efficiency of 21.70 %. In Case II, it is produced 82.12 kt/year of 

CaO in the lime kiln using PG as fuel, corresponding to an eucalyptus RFB consumption of 21.10 

kt/year and a global system efficiency of 34.17 %. In Case III, a combined electricity generation of 

70.34 GWh/year and a production of 82.12 kt/year of CaO in the lime kiln is achieved, with an RFB 

consumption of 134.38 kt/h and global system efficiency of 25.0 %.  

For all the analyzed configurations (Case I, II and III), the financial indicators (NPV, IRR and PBP) 

of the economic model presented positive perspectives. For Case I, the financial results showed a 

NPV equal to 6.61 M€, an IRR of 8.99 % and a PBP of 19.52 years. For Case II, the NPV is 0.50 

M€, the IRR is 9.36 % and the PBP is 21.22 years. For Case III, the NPV is 5.81 M€, the IRR is 9.76 

% and the PBP is 19.16 years. In general, the results of the economic analysis show a positive NPV, 

an IRR greater than the discount rate (8.5 %) and a PBP less than the useful life of the plant, which 

makes this project a viable investment the for the three cases analyzed, from an economic point of 

view.  

The sensitivity analysis shows that the risk assessment yielded quite favorable investment projections 

with a probability that the NPV will reach positive values of 80.48 % for Case I, 73.45 % for Case II 

and 84.25 % for Case III. Compared to the NPV, the IRR and the PBP had lower standard deviation 

values, between 0.01 % to 0.02 % and 4.14 % to 5.39 %, respectively; this means that a lower 

investment risk is associated to these two financial indicators. The NPV is considerably more 

sensitive to the electricity sale price and the gasification system efficiency for Cases I and III, 

whereas for Case II, the NPV is more sensitive to the price of the NG and the purchase price of the 

eucalyptus RFB. 

Finally, despite the economic viability of the three considered Cases, it must be analyzed how 

attractive the projects are to potential investors. If it is taken into account the recommendations of 

the World Bank [549], the calculated IRR is less than the minimum of 10 % recommended and the 

PBP exceeds the maximum 10 years recommended. In particular, the PBP for all analyzed Cases is 

close to 20 years, which represents a long period to recover the total investment. Another aspect to 

consider is that gasification technologies are not fully mature, nor highly available on a commercial 

scale. Nonetheless, as previously stated in this PhD document, biomass gasification technologies can 

have a main role in terms of the future transition to a bioeconomy and be the basis of future 

biorefineries that will compete with current conventional petrochemical refineries for the production 

of various commodities (see Chapter 2); this must be accounted for during the decision-making 

process. The role of governmental policies and appropriate economic instruments will also be of 

major relevance in this context. 
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8 DISCUSSION 

This work sought the production of new scientific knowledge for the development of direct (air) 

biomass gasification process in BFBs to produce a gaseous fuel with suitable properties to replace 

natural gas in industrial gas burners. Accordingly, various solutions were analyzed to improve the 

raw PG quality (e.g., H2 concentration, LHV) and the process performance indicators (e.g., Ygas, CGE 

and CCE).  

In this regard, it was demonstrated the feasibility of direct gasification of biomass in BFBs to produce 

a combustible gas that can replace fossil fuels in various applications. The addition of superheated 

steam as primary measure showed promising results by allowing the increase of H2 concentration 

and H2/CO molar ratio in the PG, without compromising the stability of the process. However, this 

measure mainly showed potential for the gasification of high-density biomass due to the necessity of 

char accumulation in the reactor bottom bed for the occurrence of char-steam reforming reactions. 

Addition of RDF to the biomass feedstock also led to enhanced gasification products, without 

changing the stability of the process. This latter seems as a highly promising strategy in terms of 

economic viability and environmental benefits of future gasification plants, due to the high 

availability and low costs of wastes. The energetic valorization of RDF also acts in accordance with 

circular economy principles, contributing to the sustainability of both energy supply and waste 

management. In the same vein, the application of low-cost catalysts as primary measure allowed the 

improvement of the PG quality and process efficiency parameters with distinct solid materials. This 

measure was successfully implemented in different experimental infrastructures, allowing the use 

and preservation of the PG thermal energy for the catalysis process; this may be relevant to avoid 

excessive plant investment and operation costs. On one hand, wood pellets chars and concrete 

showed high potential for the relative increase of the H2 concentration and H2/CO molar ratio in the 

PG, which is relevant for advanced PG applications (e.g., FT synthesis). On the other hand, synthetic 

Fe2SiO4 promoted the highest relative increases of PG LHV, Ygas, CGE and CCE, consequently 

showing suitability to be used when immediate direct combustion of the PG is desired (e.g., 

replacement of natural gas in industrial burners). Nevertheless, the highest absolute values of H2 

concentration, LHV, CGE and CCE were found for the experiments performed with concrete as 

catalyst. 

The results obtained indicate that an optimal direct (air) gasification process in BFBs could 

potentially involve the use of a mixture of RFB and RDF as feedstock with the addition of 

superheated steam in the reactor bottom bed. In this case, the high density of the RDFs may be 

beneficial for char accumulation in the reactor bottom bed and consequent occurrence of char-steam 

reforming reactions with steam injection. The results also suggest that an optimal balance between 

PG quality, efficiency parameters and stability of the process, could potentially be attained with ER 

= 0.25, bed temperature = 800 ºC, S/B = 0.5 and a feedstock mixture containing a 50/50 %wt ratio 

of RDF and RFB. In addition, the integration of a second section in the gasifier freeboard for low-

cost catalysts (e.g., concrete) insertion could improve the PG quality and process efficiency even 

further. This section could also act as a catalytic filter to allow particle removal in the gasifier. In this 

configuration, thermal losses would be reduced. These aspects need to be quantified in future works 

and properly analyzed in techno-economic and life cycle analyses. 

Regarding tar formation, it was found that inorganics and char accumulation in the reactor bed 

(directly related to operation time), and respective chemistry and composition, have significant 

impact on the tar concentration in the PG. In fact, a decrease of tar concentration of up to 50 % within 

45 minutes of operation was found. Thus, operation times over 2 hours are suggested to attain steady-

state conditions in terms of tar concentration in the PG; this needs to be accounted for in future works 

seeking tar reduction in gasification processes. 

Regarding the prediction of the gasification products by numerical modelling tools, two main aspects 

are of major relevance: On one hand, the significant variability of experimental results found in the 
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literature regarding direct biomass gasification in BFB reactors significantly hinders the development 

and applicability of empirical models, consequently reflecting the necessity of obtaining specific 

knowledge for the experimental demonstration of distinct gasification processes for each particular 

application. On the other hand, chemical equilibrium modelling showed various limitations and 

significant deviations from practical experimental results obtained in direct (air) BFB gasifiers. Thus, 

the development of alternative modelling techniques, for example approaches that integrate 

theoretical and experimental knowledge, such as the integration of chemical equilibrium with 

empirical modelling, can be of major relevance for the development of suitable supporting tools for 

the up-scale, design and operation of gasification plants. 

Regarding the techno-economic pre-feasibility analysis of the biomass gasification process, the 

economic viability of the integration of direct (air) biomass gasification technologies in the PP 

industry was shown for three distinct cases, including electricity generation and natural gas 

replacement in the lime kiln. However, the financial indicators are not attractive for potential 

investors. In this regard, supporting policies, technology roadmaps, market-driven research, policy 

goals and frameworks, are fundamental to reduce the risks and uncertainties associated with this 

investment. Regarding the transformation of the PP industry into a complete biorefinery design, the 

development of biomass conversion technologies for co-integration with gasification processes is 

also of major relevance. In this regard, the co-combustion of RFB from eucalyptus with primary or 

secondary sludges from the PP industry was shown as a valid co-integrable energy valorization 

option. 
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9 CONCLUSIONS 

The society currently faces the greatest environmental threat of the 21st century: Climate Change. 

The answer to this man-made disaster must be made by changing our economy to one more based in 

renewable materials, and whose energy is provided by the eternal nature energies (e.g., wind, solar). 

In this context, biomass has a very important role by being an adjustable and renewable feedstock 

that allows the replacement of fossil fuels in various applications. In fact, biorefineries have the 

potential to compete with petrochemical refineries for the production of various commodities. In 

these industries, gasification can represent a key technology due to its flexibility and the obtainable 

PG is a very promising intermediate feedstock for the generation of heat and power and synthesis of 

biochemicals and biofuels.  

This work performs an extensive pilot-scale demonstration of the production of PG from various 

types of biomass (including eucalyptus RFB), and under distinct operating conditions, as a valid 

solution for the replacement of natural gas in industrial gas burners. In this regard, H2 and CO 

concentration in the PG was found between 2.0 and 16.9 %v and 5.7 and 37.6 %v, respectively. PG 

LHV was found between 3.7 to 7.5 MJ/Nm3, Ygas between 1.2 to 2.2 Nm3/kg biomass db, CGE 

between 31.9 to 74.8 % and CCE between 55.7 to 90.3 %. Thus, various measures that reflect 

potential opportunities to improve the PG quality and process efficiency were identified and 

analyzed. Amongst these, using mixtures of RDF and RFB as feedstock, injecting superheated steam 

in the reactor bottom bed and applying low-cost catalysts (e.g., concrete and wood pellets chars) 

above the surface of the bed, seem to be very promising and potentially combinable strategies.  

The economic viability of the integration of gasification processes in the PP industry was also shown, 

despite the determined economic parameters lacking interest to potential investors. In this regard, 

various uncertainties and barriers still hinder the commercial breakthrough of biomass gasification 

technologies and respective integration in the PP industry, and these were discussed throughout this 

document. At this stage, demonstration and industrial-scale experimental research is required to 

tackle these issues and further advance the technology integration in the markets. For this purpose, 

the first step is the production of PG from RFB for natural gas replacement at the lime kilns of the 

local PP industry. Afterwards, a gradual and phased transformation into complete biorefinery designs 

can be considered, which will require the improvement of various co-integrable biorefinery concepts 

and key technologies to competitive market levels. Suitable economic tools must also be developed 

and employed to support the first years of biorefinery operation and respective development towards 

market maturity and production stability. To this end, and to avoid the interruption of operation of 

fully functioning gasification-based biorefineries, a strong support from governments is mandatory. 

Finally, solving these enormous challenges can give stakeholders the confidence necessary to invest 

in this industry, consequently leading to the establishment of relevant competition with the current 

petrochemical refineries. This will allow biomass, and gasification, to have a key role in the combat 

against Climate Change. 
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10 FUTURE WORK 

The results from this thesis can be combined to provide an adequate support to decisions related to 

biomass gasification to energy conversion options and projects. Nevertheless, distinct aspects must 

still be evaluated, and various issues solved, to improve the understanding of the biomass gasification 

process and properly support these investments. In this regard, the following proposal of future 

studies and technologic development are considered of major relevance: 

• Development of a PG gas burner and in-depth analysis of the combustion characteristics of 

the PG (and mixtures of PG with natural gas). Relevant combustion properties to characterize 

the PG combustion include laminar flame speed, adiabatic flame temperature, Wobbe Index, 

flame stability and extinction limits. Evaluation of tar clogging issues and exhaust gases 

emissions must also be performed. For this purpose, a suitable gas burner must be developed, 

allowing the insertion and control of air flow, as well as sampling and conditioning of the 

exhaust gases. Experimental research regarding PG combustion is extremely relevant to 

serve as a tool to support biomass gasification related projects decisions, specifically those 

that seek to use PG in combustion systems or as a middle platform compound in a 

gasification-based biorefinery design. 

• Development and implementation of a demonstration gasification plant (~1 MWth) in the PP 

industry site for gradual replacement of the natural gas used in the current industrial gas 

burners (e.g., boilers, lime kiln). In a first stage, very small percentages of natural gas should 

be replaced, for example using PG to provide 5% of the necessary energy for the calcination 

process. Excessive heat from the gasification unit can be evaluated as an opportunity to dry 

the RFB to lower values than 25 %. As the PG is burned immediately downstream of the 

gasifier, only minimal cleaning procedures will be required (e.g., cyclone-filter placed at the 

outlet of the gasifier). However, in this configuration, the temperature of the PG must be 

maintained above 400 ºC to avoid tar condensation in the ducts. The operation of this 

prototype unit will allow the production of valuable practical knowledge, such as the 

identification of in-site operating issues and respective best problem-solving approaches, to 

support the implementation of future gasification plants with higher thermal power and 

future gasification-based biorefineries. 

• Determination of the effect of the tested solid materials (wood pellets chars, eucalyptus 

ashes, Fe2SiO4, ilmenite and concrete) on tar conversion and composition. In a first stage, 

this should be performed by testing the materials on selected tar model compounds (e.g., 

naphthalene), and then the experiments should be upscaled to real tar mixtures from distinct 

PGs. It should also be quantified the influence of long gasification operation times on the 

decay of the activity of the tested solid materials. In this context, it is important to determine 

the effect of coke deposition and the release of potassium, chlorine and sulfur, amongst other 

species, on the poisoning of the catalysts. 

• Evaluation of the direct (air + steam) co-gasification of distinct mixtures of RFB, RDF and 

sludges in BFBs. Improvement of the process can also be evaluated by applying in-situ low-

cost catalysts (e.g., natural minerals, ashes rich in alkali metals, chars) integrated within the 

gasifier to use and preserve the thermal energy of the PG. The influence of the hydrodynamic 

behavior of the BFBs should be considered, for example fluidization velocity, vapors 
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residence time in the bed/freeboard, among other aspects. Then, the following aspects should 

be analyzed: mass percentage of RDF, sludges and RFB in the feedstock blend, S/B ratio, 

and impact of the chosen low-cost catalysts, and respective operating parameters (gas-solid 

contact time and temperature). Seeking the valorization of residual O2 from adjacent 

processes (e.g., water electrolysis for H2 production), the enrichment of air with O2 (e.g., up 

to 40 %v) can also be evaluated. At this stage, determination of the tar concentration in the 

PG is of the utmost importance to properly evaluate these gasification processes. The 

understanding of these processes can be improved by determining the devolatilization 

kinetics of the distinct feedstock mixtures under controlled conditions in bench-scale 

reactors, before the upscale to gasification at pilot-scale, due to their relevant subsequent 

impact on the process. In this respect, thermogravimetric analyses of the fuel blends may 

also be beneficial. 

• Development and evaluation of secondary measures to improve the PG quality, such as tar 

scrubbing and high temperature filtration. The implementation of this latter in the DAO-UA 

experimental infrastructures will also improve the reliability of tar characterization because 

it will allow the reduction of particles retained in the syringes during the sampling procedure. 

It is acknowledged that the pathway to affordable clean PG will require gasifier designs that 

reduce secondary gas cleaning requirements as much as possible by implementing primary 

gas cleaning measures, particularly those with low complexity and costs. Nonetheless, post-

processing treatment measures must be analyzed and considered in comprehensive techno-

economic analyses for comparison purposes with primary measures effectiveness. 

Furthermore, the use of primary measures may not be enough to attain the desired PG quality 

for some applications; in these cases, a combination of primary and secondary measures may 

be beneficial.  

• Improvement of the accuracy of the developed empirical model by increasing the quality of 

the input data, excluding outliers, increasing database size and including the biomass 

feedstock chemical composition in the correlations development. This will be relevant to 

provide a more adequate supporting tool for the design and operation of gasification plants. 

• Development of holistic techno-economic and life cycle analyses to integrate and evaluate 

the aforementioned aspects. 
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