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Abstract 

The iron and steel industry emitted 8 % of all CO2 emissions in Sweden, 2011. 

Investigating alternative energy carriers is the purpose of this thesis. By pyrolyzing 

biomass, an energetic solid, gaseous and liquid (bio oil) fraction is obtained. If pyrolyzing 

biomass in a fluidized-bed reactor, the highest value may be added to the combined 

products. Additional understanding of pyrolysis in fluidized beds is pursued, using 

Computational Fluid Dynamics (CFD) and comprehensive kinetic schemes. The obtained 

solid product is investigated as a bio-injectant in blast furnaces for ironmaking.  

A new approach of separately modeling, the primary and secondary pyrolysis, is 

developed in this thesis. A biomass particle devolatilizes during pyrolysis. Primary 

pyrolysis is the solid decomposition which results in the volatiles that can leave the 

particle. Secondary pyrolysis is the decompositions of these volatiles, primarily in the gas 

phase.  

The primary pyrolysis (35 species, 15 reactions) mainly occurs in the bed-zone and as 

such, the model needs to take into account the complex physical interaction of biomass-

particles with the fluidizing media (sand) and the fluidizing agent (gas). This is 

accomplished by representing the components by Eulerian phases and implementing 

interaction terms, as well as using a Stiff Chemistry Solver for the implemented reactions.   

The secondary pyrolysis (not considering heterogeneous reactions), mainly occurs outside 

the bed zone in one phase. The fluid flow is simpler but the chemistry is more complex, 

with a larger variety of molecules emerging. Carrying out the simulations time-effectively, 

for the secondary pyrolysis (134 species, 4169 reactions) is accomplished by using 

Dimension Reduction, Chemistry Agglomeration and In-situ Tabulation (ISAT); in a 

Probability Density Functional (PDF) framework.  

An analysis of the numerical results suggest that they can be matched adequately with 

experimental measurements, considering pressure profiles, temperature profiles and the 

overall yield of gas, solid and liquid products. Also, with some exceptions, the yield of 

major and minor gaseous species can be matched to some extent. Hence, the complex 

physics and chemistry of the integrated process can be considered fairly well-considered 

but improvements are possible. A parametric study of reaction atmospheres (or fluidizing 

agents), is pursued as means of understanding the process better. The models revealed 

significant effects of the atmosphere, both physically (during the primary and secondary 

pyrolysis) and chemically (during secondary pyrolysis).  
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During primary pyrolysis, the physical influence of reaction atmospheres (N2, H2O) is 

investigated. When comparing steam to nitrogen, heat flux to the biomass particles, using 

steam, is better distributed on a bed level and on a particle level.  

During secondary pyrolysis, results suggest that turbulence interaction plays an important 

role in accelerating unwanted decomposition of the liquid-forming volatiles. Steam, which 

is one of the investigated atmospheres (N2, H2O, H2, CO, CO2), resulted in a lower extent 

of unwanted secondary pyrolysis. Altough, steam neither resulted in the shortest vapor 

residence time, nor the lowest peak temperature, nor the lowest peak radical 

concentration; all factors known to disfavor secondary pyrolysis. A repeated case, using a 

high degree of turbulence at the inlet, resulted in extensive decompositions. The 

attractiveness of the approach is apparent but more testing and development is required; 

also with regards to the kinetic schemes, which have been called for by several other 

researchers. 

The solid fraction after pyrolysis is known as charcoal. Regarding its use in blast furnaces; 

modelling results indicate that full substitution of fossil coal is possible. Substantial 

reductions in CO2 emissions are hence possible. Energy savings are furthermore possible 

due to the higher oxygen content of charcoal (and bio-injectants in general), which leads 

to larger volumes of blast furnace gas containing more latent energy (and less non-

recoverable sensible energy). Energy savings are possible, even considering additional 

electricity consumption for oxygen enrichment and a higher injection-rate on energy 

basis.  

A survey of biomass availability and existing technology suppliers in Sweden, suggest that 

all injection into Blast furnace M3 in Luleå, can be covered by biomass. Based on statistics 

from 2008, replacement of coal-by-charcoal from pyrolysis could reduce the on-site 

carbon dioxide emissions by 28.1 % (or 17.3 % of the emissions from the whole 

industry). For reference, torrefied material and raw biomass can reduce the on-site 

emissions by 6.4 % and 5.7 % respectively. 

Keywords: Biomass; Pyrolysis; Fluidized bed; CFD; Blast furnace  



v 
 

Sammanfattning 

Järn och stålindustrin stod för 8 % av alla koldioxidutsläpp i Sverige, 2011. Alternativa 

energibärare undersöks i denna avhandling. Genom pyrolys av biomassa, fås en energirik 

fast produkt, och samtidigt en gasformig och en vätskeformig produkt (bio-olja). Om en 

fluidbäddsreaktor används kan största möjliga mervärde tillföras de kombinerade 

produkterna. Djupare förståelse för pyrolys i fluidbäddar har eftersträvats med hjälp 

fluiddynamikberäkningar (CFD) och detaljerade kinetikscheman. Den fasta produkten har 

undersökts som bio-injektion i masugnar. 

En ny approach för modellering av primär och sekundär pyrolys separat, har utvecklats i 

denna avhandling. En biomassapartikel avflyktigas under pyrolys. Primär pyrolys är 

nedrytningen av den fasta biomassan till intermediärer (flyktiga ämnen) som kan lämna 

partikeln. Sekundärpyrolys är nedbrytning av dessa flyktiga ämnen, som primärt sker i 

gasfas. 

Primärpyrolysen (i detta arbete, 35 ämnen och 15 reaktioner) sker mestadels i bäddzonen 

och därmed behöver modellen ta hänsyn till den komplexa fysiska interaktionen av 

biomassapartiklarna med fluidbäddsmediet (sand) och fluidiseringsgasen. Detta 

åstadkoms med hjälp av Euleriska faser och interaktionstermer, samt en lösare för 

hantering av styva reaktionssystem.  

Sekundärpyrolysen sker huvudsakligen utanför bäddzonen. Fluiddynamiken är enklare 

men kemin är mer komplex, med fler ämnen närvarande. Att tidseffektivt köra 

beräkningarna, för sekundärpyrolysen (134 ämnen, 4169 reaktioner) åstadkoms med hjälp 

Dimensionsreducering, Kemiagglomerering och In-situtabulering (ISAT); som 

implementerats i en sannolikhetstäthetsfunktion (PDF).  

En analys av de numeriska beräkningarna antyder att de kan matchas med experimentella 

resultat, med avseende på tryckprofil, temperaturprofil, utbyte av gasformiga, fasta och 

vätskeformiga produkter. Dessutom, med några undantag, kan beräkningarna matchas 

ganska väl med de viktigaste gasformiga produkterna. Därmed kan de huvudsakliga 

fysiska och kemikaliska mekanismerna representeras av modellen men förbättringar är 

givetvis möjliga. En parameterstudie av reaktionsatmosfärer (dvs fluidiseringsgaser) 

genomfördes, för att förstå processen bättre. Modellen visade på betydande effekter av 

atmosfären, fysisk (både under primär och sekundärpyrolys), och kemiskt (under 

sekundärpyrolysen).  
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Under primärpyrolysen undersöktes den fysiska inverkan av reaktionsatmosfärer (N2, 

H2O). När ånga jämfördes med kvävgas, visade det sig att värmeflödet sker mer 

homogent på både bäddnivå och på partikelnivå, med ångatmosfär.  

Under sekundärpyrolysen, så antyder resultaten på att turbulensinteraktion spelar en viktig 

roll för accelererad oönskad sekundärpyrolys av de vätskebildande ämnena. Ånga som är 

en av de undersökta atmosfärerna (N2, H2O, H2, CO, CO2), resulterade i den lägsta 

omfattningen av sekundärpyrolys. Dock så ledde en ångatmosfär varken till den lägsta 

residenstiden, den lägsta peaktemperaturen eller den lägsta radikalkoncentrationen; som 

alla normalt motverkar sekundärpyrolysen. Ett repeterat case, med hög turbulens i 

inloppet, gav betydande sekundärpyrolys av de vätskebildande ämnena. Attraktiviteten av 

approachen är given men mer testning och utveckling behövs, som också påkallats av 

andra forskare.  

Den fasta produkten efter pyrolys kallas träkol. Angående dess applicering i masugnar, så 

visar modelleringsresultaten att full substitution av fossilt kol går att göra. Betydande 

minskningar i koldioxidutsläpp är därmed möjliga. Energibesparingar är dessutom möjligt, 

tack vare det höga syreinnehållet i träkol (och biobränslen generellt), vilket ger större 

volymer av masugnsgas med högre värmevärde (och mindre sensibel värme som inte är 

utvinnbar). Energibesparingar är möjliga även om hänsyn tas till högre eleffekt för 

syrgasanrikning i blästerluften och en högre injektionsåtgång på energibasis.  

En översikt över biomassatillgången och existerande teknikleverantörer i Sverige, 

indikerar att all injektion i Masugn 3 (i Luleå) kan ersättas med biomassa. Baserat på 

statistik från 2008, så kan ersatt kol med träkol, minska de platsspecifika 

koldioxidutsläppen med 28.1 % (eller 17.3 % av alla utsläpp från stålindustrin). Som 

jämförelse kan torrifierad biomassa and obehandlad biomassa reducera utsläppen med 6.4 

% respektive 5.7 %. 

Nyckelord: Biomassa; Pyrolys; Fluidbädd; CFD; Masugn  
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CHAPTER I 
1. INTRODUCTION 

  

1.1. Introduction to the dissertation 
   

Energy security is an important aspect when investigating non-fossil fuels. Competiveness 

of the steel industry and added value use of forest biomass is important for the 

employment of a large share of the Swedish work force. In addition, as the thesis will 

show, energy savings are possible in metallurgical applications due to the properties of 

biomass. Process-specific benefits; due to the high oxygen of biomass-derived products, 

in addition to low sulfur, phosphor and heavy metals content has been found. More is 

likely to be discovered, thanks to for example high reactivity. Although not addressed in 

the thesis, use of low-rank excess heat for biomass drying and pre-treatment, could also 

lead to synergistic effects.  

Finally, signs of a warming climate support the idea of a link between man-made 

atmospheric changes and an increasing influx of solar heat radiation. In 2011, the iron and 

steel industry emitted 6 % of all carbon dioxide emissions (8 % in Sweden) [1]. The 

emissions are possible to reduce with aid of the concept presented in this thesis. 

Figure 1 shows the concept of fluidized-bed fast pyrolysis of biomass, giving three added 

value products that can replace fossil fuels.  
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Figure 1. The covered areas in the thesis, visualized as a concept of integration 
between biomass pyrolysis and the iron making process.  
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The solid product has in this thesis been investigated as a bio-injectant which, according 

to the results, successfully can replace the fossil coal injected into Blast furnaces (BF). The 

syngas generated with an appropriate reaction atmosphere can provide high calorific fuels 

to furnaces. Additionally, the bio oil (condensable vapor from the pyrolysis process) can 

be used in a number of different applications as shown in the lower right corner of 

Figure 1.  

High yield conversion to charcoal is possible with conventional technology, such as 

rotating kilns, charcoal ovens or pressurized batch vessels. However, maximizing charcoal 

yield is not the best use of the raw material, considering cost or exergy. Production 

capacity of such processes is low for a given investment. In addition, the carbon 

formation is exothermic meaning that latent heat is lost. Additionally, the syngas 

generated in batch processes is difficult to integrate into a continuously operating plant.  

To produce bio-injectants and syngas at a scale that provides substantial fossil fuel 

replacement in steel plants, new pyrolytic processes are needed. Existing fluidized-bed 

processes are not adapted to steel plants, where for example sand material—used in 

fluidized-beds—is not compatible with the slag chemistry of the blast furnace.  

However, the fluidized bed processing of biomass is in several aspects the superior 

technology, evident in how far the conventional technology has gotten. The process is 

complex however and fundamental understanding is still lacking, highlighted by for 

example Mettler et al [2]. In this thesis methods to design an upscaled version of the 

process has been suggested. Such things as carry-over of sand material can be modeled, 

and the impact of a material composed of other compounds—more suitable in the blast 

furnace process—can be modelled. 
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1.2. Objectives of the work 
 

The overarching aim is, to produce bioenergy as an alternative energy carries in the iron 

and steel industry. The work is centered on pyrolysis of biomass in fluidized beds, and 

application of the solid products in blast furnaces. The choice of using a fluidized bed, 

results in a maximized added value to the total products, since a useful liquid and gaseous 

fraction is co-produced.  

Specific objectives are:    

 to develop an understanding of how pyrolytic products are formed in the reactor 

and develop methods, in order to scale up the process. The methods can be used 

to design a system with minimized carry-over of sand material which can cause 

problems in downstream applications; 

 to simulate and study the response to processing conditions, such as the reaction 

atmosphere. It is thought that by understanding better the influence of reaction 

atmospheres, we can understand the integrated process better; 

 to evaluate the possibility of making alternative energy and reduction carriers in 

the steel industry. More specifically, of interest is the behavior of the solid 

pyrolytic product as a bio-injectant in blast furnaces, as opposed to injecting other 

types of coal and biomass products; 

 to survey the biomass availability and existing technology suppliers in Sweden for 

conversion to energy carriers, useful for the iron and steel industry. 

 

 

 

 

 

 

 

 

 



4 
 

1.3. Approach towards objectives  
 

For modeling the in-situ formation of products, a simplified approach is firstly used, see 

Paper I. It includes an analysis using lumped chemistry implemented in a biomass 

fluidized-bed fast pyrolysis model. A more comprehensive effort followed where a high 

number of representative species are used, see Paper II-IV. Regarding this effort, a 

comprehensive primary pyrolysis model for the reactor is developed to see what products 

form in the reactor, see Paper II-III. A comprehensive secondary pyrolysis model is 

proposed and used to understand the decomposition of vapours throughout the reactor 

system, see Paper IV.  

The approach of combining a primary pyrolysis model, with another model describing the 

secondary pyrolysis, is an important part of the work presented herein. More specifically, 

the primary products are assumed to transfer to the gas phase where they undergo 

homogenous secondary pyrolysis. In Paper IV, an implemented CHEMKIN scheme 

predicted the secondary pyrolysis throughout the system. Developments of the model to 

take into account the comprehensive chemistry in a system beyond the fluidized bed 

reactor, enables future studies of an integrated process where for example pyrolysis gases 

can be recirculated.  

Finally, Paper V consists of the last part in this thesis. It deals with the application of a 

solid bio-injectant which consists of the char fraction obtained from the pyrolysis. Here 

an existing model is used for investigating the steady state of an integrated blast furnace 

system. An assumed char product is injected to see the impact on operating conditions in 

the blast furnace, as well as the associated hot stove system. The availability, which has 

been identified as a critical limiter for biomass-application in the iron and steel industry, is 

investigated by review and a survey covered the existing solid conversion methods.  
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1.4. Structure of the dissertation 
 

An overview of the Papers and the corresponding objectives is given in Table 1, and the 

structure of the dissertation is shown in Figure 2.  

Table 1. Overview of Papers  

Paper Title Objective 

I  An Euler-Euler approach to modeling 

biomass fast pyrolysis in fluidized-bed 

reactors - Focusing on the gas phase 

• Introduce the model and evaluates the applicability. 

• Parametric study of fluidizing gas velocity and 

processing temperature.  

II Computational fluid dynamics modeling 

of biomass fast pyrolysis in a fluidized 

bed reactor, using a comprehensive 

chemistry scheme 

• Investigate the applicability of a model with three 

Eulerian phases and a comprehensive primary 

pyrolysis scheme. 

• Test simplified secondary pyrolysis reactions for 

cracking of individual tar components. 

III Simulation of Bed Dynamics and 

Primary Products from Fast Pyrolysis of 

Biomass: Steam Compared to Nitrogen 

as a Fluidizing Agent 

• Investigates the primary pyrolysis and physical effect 

of reaction atmospheres.  

IV Influence of reaction atmosphere (H2O, 

N2, CH4, CO2, CO) on fluidized-bed 

fast pyrolysis of biomass, using detailed 

secondary tar chemistry in CFD 

• Introduce the model for secondary pyrolysis and 

evaluate the applicability. 

• Investigate the influence of reaction atmospheres.  

V Biomass as Blast furnace injectant – 

considering availability, pretreatment 

and deployment in the Swedish steel 

industry 

• Investigate the effect of bio-injectants on blast 

furnaces, including energy savings in an integrated 

plant. 

• Review the availability of biomass and possible CO2 

mitigation. 

 

Paper I-IV covers the processing to obtain syngas, bio oil and charcoal. Paper V 

investigates the application of charcoal for use in blast furnaces.  

This thesis is organized into 6 chapters. In Chapter 1, the most important concepts are 

introduced. Chapter 2 provides a more in-depth background to the problem at hand. The 

solution is discussed in the methodology section—Chapter 3. Sub-chapters are connected 

to each of the Papers and aim to provide an accompanying discussion. Chapter 4 features 

the results in sub-chapters and provide a summarizing discussion leading to Chapter 5—

the conclusions. Chapter 6 provides recommendations for future work. The final two 

chapters aim to put the work into context and provide an onward-looking perspective.  
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Figure 2. Area of each paper, indicating the explored kinetic schemes, and 
application of the solid product.  
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CHAPTER II 
2. BACKGROUND 

 

Figure 3 shows the foreseen methods of producing crude iron, considering a strict 

carbon restriction [3]. The steel production worldwide is expected to grow, while the 

conventional Blast Furnace and Direct Reduction (DR) based route will continue to 

dominate until about 2050 [3, 4].  

As shown by the green area, blast furnaces using biomass is expected as an emerging 

technology. However, the technical feasibility is not yet clear, which this thesis partly aims 

to address. Availability of the required biomass to achieve this is an important issue, 

highlighted by Norgate and Langberg [5] and the ULCOS initiative. Presently, industrial 

use of biomass is already extensive.  

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

0

500

1 000

1 500

2 000

2 500

3 000 Electric arc

furnace

Direct reduction (DR)

Blast furnace (BF)

Bio-BF

Open hearth DR with CCS

High temp. 

electrolysis

Steel production,

Mton

BF with CCS

Nuclear AE

Alkaline electrolysis (AE)

Smelting reduction 

with CCS

 
Figure 3. Overview of future steel production methods by volume, considering a 
strict carbon constraint, adapted from Bellevrat and Menanteau [3]. CCS is 
Carbon Capture and Storage. 
 

In the case of Sweden, lignocellulosic biomass, from pine and spruce forest, is normally 

the main target for conversion into other products or fuels. The pine and spruce forest is 
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harvested in rotation, but also part of the natural boreal forest of the northern 

hemisphere. In fact, biomass from the boreal forest (mostly pine and spruce) contributed 

in the 18th century to propel Sweden to the top steelmaking European nations [6]. The 

later use of coal was almost universally adopted during the industrial revolution. Coke 

(coal treated in a coking process) overtook biomass as a reduction agent from 1760 in 

Britain [7], 1835 in Belgium [7], 1853 in France [7] and at the beginning of the 20th 

century in Sweden [8]. 

 

2.1. Lignocellulosic biomass 
 

Lignocellulosic biomass consists of the components cellulose, hemicellulose and lignin. 

The three components form a structural composite material which is both chemically and 

mechanically resistant. The proportions of the different products will change depending 

on the source plant. Pine typically has the composition given in Figure 4. 

Cellulose

31%

Hemicellulose

42%

Lignin

27%

 
Figure 4. The constituents of lignocellulosic biomass, percent by weight given 
for Swedish pine. 
 

The molecular constituents of the components, is fairly simple for cellulose and 

hemicellulose; lignin is more complex. In cellulose and hemicellulose, monomers build up 

the fibers. The fibers are in that sense whole molecules and during pyrolysis, certain 

bonds are broken which splits the chain and produces monomers (isomerization, as 

opposed to polymerization). Lignin has a three-dimensional structure, essentially a matrix 

material if considering the lignocellulosic biomass as a composite. No distinct monomer 

can be found in this structure and during pyrolysis a more complex mix of products is 

obtained. 
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2.2. Pyrolysis of lignocellulosic biomass 
 

A medium-high processing temperature is characteristic for any pyrolysis process. Heating 

in order to convert an energetic material into more useful products is known as thermal 

conversion. Gasification is a type of thermal conversion at higher temperatures using a 

limited amount of oxidizer, to produce gaseous fuel.  

The main product from slow pyrolysis is known as char or charcoal, the process is 

synonymous to coking or carbonization. Pyrolysis has been used since ancient times to 

obtain various products; such as tar, acids, chemicals, engine fuels, reduction agents and 

anti-fungal substances. Charcoal was used almost exclusively as reduction agents in blast 

furnaces in Europe. 

The main product of fast pyrolysis, also known as liquefaction, is known as bio-oil 

(pyrolysis oil or tar). This liquid is generally described as a brown, viscous liquid with a 

heating value close to half that of heating oil.  It consist of fragments from the structure, 

including compounds such as Levoglucosan (comes from the cellulose). The following 

section describes pyrolysis in general. Table 2 shows typical yields of products from the 

three classes of thermal conversion processes.  

Table 2. Thermal conversion methods and typical yield of liquid, char and gas.  

Thermal conversion Typical yield, %wt of dry biomass 

 Liquid Char Gas 

Fast pyrolysis/Liquefaction 75 12 13 

Slow pyrolysis/Carbonization/Coking 30 35 35 

Gasification 5 10 85 

    

In the review by Di Blasi [9], the topic of biomass pyrolysis is discussed extensively. The 

components in cellulosic biomass, is as stated cellulose, hemicellulose and lignin. One of 

the most useful simplifications, when understanding pyrolysis, is the separation of the 

components into individually decomposing species. In almost all presented pyrolysis 

models, further on, individual reaction kinetics is applied for the different components. 

This will make the model able to reproduce such TGA (Thermo-Gravimetric Analysis) 

curves as in Figure 5. 
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Figure 5. TGA curve with circles for Beech wood. Lines show the individual 
components. Circles show the model proposed by Gronli et al [10]. 
 

The zones in the mass-loss curve of Figure 5 appear due to the individual decomposition 

of components. In wood; cellulose, hemicellulose and lignin, decompose at approximately 

598-648 K, 498-598 K and 523-773 K, respectively. Lignin decomposes gradually over a 

larger temperature range and should be the last unreacted component to remain in the 

wood.  

There is evidence for interaction between the different components during pyrolysis. 

Experimental data using cellulose or lignin individually will not produce exactly the same 

curve as in Figure 5. This is not only due to heat transfer effects, in fact some studies 

have been made confirming that some interaction occurs [11, 12]. However, the 

interaction is fairly weak and assuming no interaction can be considered as a successful 

simplification in models which introduces small errors.  

Furthermore, the understanding and modeling of pyrolysis advanced with more two 

important realizations; (1) that several stages compose the whole process (primary, 

secondary, tertiary pyrolysis and so on) and (2) that competing reactions occur and can 

explain the differing proportions of products, due to the reactor environment.  

 

2.2.1. Primary and secondary pyrolysis 
 

In the case of pyrolysis reactions, simplifications are necessary for the complex 

degradation of biomass. In the work by Di Blasi [9], the generally employed models for 

primary and secondary pyrolysis are illustrated by the reaction schemes which can be 

found in this section.  
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In the case of sufficiently small particles (Biot’s number << 0.1), the reactions (also 

including drying) are separated in sequential stages and do not interfere with each other. 

This is because only small gradients appear and the particle assumes a more or less 

uniform temperature. The temperature in turn controls the stage of pyrolysis. At first, 

drying of the particle occurs followed by pyrolysis—beginning with hemicellulose. 

Pyrolysis then occurs in parallel for cellulose, hemicellulose and lignin. If oxygen is 

present (as in combustion) char oxidation will take place, which leaves only the ash as a 

remainder of the particle. 

According to Di Blasi [9], primary reactions occur in a biomass particle, while secondary 

reactions occur in the pores of the biomass particle, on the surface and homogenously in 

the vapor phase. Several mechanisms are involved like cracking, partial oxidation, re-

polymerization and condensation.  

Liaw et al [13] found the following Primary products from lignocellulosic biomass: lignin 

oligomers, anhydrosugars, 2-furaldehyde, 2(5H)-furanone, 2-furanmethanol, -methoxy-

(S)- and alkylated and methoxylated phenols. The Secondary products were: phenol, 4-

ethyl-phenol, O-cresol, 3,4-dimethyl-Phenol, cresol, pyrotechol, 2,4-dimethyl-phenol, 

methanol and gases. 

See Figure 6 for an illustration of the pyrolysis stages. In fast-pyrolysis at intermediate 

temperatures, the primary and secondary pyrolysis are the main stages to consider. 

Tertiary pyrolysis occur, but is mostly of importance in combustion and gasification 

where higher temperatures are used. The main source of PAH (polyaromatic 

hydrocarbons) is pyrolysis of tertiary tar, as seen in the Figure 6.  

 
Figure 6. The tar maturation from Mellin et al [14]—adopted from Milne et al 
[15]—shown alongside the different pyrolysis stages. 
 

According to Di Blasi [9] kinetics of the primary and secondary reactions are vital and the 

distinction is useful in developing chemical models. Data is more complete for the 

primary reactions, the secondary reactions are numerous and less investigated. 
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2.2.2. Branched schemes of pyrolysis  
 

As already mentioned, an important realization was that competing reactions occur and 

can explain the differing proportions of the products, depending on reactor environment. 

In the case of primary pyrolysis the reactions are often modeled as shown in Figure 7. 

The three products, Char, Tars and Gas are products of three global reactions with three 

rates expressed as kC, kL, kG. The rates are dependent on different parameters and the 

yield of one product may be optimized by providing the right conditions.  

Tars

Gas

Char

kC

k
G

kL
k = kC + kL + kGWood

 
Figure 7. The primary pyrolysis reactions modeled as three competing reactions. 
Adapted from Di Blasi [9]. 
 

In many cases, the primary pyrolysis are only modeled as two competing reactions, see 

Figure 8. It is a rough simplification but on the other hand, elemental balance can be 

justified for each individual reaction; as opposed to using three reactions as in Figure 7.   

Regarding the secondary pyrolysis reactions, the complex array of reactions is usually 

lumped into the cracking reactions and the formation of refractory tar. According to Di 

Blasi [9], a low yield of refractory tar may be obtained if a high-temperature zone can be 

created where the volatile products of primary pyrolysis are forced to reside. Then the 

effective cracking can result in more gas products and thus a gas-producing process.  

In the scheme shown in Figure 8, the formation of refractory tar occurs directly, 

intermediate products (non-refractory tars) are skipped. Hence this model is most useful 

in processes such as gasification. To model the formation of bio oil (non-refractory tar), a 

chain reaction is necessary, in line with the concept of primary and secondary pyrolysis as 

discussed in the previous sub-chapter. 

Wood

Refractory tars + H2O

Char
k1

k
2

k = k1 + k2

 
Figure 8. Global model for secondary reactions. Adapted from Di Blasi [9]. 
 

If the pyrolysis is arranged as chain reactions, the primary tars from the primary pyrolysis 

are a reactant in the secondary pyrolysis. A general case of coupled reactions is shown 
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below, see Figure 9. Here competing reactions are used in each stage of the chain 

reaction.  

Wood

B

V1

kV1

k
B

k1 = kV1 + kB      k2 = kV2 + kC      k3 = kV3 + kD

B

C

V2

kV2

k
C

C

D

V3

kV3

k
C

 
Figure 9. Global coupled reactions. Adapted from Di Blasi [9]. 
 

The yield of a secondary product is more difficult to estimate, since it depends on the rate 

of at least two reactions. Also, if the two chain reactions differ a lot in magnitude, the 

system becomes difficult to solve from a numerical stand point. Such systems of 

differential equations possess numerical stiffness.  

In some cases the reactions are lumped together as gas and char. Thus the corresponding 

reaction scheme will become as presented by Rath et al [16], see Figure 10. The 

advantage is that the elemental balance can be kept, for each reaction.  

Ci

Volatiles

Chari + gasi

1

2

kCi = k1 + k2

 
Figure 10. Pyrolysis reaction scheme with two products, adapted from Rath et al 
[16]. 
 

This method is better if a connection to elemental composition is sought. Since char is 

composed almost entirely out of carbon, the composition of the gas is able to balance the 

elements from biomass (usually containing significant amounts of hydrogen and oxygen).  

In the review by Di Blasi [9], the topic is quite extensively discussed. In the presented 

pyrolysis models, individual reaction kinetics is applied for the different components. This 

will make the model able to reproduce such TGA curves as in Figure 5. 

In the older work by Bradbury et al [17], an activated feedstock model was used to better 

fit kinetic data cellulose pyrolysis. It is discussed by Di Blasi [9] and a successful 

implementation of this concept was made Miller and Bellan [18], see Figure 11. Here the 

activation was applied for hemicellulose and lignin, in addition cellulose. 
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C
k1

A

TAR

vcCHAR + (1-vc)GAS

Multi-component mechanism and kinetic constants for wood pyrolysis based on the contribution 

of the three main components

Kinetic constants, A (s-1), E (kJ mol-1)

Cellulose Hemicellulose Lignin

C
 

k1

k2

k3

vc

2.80 × 1019 exp(-242.4/RT) 2.10 × 1016 exp(-186.7/RT) 9.60 × 108 exp(-107.6/RT)

3.28 × 1014 exp(-196.5/RT) 8.75 × 1015 exp(-202.4/RT) 1.50 × 109 exp(-143.8/RT)

1.30 × 1010 exp(-150.5/RT) 2.60 × 1011 exp(-145.7/RT) 7.70 × 106 exp(-111.4/RT)

0.35 0.60 0.75

   k3

   k2

 
Figure 11. The reactions model from Miller and Bellan [18], adapted from Di 
Blasi [9] 
 

We arrive to the model, in Figure 11, by understanding that; (1) intermediate stages of 

pyrolysis are necessary, (2) competing reactions occur, which can explain the outcome of 

pyrolysis depending on environment, and (3) biomass consist of three subcomponents 

that pyrolyze at different temperatures, with different reaction rates and different yields in 

the char-forming reactions (4) an activation-reaction of each subcomponent aids in 

reproducing experiments. In CFD, a branched scheme with activated intermediated specie 

was used successfully by Xue et al [19, 20]. Additionally, a thermal cracking reaction is 

considered which reduces the tar yield at high temperatures and long residence times. The 

scheme is displayed below, see Figure 12.  

Activated

material

Y Char(s) + (1-Y) Gas (g)

Tar vapor (g)

k2

k
3

k1Material component(s)

(Cellulose, Hemicellulose, Lignin)

k4 Gas (g)

 
Figure 12. Pyrolysis model in CFD, by Xue and co-workers [19, 20]. 
 

There are three reactions for each component in the biomass, where the Tar is considered 

as a uniform product, which decomposes by Secondary pyrolysis. This model can be 

considered as the most popular and successful among various lumped schemes. 

Ranzi and co-workers [21, 22, 23, 24, 25] developed a comprehensive kinetic scheme 

based on cellulose, hemicellulose and three sub-components for lignin, see Table 3. The 

three subcomponents of lignin is called Lignin-C, Lignin-H and Lignin-O, each being rich 

in the corresponding element: carbon, hydrogen and oxygen. The purpose is to be able to 
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match the elements and component composition of any lignocellulosic feedstock. 

Additionally, representative species are used for the decomposition products, which 

reflect the composition of tar and hence the resulting bio-oil. With the knowledge of 

specific products, it is possible to simulate the elemental composition, calorific value of 

the products, subsequent reactions etc.  

Table 3. Comprehensive scheme for primary pyrolysis including kinetic constants, from Calonaci et al [21]. 

Reaction A, s-1 E, kJ mol-1 Δh, kJ kg-1 

1 Cell → CellA 8 ∙ 1013 a 192.5 a 447.7 

2 Cell → 5H2O + 6Char 8 ∙ 107 125.5 −1087.8 

3 CellA → LVG  4T a 41.8 a 732.2 

4 CellA → 0.95HAA + 0.25Glyoxal + 0.2Acetaldehyd + 
0.25HMFU + 0.2Acetone + 0.16CO2 + 0.23CO + 0.9H2O + 
0.1CH4 + 0.61Char 

1 ∙ 109 a 133.9 899.6 

5 HCell → 0.4HCell1 + 0.6HCell2 1 ∙ 1010 a 129.7 a 548.1 

6 HCell1 → 0.75H2 + 0.8CO2 + 1.4CO + 0.5Formaldehyde 3 ∙ 109 a 113.0 a 447.7 

7 HCell1 → Xylan 3T a 46.0 a 707.1 

8 HCell2 → CO2 + 0.5CH4 + 0.25C2H4 + 0.8CO + 0.8H2 + 
0.7Formaldehyde + 0.25Methanol + 0.125Ethanol + 
0.125H2O + Char 

1 ∙ 1010 138.1 259.4 

9 LignC → 0.35LignCC + 0.1 pCoumaryl + 0.08Phenol + 
0.41C2H4 + H2O + 0.495CH4 + 0.32CO + CO + H2 + 5.735 
Char 

4 ∙ 1015 202.9 602.5 

10 LignH → LignOH + Acetone 2 ∙ 1013 156.9 523.0 

11 LignO → LignOH + CO2 1 ∙ 109 106.7 510.4 

12 LignCC → 0.3pCoumaryl + 0.2Phenol + 0.35Acrylic-acid + 
0.7H2O + 0.65CH4 + 0.6C2H4 + 1.8CO + H2 + 6.4Char 

5 ∙ 106 131.8 288.7 

13 LignOH → Lign + H2O + Methanol + 0.45CH4 + 0.2C2H4 
+ 2CO + 0.7H2 + 4.15Char 

3 ∙ 108 125.5 100.4 

14 Lign → Lumped-phenol 8T a 50.2 a 577.4 

15 Lign → H2O + 2CO + 0.2Formaldehyde + 0.4Methanol + 
0.2Acetaldehyd + 0.2Acetone + 0.6CH4 + 0.65C2H4 + 0.5H2 
+ 5.5Char 

1.2 ∙ 109 a 125.5 a −209.2 

16 H2O(l) → H2O(g) 5.3 ∙ 1010 88 2260.0 
a Modified for high temperature according to Ref. [26] 

This Ranzi scheme is considered the most advanced [27], even though some limitations 

have been identified [27, 26]. For high heating rates, some modification have been 

suggested by Blondeau and Jeanmart [26] and additional considerations regarding intra-

particle heat transfer was called for by Mauviel et al [27]. However, Gauthier et al [28] 

found good experimental agreement using the scheme with modifications by Blondeau 

and Jeanmart [26]. A secondary pyrolysis scheme was also published by Ranzi et al [23], 

which has partly been incorporated by Norinaga et al [29], who developed a scheme for 

cellulose pyrolysis with additional species (~500) reflecting the complexity of the process.  

One should be mindful of the argument, that by increasing complexity, more unknowns 

and variables are introduced that may be fitted to experimental data. As such, it can be 
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contended that the model do not represent the underlying mechanisms better, it only 

reproduces experimental data with better accuracy.  

In the case of the comprehensive modelling of primary and secondary pyrolysis, 

justifications for the layout of the kinetic scheme can be linked to previous research that 

has accumulated over the years [23]. The used species in the schemes, which aid in 

keeping the elemental balances, has been chosen based on known decomposition 

products that starts-out as monomers in their respective structure. Hence, the model can 

be considered as well-motivated, even though the products in reality are even more 

complex than the set of representative species included in the schemes. 

  

2.2.3. Single particle models 
  

The single particle models consider the mass and heat transfer in a single reacting particle. 

Such models are the basis of understanding physical heating connected to reactions in a 

particle. The use is extensive in all kinds of process models and CFD calculations.  

In the case of bigger particles or slow heat conduction in the particle, a temperature 

gradient arises and different stages of pyrolysis will occur at different locations in the 

particle. Considering a particle in this way means a non-isothermal assumption is made.  

Non-isothermal heating is accounted for in the works by Papadikis and co-workers [30, 

31, 32, 33, 34, 35, 36, 37, 38]. These references describe a model of an non-isothermal 

particle, in an eulerian framework representing either a fluidized bed [30, 32, 33, 34, 35, 

36, 37] or an entrained flow reactor [31, 38]. Only one biomass particle is modeled in 

those cases. Boateng and Mtui [39] used a similar approach, with an isothermal 

assumption, but for many biomass particles instead.  

Blondeau and Jeanmart [26] developed a single particle model based on a scheme from 

Ranzi [23], although not in CFD model. Dufour et al [40] modeled the evaporation of 

primary tar and water from a single particle, see Figure 13.   
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Figure 13. Pyrolysis model suggested by Dufour et al [40]. 
 

The gas phase or reaction atmosphere will affect; (1) the heat transfer to particles, (2) the tar 

desorption from the liquid film on particles (also from aerosols) and (3) the homogenous 

vapor phase chemistry. The approach in this thesis is to model the effect on primary 

pyrolysis depending on heat transfer by the reactions atmosphere, and also the 

homogenous vapor phase chemistry. It is based on the idea that by understanding the 

impact of a reaction atmosphere, a better understanding of the general pyrolysis process 

can be reached.  

The atmosphere will change naturally, due to use of various feedstock with for example 

varying moisture content. As such the pyrolysis can be considered as always occurring 

under steam atmosphere. In addition, normally occurring gas species such as hydrogen, 

methane, carbon monoxide and carbon dioxide will affect the process.  

Present means of understanding and estimation of effects have been used. To illustrate 

the effect of a steam atmosphere, Figure 14 was drawn based on the single particle model 

from Dufour et al [40]. Here, the effects are presented, that have been found by 

Kantarelis et al [41], in addition to many other references in Paper III. They have been 

categorized according to physical, surface interacting and chemical effects. The surface 

interacting effects are since before known as important in steam pyrolysis. As investigated 

further on, the modeling work indicates that for several atmospheres, important chemical 

and physical effects exist.  
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Figure 14. The effects of Steam, as investigated in Paper III. 
 

Modeling (or at least comprehensive calculations) are commonplace today, before 

important design decision are made regarding industrial processes. A CFD model was 

chosen in this thesis (instead of a single particle model) since at the same time as the 

reaction atmospheres were investigated, preparation for scale-up of the process was 

accomplished.  

The next section discusses previous work on CFD for fluidized-bed fast pyrolysis of 

biomass.  

 

2.2.4. CFD models for pyrolysis in fluidized-beds 
 

The pyrolysis setup for producing the products is as mentioned in the introduction (see 

Figure 15), a fluidized bed. A brief review of the technology is provided here.  

A fluidized bed works with solid granular media. Normally, pure sand such as silica (SiO2) 

is used as bed material, which has a high heat capacity per bulk volume. The grains can 

then maintain a high temperature. The gas which fluidizes the mix of grains and biomass 

ensures rapid mixing (especially in the vertical direction) and hence small temperature 

gradients. Furthermore, the gas provides swift flushing of the vapors and it thus keeps the 

vapors from being in contact with catalytic surfaces and the heated environment, for too 

long.  
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Figure 15. Fluidized bed fast pyrolysis of biomass. 
 

The fast heating rate in a fluidized bed provides a high liquid yield, and at the same the 

highest amount of latent heat is preserved in the products. Generally for a fluidized bed 

reactor, working at intermediate temperatures (400-600 °C), at least 60 % liquid yield is 

achieved. In some cases, the liquid yield can be as high as 75 %, while char and gas 

constitutes about 12 % and 13 % respectively. 

Models of fluidized beds have provided much understanding of the dynamics of the 

process. According to the literature review by Kersten et al [42], the research on modeling 

can be divided into the following categorize; (1) intrinsic kinetics of primary and 

secondary decomposition reactions and product distributions, (2) development of single 

particle models in which the reaction kinetics are combined with intra-particle transport 

phenomena and heat transfer from the bulk to the particle, (3) pilot plant and laboratory 

measurements of product distributions as a function of conditions like reactor 

temperature, the type/size of feedstock and occasionally the vapor residence time and (4) 

reactor design. 

CFD or Computational Fluid Dynamics applied to process design is an increasingly 

important tool in process development, as well as an increasingly useful tool in research 

work. CFD models coupled with kinetics, applied to fast pyrolysis have been used to 

investigate parameters such as temperature as well as vapor and particle residence time.  

CFD modeling with an implemented comprehensive chemistry scheme is in this thesis 

proposed as means to better understand the process. An analogous approach is regularly 
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employed for investigating combustion. Radical induced decomposition is in combustion 

important for converting fuel molecules to less energy-containing combustion products. 

The attempt described in this thesis can be viewed as the equivalent in terms of 

investigation.  

 

2.3. Benefits of biomass use in the steel industry 
 

Biomass use in the steel industry can be realized, as several driving forces combine. 

Efficiency improvements, energy security, and carbon mitigation are all benefits of 

biomass use.  

The possibility of adding varying amounts of biofuels, in addition to altering the ratio of 

coke to coal, gives significant flexibility to balance economics and emissions. This was 

investigated by Norgate and Langberg [43], who were searching for the optimal balance. 

This balance is directly affected by the carbon tax and firm restraints on emissions. As the 

limits decrease and taxes increase, flexibility is key to competitive steelmaking. For the 

sole purpose of reducing emissions, it is worth investigating the use of biomass. However, 

as found in this thesis though more benefits can be found. 

In fact integration of waste heat sources with biomass conversion is likely to give several 

advantages of biomass use in the steel industry. Biomass can also be utilized directly in 

the process to gain efficiency improvements. One example, in addition to the energy 

savings by injection (investigated in Paper V), is co-charging charcoal with coke from the 

top in blast furnaces. Since charcoal has higher gasification reactivity [17], the Thermal 

Reserve Zone (TRZ) temperature decreases, resulting in lower coke consumption. Hanrot 

et al [16] estimated that 20 kg/tHM coke can be replaced by charcoal, leading to 

efficiency improvements. 

Additionally, integration of excess low-rank heat with biomass drying and pre-treatment, 

could lead to synergistic effects. Presently, large amounts of low-rank excess heat are still 

unused despite the efforts during the past years to improve efficiency. Barriers to 

increased use of the low-rank heat are commonly cited as; technological risks, long 

payback time and lack of resources such as time and expertise [1]. Hence, economic 

constraints account for the lack of new projects in this area, which are presumably 

expensive and complicated at a production site. In contrast, use of low-rank excess heat 

to dry biomass, is a simple opportunity to conserve energy that should carry little risk and 

low investment costs.   



21 
 

Energy security is an increasingly important issue, both on a national and a business level. 

If fossil fuel source become scarce, fuel flexibility will enable production to continue. But 

more importantly, being able to use various fuels will provide leverage in negotiations 

with external suppliers. This in turn, partly determines competitiveness of the industry. In 

fact, energy security at the end of the day is connected to societal issues such as workforce 

employment, social and ecological sustainability.  

Additionally, the carbon mitigation which is possible using biomass would contribute to 

targets set on a national and European level. Signs of a warming climate support the idea 

of a link between man-made atmospheric changes and an increasing influx of solar heat 

radiation. Among other emissions, the main gaseous contributor to global warming is 

CO2, considering (1) rate of accumulation, (2) life-time in the atmosphere and (3) 

absorption effectiveness. The iron and steel industry accounts for 6 % of all CO2
 

emissions (8 % in Sweden) [1]. The main contributor is the blast furnace. The process and 

generally dominates in terms of emissions and energy consumption [44].  

As shown in the result further on, the total injection rate—both on a mass and a energy 

basis—increases, to achieve balance in the furnace. This means that exhaust amounts of 

CO2 increases, but as the source is biogenic, it is considered as zero. This is not entirely 

true either, and with reference to the existing regulations, a highly disputed issue [45].  

Presently, the use of gaseous and solid fuels is counted with a zero-rating [45], according 

to the EU ETS directive. This is the assumption used in this thesis. For liquid biofuels the 

regulations are different, since most liquid fuels belong to the first generation biofuels. 

Food crops are to a large extent used to produce these liquid fuels, which are discouraged 

in favor of biofuels from forest residue and waste. Presently, very small amounts of liquid 

transportation fuels come from forest residue and waste. 

Even though forest residue will be used for pyrolysis and injection in blast furnaces, the 

fuel carries emissions from a life cycle perspective. Mainly it is due to transports and 

energy-use in pretreatment. For further reference, Suopajärvi et al [46] and Burchart-

Korol [47], investigates it in detail by LCA and stresses that all aspects should be 

considered given the option to use biomass or continue using fossil fuels. However, the 

carbon footprint indicator in Burchart-Korol [47] shows that for wood chips, this factor 

is unmistakably in favor of using biomass. Other factors like land occupation are in favor 

of using coal and regarding toxicity to humans, both choices are about the same. Another 

factor is of course the sustainability of harvesting high levels of residue from forests with 

fast rotation rates. In this case, see other works, for example Egnell and Börjeson [48].  
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The complete replacement of all the Pulverized Coal Injection (PCI) in Sweden requires 

an amount of biomass of national significance. The next subchapter addresses the 

biomass availability for this purpose. 

 

2.4. Biomass availability for use in steel industry 
 

Biomass availability is a critical issue for application of biomass in the steel industry. 

Several previous studies have been made on the topic of additional harvesting of biomass 

in Sweden; see for example Egnell and Börjeson [48]. 

The blast furnaces (BF) operating today in Sweden are listed in Table 4, all use Coal as 

injectants and Coke as reductants. The injectants are blown into the side of the furnace, 

alongside the hot blast. The reductant, are charged from the top alongside the iron ore.  

Table 4. Blast furnaces in Sweden (2014) [49] and numbers for coal and coke consumption (2008) [50] 

BF Location Capacity,  

MtHM/y 

Reductant rate, kg/tHM   Production, 

MtHM (2008) 

Consumption, Mton  

Coal Coke  Coal Coke 

M3 Luleå  2.55  135 320  2.24 0.31 0.73 

M2 Oxelösund 0.80  110 370  
1.33a 0.15a 0.50a 

M4 Oxelösund 1.10  95 365  

a M2 + M4  

The blast furnace, where the biomass is likely to be used first, are M3, since the following 

analysis conclude that less competition for biomass can be expected in the north of 

Sweden. The blast furnace could primarily use forest biomass, though we base our 

calculations on total biomass availability. This is relevant since elasticity should be 

expected—meaning that companies with low-value products will switch to other fuels or 

raw materials with lower value. 

Furthermore, the need for pretreatment is well known, if any large substation in coal 

applications will be possible. Table 5 shows pretreatment technologies in Sweden. 
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Table 5. Available solid conversion technologies for biomass in Sweden 

Parameter, unit Solid conversion process 

Pelletization Fast 

pyrolysis 

Pyrolysis Torrefaction Steam 

Explosion 

HTC 

Temp, °C 70 500 400-500 200-300 160-260 180-220 

Pressure, MPa High - - - 0.7-5 2.3-2.5 

Product Wood 

pellets 

Charcoal 

(oil, gas) 

Charcoal Torrefied 

material 

SE 

biomass 

HTC 

biomass 

Yield, wt% ~100 15 35 70 70 70 

Yield, energy% ~100 30 56 90 79 80 

Source Several KTH Skogens kol  Torkapparater  SEKAB KTH 

Production 2.3 Mton/y - 6000 ton/y 1 ton/h - - 

Use Industrial Pilot Small scale  Pilot  Pilot Lab 

Price, €/MWh 33 - 55 39.5-67.7 - 29.2 

       

The lack of predictions and uncertainty regarding those that have been made makes it 

difficult to evaluate the available biomass for injection into blast furnaces, beyond 2030. 

Still, this timeframe is not very far-reaching since the introduction of biomass in the blast 

furnace process will take time.  

However, most studies forecast a growing total availability of biomass, as increased use is 

expected to drive the development of remote locations and harvesting methods. On the 

other hand, if the use reaches too high levels, the economic viability will suffer. 

Considering the significant competition expected in the south of Sweden, as well as the 

required development of costly infrastructure, BF M3 is thus primarily suitable for a 

switch to biomass as an injectant. 

Availability studies are shown in Table 6, which stretch as far as 2050 

Table 6. Reported availability studies. 

Ref. Biomass Interval (number of studies), TWh/year 

2000 2010 2020 2030 2040 2050 

[51] Primary 

forest 

16-113.5 (23) 25.8-111.0 (14) 16.0-126.0 (16) 16.0-71.2 (7) (0) 18-52 (3) 

 Secondary 

residue  

12-44 (13) 20-59.6 (6) 16.8-63.7 (9) 40.0-68.1 (2) (0) 60 (1) [52] 

 Stump 0.3-8.0 (5) 10.0-57.5 (4) 10.0 (1) (0) (0) (0) 

 Total forest 

biomass 

80-159.6 (3) 111.0-173.8 (3) 107.0-181.7 (7) 143-195.2 (2) (0) 157 (1) [52] 

[53] Total 

biomass 

(0) (0) 248 (1) (0) (0) 394* (1) 

* Long term  
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Figure 16. The location of the blast furnaces, the competing user and the 
available as well as development in potentially available biomass. Error bars are 
for given the maximum and minimum prediction, in the case where several 
studies overlay. 
 

Figure 16 shows the location of the blast furnaces and the used amount of coal; other 

primary biomass users are also shown as to give the regional circumstances. The right side 

of Figure 16 shows the availability studies in Table 6. 

The most logical place to start-out with biomass injection is in the north of Sweden. A 

larger unused potential is expected here, where BF M3 in Table 4 is located. As indicated 

in Figure 16, an unused potential of forest biomass exists today, about 0.7 TWh/y for both 

Västerbotten (377 GWh/y) and Norrbotten (359 GWh/y). Although it is not enough to 

replace all coal used in the blast furnce M3, a significant portion could be covered.  

As seen in Figure 16; until 2030 potentially available biomass is expected to grow; error 

bars indicate the maximum and minimum prediction if several studies are considered. The 

competing uses of biomass are also expected to expand in the future, which is shown in 

Table 7. The industry use is expected to increase the most, according to 

Energimyndigheten.  

According to the government’s targets, the biomass use for transportation should 

increase. This assumes the success of second generation biofuels, such as SNG, 

Methanol, and Biodiesel. If all planned projects are completed, the biomass use will likely 

develop according to [54]; see Transportation (Scenario 1) in Table 7. As such 26 and 30 

TWh per year will be consumed by 2020 and 2030 respectively. If additional use for 

transportation is considered, see Scenario 2, Hansson and Grahn [54] estimates that 28 

and 50 will be used by 2020 and 2030.   
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Table 7. Estimated use of biomass, excluding Peat and Waste 

Ref.  Sector (Scenario) Estimated use based on regulation, TWh/year 

2007 2020 2030 

[55] Industry 55.1 64.3 69 

 Transportation 3.5 6.2 6.4 

 Residential and service 13.9 13.9 16.4 

 Electricity 12 19.5 20.5 

 Heating 36.5 44 43.7 

 Total 121 150.4 155 

[54] Transportationa (Scenario 1) 3.5 26 30 

 Transportationa (Scenario 2) 3.5 28 50 

a Assuming a conversion efficiency of 50 % on energy basis 

Finally, we can conclude that there is room for expanded biomass use. Availability is 

governed by the growth in the forest industry and the use by competitors. Primarily, the 

blast furnace M3 in the north of Sweden should be the target to switch to biofuels. The 

competition is likely to be strong in the south of Sweden, where the blast furnaces M2 

and M4 are located.  
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CHAPTER III 
3. METHODOLOGY 

 

Modeling is a tool which is frequently used to evaluate the performance of not yet 

existing plants. Modeling tools are developed in this thesis, where comprehensive 

chemistry (implemented into a CFD code) is used for the first time, for pyrolysis.  

Figure 17 shows, the general categories of models according to their respective length 

scale.   

μm-mmnm cm-m m

Energy and mass balance, 

exergy, economic social, etc.

Thermodynamics, diffusion 

and chemical reaction rate, 

fluid flow (CFD) etc.

Thermodynamics, diffusion 

and reaction rate, e.g. single 

particles, etc.

Quantum theory

Powder/pellets 

(single particles)

Atomic/molecular

Reactors 

(micro scale)

Reactors 

(macro scale)

System

Production

Application

CFD-

pyrolysis

model

Blast

furnace

model

 
Figure 17. Scale of models developed, red indicates the type of models used in 
this work, adapted from [56]. 
 

A simplified model for both primary and secondary pyrolysis is provided first as a basis 

for the more advanced chemical conversion model. The comprehensive approach is 

aimed at modeling the primary and secondary pyrolysis in sequence. The comprehensive 

models are used in order to study more subtle effects in the fluidized-bed fast pyrolysis 

process. The main investigated factor is the effect of a fluidizing gas atmosphere.  

The simplified model enables parametric studies, since the computational requirements 

are less demanding. The comprehensive model for primary pyrolysis is computationally 

very demanding. But once the primary product formation rates (in 3-D) are generated, the 

computational requirements for computing the secondary pyrolysis (in 2-D) are lower. 

Once again parametric studies are possible.   

In this work, the products generated from the process is used as an input into a blast 

furnace, which is represented by a model that takes into account the system of an 

integrated steel plant. The reduced emissions of carbon dioxide and the required biomass 

are put into a context of the whole society.  
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3.1 Experimental basis 
 

In this section, the experimental basis is described, which includes a reactor for pyrolysis 

at KTH and a blast furnace operated by SSAB in Luleå. 

 

3.1.1. Fluidized bed reactor for pyrolysis 
 

A pilot fast pyrolysis setup has been assembled at KTH in Stockholm, Sweden. Figure 18 

(left) shows a photo of the setup. Figure 18 (right) shows a cross section of the fluidized 

bed reactor. The setup includes a preheater for the fluidizing-gas, the fluidized bed 

reactor, a cyclone and a scrubber. The capacity of the rig is about of 2 kg/h.   
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Figure 18. The experimental setup of a fluidized-bed pyrolysis reactor, (left) 
photo of the whole setup, (right) schematic of the whole system. 
 

By aid of this setup, experimental processing of biomass via catalytic steam pyrolysis was 

investigated by Kantarelis [57]. The same setup is used as a basement in the modeling, for 

reproduction of the experiments. A different set of atmospheres were used for 

production of liquid, at the same time as char was produced. It was shown that steam 

participates in the devolatilization and bio oil formation. Using no catalyst, a higher liquid 

yield with slightly lower oxygen content was found, compared to oil produced under a 

nitrogen atmosphere [57]. Conversely, as the amount of liquid increased, the char yield 

decreased.  
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Table 8. Chemical characteristics of the biomass used, supplied by SCA BioNorr. 

Proximate  
analysis Parameter %wt 

 

 Moisture 9.80  
 Volatile Matter, dry basis 83.00  
 Ash, dry basis 0.31  
 Fixed Carbon, dry basis 16.60  
 HHV, MJ/kg 20.46  
 

 
 

Ultimate Analysis Element %wtdb  
 C 50.70  
 H 6.10  
 O (by balance) 42.71  
 N 0.18  
 S <120 ppm  
   
Metals content Metal ppm  Metal ppm  
 Si 49.6  Pb 0.0523  
 Al 16.2  B 1.84  
 Ca 760  Cd 0.0556  
 Fe 23.8  Co 0.0228  
 K 390  Cu 0.626  
 Mg 106  Cr 0.14  
 Mn 95.6  Hg <0.01  
 Na 12.1  Mo 0.0106  
 P 31.6  Ni 0.059  
 Ti 0.659  V 0.0239  
 As <0.09  Zn 7.49  

 Ba 9.84       

       

To produce an optimized product, insights like this would be helpful. It is thought that by 

understanding better the influence of reaction atmosphere, we can understand the 

integrated process in more detail. Recirculation of the gases from pyrolysis is an idea 

which surfaced in various concepts [58]. Various extent of drying, also results in various 

steam partial pressures in the reactor. Additionally, generating a high calorific value syngas 

requires a reaction atmosphere which is not inert. The effect of such an agent is of value 

to assess, in this work by means of modelling.  

A pre-heated fluidizing agent (in Kantarelis [57]; H2O and N2) is introduced from the 

bottom through a distributor plate. Heating elements inside the reactor wall convey 

additional heat to the fluidized bed and the freeboard (empty space above the bed). The 

biomass used in this work is shown in Table 8, which is a mixture of pine and spruce.  
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Table 9. Assumed physical characteristics of the biomass used  

Structure  Component % wtdab 

 Cellulose 48.7 

 Hemicellulose 23.2 

 Lignin 28.0 

 
  

Physical Parameter, unit Value/expression 

 Particle size, μm 850 

 Sphericity 0.6 

 Density, kg m-3 600 

 Char density, kg m-3 200 

 Packing factor 0.58 

 Restitution coefficient 0.9 

 Viscosity Kinetic and granular 

    

Thermo-physical Parameter, unit Value/expression 

 Heat conductivity, W m-1 K-1 0.104 

 Heat capacity, J kg-1 K-1 1150 
dab Dry ash-free basis 

Physical characteristics for the model are given in Table 9; it consists of a mixture of pine 

and spruce, supplied by SCA BioNorr. The ash content is very low for this feedstock, 

only 0.31 %wt on dry basis. This will correspond to a low extent of heterogeneous 

reactions, compared to pyrolysis using a high ash content feedstock.  

The biomass used in the experiments, which is analyzed to give model input, is shown in 

Figure 19. The biomass is sieved using a sieve of 850 μm, the particle size is assumed to 

be similar. Particle sizes of 1 mm to 1.4 mm are possible to use in the setup, at higher 

sizes the conversion might be far from complete and the feeding system can get stuck. 

 
Figure 19. Photo of the dry biomass used in the experiments, particle size is 
about 850 μm. 
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Table 10. Assumed physical characteristics of the sand   

Property Parameter, unit Value/expression 

Composition Silica, %wt 100 

Physical Particle size, μm 300 

 Sphericity 1 

 Density, kg m-3 2650 

 Packing factor 0.58 

 Restitution coefficient 0.9 

 Viscosity Kinetic and granular 

 Min fluidization velocity, m s-1 0.08 

Thermo-physical  Heat conductivity, W m-1 K-1 0.25 

 Heat capacity, J kg-1 K-1 830 

   

The sand properties are given in Table 10. Fluidizing this material at cold conditions gives 

the pressure drop shown in Figure 20, which indicates different regions depending on 

the intrinsic gas velocity u. Up until the minimum fluidization velocity umf; the bed is 

motionless with gas just passing through. After the threshold the bed becomes fluidized, 

with bursting bubbles causing some fluctuations in the measurements.  

 
Figure 20. Experimentally determined pressure drop as function of fluidizing 
gas velocity, at cold conditions, in the pilot plant.  
 

At higher fluidization gas velocity, the bubbling intensifies, however the average bed 

height (and thus void fraction) remains fairly constant. At much higher velocities, the 

fluidization regime changes to turbulent fluidization (or fast fluidization) with no distinct 

upper bed surface. Finally entrainment of all particles takes place which is essentially 

pneumatic transport but this is well outside the range in Figure 20. More information on 

the mechanisms, ranges and dynamics of fluidized beds can be found in Kunii and 

Levenspiel [59]. Figure 21 shows the bubbling regime, and the corresponding 

components of granular viscosity.   
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Figure 21. The main components of solid viscosity depending on fluidization 
regime. Bubbling fluidization is dominated by collisional and kinetic viscosity. 
 

In a fixed bed, the frictional forces dominate the viscosity, which in turn determines the 

flow characteristics. In a fluidized bed, collisional and kinetic viscosity dominates the 

viscosity. At high fluidization gas velocities, when entrainment occurs, kinetic viscosity 

dominates and the particle cloud behaves more like a gas. 

 

3.1.2. Blast furnace 
 

The blast furnace (BF) used for reference in this work is M3 located in Luleå, A picture in 

Figure 22 shows this BF. The reference period is April 28–June 4, 2008. During that time 

the production rate was 275.7 tHM/h; HM being short for hot metal or crude iron. 

 
Figure 22. The blast furnace used as reference in the calculations. Modified 
figure from [60]. 
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Table 11. Operation parameters for BF M3 for the reference period April 28-June 4, 2008.  

Parameter  Unit Values 

Feed rate   

Coke kg/tHM 305 

Pulverized Injection kg/tHM 155 

Biofuel kg/tHM 0 

Limestone kg/tHM 41 

   

Controlled parameters   

O2 in the blast % 23.9 

RAFT ºC 2151 

Blast temperature ºC 1106 

Top gas temperature ºC 133 

   

Operating conditions   

Eta COa % 55.5 

Shaft efficiency % 98.5 

Slag formation kg/tHM 149.6 

Production rate tHM/h 275.7 
a Gas utilization efficiency, %CO2 / (%CO2 + %CO)theoretical 

A blast furnace is used for reduction of iron oxide to crude iron by use of coke, some 

additives and an auxiliary fuel as well as preheated oxygen-enriched air. The furnace is 

essentially a counterflow shaft reactor. The gas released from the reduction zone, passes 

upwards through the shaft and dries, delivers heat and accomplishes some initial 

reduction of the iron oxide.  

The operating conditions of Blast furnace M3, used further on, is given in Table 11. The 

PCI and biofuels have the assumed composition given in Table 12; note the charcoal 

composition in particular.  

 

Table 12. Ultimate analysis of PCI and investigated biomass products  

Parameter Unit PCI Assumed products used in BF  Charcoal from fast pyrolysis 

Wood 
pellets 

Torrefied 
material 

Charcoal  S/B 0 [41] S/B 0.5 [41] 
Model, 
Figure 32 

C wt%db  85.0 50.5 58.0 84.70  80.1 84.7 87.7 

H wt%db 3.9 6.2 5.30 3.35  3.0 3.1 1.3 

N wt%db 2.1 0.1 0.48 0.13  0.9 0.9 - 

O wt%db 2.1 42.6 34.00 10.6  14.4 9.7 9.3 

S wt%db 0.4 0.01 0.03 0.02  - - - 

Ash wt%db 7.8 0.5 3.2 1.9  1.6 1.7 1.7 

Moisture wt% 1.0 9.4 7.7 4.5  - - - 

LHV MJ/kg 33.5 19.2 21.6 31.6  29.2 31.4 30.8 
db dry basis  
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The composition of the charcoal is neither the same as the char obtained from the 

fluidized-bed fast pyrolysis rig (nor the model), since the basis are two different projects. 

However, the composition is close and hence the Lower Heating Value (LHV), as seen in 

Table 12. In general, charcoal from pyrolysis has a fairly uniform composition, regardless 

of feedstock. Torrefied material is simply said a semi-pyrolyzed product, generally from 

the same feedstock. 

More information on the source of the information, and corresponding pretreatment 

conditions are given in Table 5. 

 

3.2 Implementation of pyrolysis models into fluidized-bed 
CFD models  

 

As shown in the Background section, several pyrolysis models have been used in CFD 

simulations in the literature. In this work, the model from Miller and Bellan [18] has been 

used in addition to the model by Ranzi et al [33]. For the primary scheme, the same 

constants as in Miller and Bellan [18] are used, as suggested by Blondeau and Jeanmart 

[32]. This enabled the comparison of results between our work and Ref. [32] which is a 

single particle model.  

The modeling of fast pyrolysis must consider the heat transfer and hydrodynamics of the 

fluidized bed, in addition the pyrolysis. Hence much work was devoted to modeling the 

dynamics of the process.  

Material and granular properties, such as grain size, size distribution, density, bulk density, 

heat capacity, heat transfer coefficients have a great impact on the flow. In our work we 

have also shown that significant physical effects exist, provided by the reaction 

atmosphere.  

As already stated, a simplified model is firstly developed with the kinetic scheme from 

Miller and Bellan [18] applied to the primary pyrolysis and a simple first-order reaction 

applied to the secondary pyrolysis. This provides as a basement of the more advanced 

chemical conversion model.  

The comprehensive approach is to model the primary and secondary pyrolysis in 

sequence. The first part, 3.2.1 explains the Simplified two-phase model which is an 

unsteady 3-D model of the reactor. The second part 3.2.2 covers the Comprehensive 

primary pyrolysis model, which is an unsteady 3-D model of the reactor. The third part 
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3.2.3 covers the Comprehensive secondary pyrolysis model, which is a gas phase steady 

state 2-D model of the reactor, cyclone and scrubber line.  

 

3.2.1. Simplified two-phase model 
  

The Euler-Euler multiphase framework with two phases is applied in the computation; 

one fluid phase and one granular phase which is a mixture of sand and biomass. The 

commercial software ANSYS Fluent 14.5 in this model and for the rest of the CFD work 

in this thesis. The approach in this section is a simplified treatment of the solids using 

only one eulerian phase for the biomass-sand mixture. This approach has some 

limitations, such as the inability to show the actual pathways of biomass particles and thus 

the char entrainment. However the approach correctly introduces a low temperature zone 

close to the feeding location, as well as evaporation and pyrolysis of biomass particles.  

Table 13 shows parameters for the mentioned reactions associated to the primary 

pyrolysis, given in Figure 12. The kinetic rate constants A and E, for component denoted 

AC, AH, AL and EC, EH, EL, are taken from [18]. Tar is considered as the same product 

from cellulose, hemicellulose, and lignin which is subject to secondary pyrolysis, 

according to kinetics collected from Di Blasi [21], i.e. A = 4.28 × 106 1/s and E = 108.0 

× 103 J/mol. 

Table 13. Kinetic rate constants [18] for each reaction in Figure 12, which renders the pyrolysis of each 

component individually.    

Reaction AC, s-1 AH, s-1 AL, s-1 EC, J mol-1 EH, J mol-1 EL, J mol-1 hr, J g-1 

1. Vol. → Active Vol. 2.8∙1019 2.1∙1016 9.6∙108 242.4 186.7 107.6 0 

2. Act. Vol. → Char + Gas 1.3∙1010 2.6∙1011 7.7∙106 150.5 145.7 111.4 -3827 

3. Act. Vol. → Tar 3.3∙1014 8.8∙1015 1.5∙109 196.5 202.4 143.8 +1277 

        

The process where the material is dried constitutes the first stage. The mechanisms, which 

determine the rate of drying have been studied extensively in the past. For particles, the 

models are applicable in many industrially important processes. In the case of sufficiently 

small particles (Biot’s number << 0.1), the drying and pyrolysis (as well as char oxidation 

in combustion), are largely separated in sequential stages and do not interfere with each 

other.  

Drying of particles is a physical process which can be limited by mass or heat transfer. 

However, in the models, following this section, drying is considered as a reaction which 
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can be incorporated in the model framework. As such, a kinetic expression is used, but 

the required endothermic heat will balance with the heat supply and provide sufficiently 

accurate rendering of the drying.  

As assumed in the model, the kinetic expression (2) have to following rate constants A = 

5.3 × 1010 s-1, E = 88 kJ mol-1 and reaction heat being 2260 kJ mol-1. Y is the mass 

fraction of water M the molar weight of water 𝜌 is the particle density.  

𝑅 =
𝜌∙𝑌𝐻2𝑂

𝑀𝐻2𝑂
𝐴𝑒−

𝐸

𝑅𝑇  [
𝑚𝑜𝑙

𝑠∙𝑚3
]  (2) 

This assumption is also used in the following sections describing the more comprehensive 

modeling effort. On a more detailed level, mass transfer limitations can be rate 

controlling. At high moisture contents, a film of liquid water usually builds up around a 

particle. Mass transfer between the gas phase and liquid film could in this case be rate 

limiting.  

When the particle dries further, the mass transfer within the particle controls the rate. 

This is especially true for large particles of several centimeters. However, in fluidized bed, 

the water vapor near the liquid film is readily flushed away and particles are small. 

Additionally, even when steam is used in the process the saturation is still far below 100 

%, due to the high temperature. Hence, heat is considered as the main driver for the 

drying process.  

With a heat transfer controlled drying, the expression becomes according to (3). 

𝑅 =
𝐴∙ℎ(𝑇𝑔𝑎𝑠−𝑇𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)

𝑀𝐻2𝑂∙𝐻𝑣𝑎𝑝
[

𝑚𝑜𝑙

𝑠∙𝑚3
] (3) 

However, a heat transfer controlled drying results in an expression that is difficult to solve 

since the rate is not continuous. For a moisture content approaching zero, the rate still 

remains the same. But when becoming exactly zero the rate drops to zero as well. When 

iterating, the moisture content can fluctuate between zero and a non-zero value, which 

gives numerical instabilities. Finally, earlier research shows that an Arrhenius type 

expression generally is sufficient for modeling drying in this case [42].  

 

3.2.2. Comprehensive primary pyrolysis model 
 

In this case, the use of a more comprehensive model would give access to primary 

compounds which individually can react according to secondary pyrolysis reactions. In 
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this work the kinetic model from Ranzi et al [23] is used, with secondary reactions from 

from Blondeau and Jeanmart [26]. Additionally, some of the kinetic constants were 

modified by Blondeau and Jeanmart [26]; in fact the same kinetic constants as in Miller 

and Bellan [18] were used. Using the same kinetic model enables the comparison of the 

primary products from a single particle, with the CFD result. The similarity of the results 

supports the correct implementation of the kinetic model.  

Figure 23 and Figure 24 show the primary and secondary pyrolysis respectively. Kinetic 

constants can be found in Paper II (for the scheme in Figure 23, also in Table 3).  

 
Figure 23. Kinetic model used for the primary pyrolysis, from Ranzi et al [23]. 
 

 
Figure 24. Kinetic model used for the Secondary pyrolysis, from Blondeau and 
Jeanmart [26]. 
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Note that char forms due to secondary reactions in Figure 24, which means the mass 

transfer between gas and biomass is two-ways. This is indicated in Figure 25, which 

shows the framework considering the multiphase process of fluidized-bed fast pyrolysis. 

Two solid phases and one gas phase represents sand, biomass and vapors in the model. 

For the sand, entrainment is also possible in theory, but in this model, essentially no 

entrainment occurs.  
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Figure 25. Framework used for the comprehensive primary pyrolysis model. 
 

This representation compared to the simplified model in Paper I is closer to reality in 

terms of hydrodynamics, since the phases are treated individually according to properties 

such as sphericity, density etc. Interaction between the three phases in the model is 

simulated in terms of heat, momentum and mass transfer. The heat transfer between gas 

and biomass is modeled using the correlation by Ranz and Marshall [61, 62]. The heat 

transfer between the gas and sand is modeled based on the work by Gunn [63]. Heat 

transfer between the sand and biomass is modeled based on the work by Mickley and 

Fairbanks [64] (with adaption for CFD by Papadikis et al [30]). 

Bulk viscosity for the sand phase is calculated based on Lun et al [65]. The solid shear 

viscosity is normally a sum of three components, the collisional viscosity, kinetic viscosity 

and frictional viscosity. Estimation of collisional viscosity is based on Ref. [66], kinetic 

viscosity on Ref. [67]. Frictional viscosity assumed to be zero, since the solids volume 

fraction is far from the maximum packing limit. The granular temperature is a component 

of both the collisional viscosity and the kinetic viscosity and is estimated based on kinetic 



38 
 

theory, from Ref. [67]. Equations can be found in Paper II, with some it repeated in 

Paper III.    

 

3.2.3. Comprehensive secondary pyrolysis model 
 

The formation of Primary products can be explicitly modeled, since the actual reaction 

source terms are computed. This is in contrast to the Secondary pyrolysis model, where 

the individual reaction source terms are not modeled. Instead a Probability Density 

Functional (PDF) approach is used, where a large number of species are taken into 

account. This is approach is feasible, in contrast to the conventional approach which 

would be very demanding in terms of computational resources.  

Instead the reactions are solved implicitly, in the species mass balance terms. Thus they 

cannot be reported and it is actually one of drawbacks of this approach. However, for the 

same computational resources, many more compounds can be considered. The Primary 

products react according to a scheme shown in Figure 26, where new compounds also 

are indicated.  
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Figure 26. Indicative reactions in the chemistry scheme and new products in 
addition to the primary products. 
 

Figure 26 shows the classes of reactions in the chemistry scheme and new products in 

addition to the primary products. The products included in the gas fraction are non-

condensable. In the liquid products, some compounds are given that depending on the 

operating conditions will be in the gas phase. Benzene (C6H6) will for example be difficult 

to condensate out, in the pilot plant as described. However, to make a consistent 

distinction, the compounds were categorized in this way. 
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When implemented, the scheme it is reduced to 100 species using a Dimension Reduction 

algorithm. Chemistry Agglomeration and In-situ Tabulation (ISAT) is in addition used to 

accelerate the computation.  

This is the first implementation of such a model in CFD, for fast pyrolysis. The closest 

analogous model is used for combustion, the study intermediate species and impact of for 

example turbulence.  

In this case only one phase is modeled, but a much more complex chemical model is 

used. This is to simulate the interaction with fluidizing gas and the other components in 

vapor mixture. Primary products from the previous simulation further decompose and 

interact according to a kinetic scheme, which can be downloaded from 

http://creckmodeling.chem.polimi.it/. The used scheme comprises 134 species, and 4169 

reactions (version 1311, November 2013), which is implemented in the CFD 

environment of ANSYS Fluent 14.5. PDF composition transport is used for the 

turbulence chemistry interaction.  

Although not included in the thesis, additional information on the approach can be found 

in Mellin et al [14]. Primary products appear due to source terms which describes the local 

formation rate that is implemented in the simulation. They are shown in Figure 49 and 

Figure 50 with a nitrogen and steam atmosphere respectively.  

Since the reactions are reversible, a backwards reaction rate is always considered. Hence 

the suppression of certain reactions with the fluidizing gas molecule as a product will be 

correctly considered.  

 

 

 

 

 

 

 

 

 

 

http://creckmodeling.chem.polimi.it/
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Table 14. Radical species in the kinetic scheme implemented in the composition PDF model  

C# Suggested name (CHEMKIN scheme designation) 

0 OxygenR,E (O) HydrogenR,E (H) HydroxylR,E (OH) HydroperoxylR,E 
(HO2) 

 

1 CarbyneR,E (CH) FormylR,E (HCO) CarbeneR,E (CH2) Methyl-peroxyR,E 
(CH3OO) 

HydroxymethylR,E 
(CH2OH) 

 MethylR,E (CH3) MethoxyR,E 
(CH3O) 

CarbeneR,E 

(CH2S) 
Hydroperoxide-
methylR,E 
(CH3OOH) 

Hydrogen 
carbonateR,E 
(HCO3) 

2 EthynylR,E (C2H) KetenylR,E 
(HCCO) 

Ethyl-peroxyR 
(C2H5OO) 

EthylR,E (C2H5) PeroxyacetylR,E 
(CH3CO3) 

 EthylidyneR,E 
(C2H3) 

VinoxyR,E 
(CH2CHO) 

2-HydroxyethylR 
(C2H4OH) 

1-HydroxyethylR 
(CH3CHOH) 

AcetylR,E 
(CH3CO) 

 Hydroperoxy-
EthylperoxyRS 

(C2-OOQOOH) 

Hydroperoxy-
ethylR (C2-
QOOH) 

Ethyl-
hydroperoxideR,E 
(C2H5OOH) 

Ketohydroperoxy
-ethylR,E (C2-
OQOOH) 

 

3 AllylR 
(CH2CHCH2) 

MethylvinoxyR 
(CH3COCH2) 

PropenylR 
(NC3H7) 

CyclopropenylR  

(C3H3) 
n-propylperoxyR 
(NC3H7OO) 

 PropanalR 

(C2H4CHO) 
PropyneR  
(CHCHCH3) 

Cyclopropenylide
neBR,E (C3H2) 

Iso-propenylR 

(IC3H7) 
n-PropoxyR 

(NC3H7O) 
 Propylene-

peroxideR 
(C3H5OO) 

Iso-propyl 
peroxyR 
(IC3H7OO) 

hydroperoxy-
propylR (NC3-
QOOH) 

Ketohydroperoxy
-propylR,E (C3-
OQOOH) 

Iso-hydroperoxy-
propylR (IC3-
QOOH) 

 Hydroperoxy-
PropylperoxyR 
(NC3-
OOQOOH) 

Isoketohydropero
xy-propylR (IC3-
OQOOH) 

   

4 FuranylR 
(C4H3O) 

Methylallyl 
(SC4H7) 

CyclobutadieneR 
(C4H3) 

Iso-methylallylR 
(IC4H7) 

Methylcyclopropy
lR (CH2C3H5) 

 MethylallenylR 
(C4H5) 

    

>4 BenzylR (C7H7) Cresol-OR 
(C7H7O) 

Cresol-CR 
(C7H7O) 

Cyclopentadienyl
R (CYC5H5) 

DimethylfuranylR 

(DMF-3YL) 
 PhenylR (C6H5) PhenolateR 

(C6H5O) 
3-CyclopentenylR 
(C5H7) 

CyclopentadieneR,

E (CYC5H6) 
 

R Radical, BR Biradical, EExempted from the Dimension Reduction 

Radicals participate in the pyrolysis, both in the decomposition to smaller molecules and 

polymerization to larger molecules. Table 14 shows the radical species included in the 

model, both smaller molecules which in combustion are the product homolysis, as well as 

larger molecules which are intermediates from the decomposition.   
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Table 15. Species of tar and gas in the kinetic scheme implemented in the composition PDF model  

C# Suggested name (CHEMKIN scheme designation) 

0 HeliumE (He) ArgonE (Ar) NitrogenE (N2) OxygenE (O2) WaterE (H2O) 

 HydrogenE 
(H2) 

Hydrogen 
peroxideE (H2O2) 

   

1 FormaldehydeE 
(CH2O) 

Carbon dioxideE 
(CO2) 

Carbon 
monoxideE (CO) 

Formic acidE 
(HCOOH) 

Performic acidE 
(HCO3H) 

 GraphiteE (C)     

2 MethaneE 
(CH4) 

MethanolE 
(CH3OH) 

AcetyleneE 
(C2H2) 

KeteneE (CH2CO) GlyoxalE (C2H2O2) 

 EtheneE (C2H4) OxiraneE 
(C2H4O) 

AcetaldehydeE 
CH3CHO 

Hydroxyacetaldehyd
eE (C2H4O2) 

Acetic acidE 
(CH3COOH) 

 EthanolE 
(C2H5OH) 

EthaneE (C2H6) 1,2-EthanediolE 
(GLIET) 

Peracetic acidE 
(CH3CO3H) 

 

3 PropaneE 
(C3H8) 

PropeneE (C3H6) Allene,E (AC3H4) PropanalE (C3H6O) PropyneE (pC3H4) 

 AcetoneE 
(CH3COCH3) 

PropanedialE 
(C3H4O2) 

AcroleinE 
(C2H3CHO) 

Hydroxyl-oxo-
propanalE (C3H4O3) 

Propyl-
hydroperoxideE 
(C3H7OOH) 

 GlycerolE 
(Glycerol) 

IsopropenylE 
(CH2CCH3) 

PropanalE 
(C2H5CHO) 

AcetolE (C3H6O2) Propanoic acidE 
(C3H5OOH) 

4 DiacetyleneE 
(C4H2) 

FuranE (C4H4O) ButadieneE 
(C4H6) 

MethacroleinE 
(IC3H5CHO) 

IsobuteneE (IC4H8) 

 VinylacetyleneE 
(C4H4) 

n-buteneE 
(NC4H8) 

ButadienalE 
(CH2CCHCHO) 

ButanedioneE 
(C4H6O2) 

 

>4 FurfuralE 
(C5H4O2) 

MethylfuranE 
(MEFU2) 

CyclopenteneE 
(C5H8) 

BenzeneE (C6H6) Anhydro-
levoglucosanE 
(C6H8O4) 

 PhenolE 
(C6H5OH) 

HMFUE 
(C6H6O3) 

Methylcyclopenta
dieneE (MCPTD) 

DimethylfuranE 
(DMF) 

BenzaldehydeE 
(C6H5CHO) 

 XylanE 
(C5H8O4) 

CresolE (C7H8O) LevoglucosanE 
(C6H10O5) 

PyryliumE (C5H5O) MethoxybenzeneE 
(C6H5OCH3) 

 SyringolE 
(C8H10O3) 

p-CoumarylE 
(C9H10O2) 

NaphthaleneE 
(C10H8) 

Lumped-phenolE 
(C11H12O4) 

TolueneE (C7H8) 

 p-tolylE 
(C6H4CH3) 

3-CyclopentenylE 
(C5H7) 

   

E Exempted from the Dimension Reduction 

Table 15 shows the non-radical components, which includes both gaseous and 

condensable fraction. Note that some compounds are exempted from the dimension 

reduction, which means they are not simplified in order to reach the software limit of 100 

solved species in the computation.   
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Table 16. Cases in the parametric study of temperature and reaction atmosphere 

Case, 
no 

Reaction 
atmosphere 

Pp formation rate 
profilea 

Mass flow relative 
to H2O, %wt 

Temperature, °C 

Bed and reactor 
wall  

Cyclone and 
scrubber line  

1 N2 N2 156 600  350 

2 N2 H2O 156 ~486.5b 250 

3    600  350 

4    650  400 

5    700  450 

6    800 450 

7 H2O H2O 100 ~486.5b 250 

8    600  350 

9    650  400 

10    700  450 

11    800  450 

12 CH4 H2O 89 600  350 

13 CO H2O 155 600  350 

14 CO2 H2O 244 600  350 

15 H2 H2O 11 600  350 

16c H2O  H2O 100 600 350 

a See Table 3 for Primary product (Pp) formation rate profile. b In this case the fixed temperature field has 

some spatially variation, since it is transferred from the primary pyrolysis simulation. c High turbulence case 

with an inlet Turbulent Kinetic Energy of 2850 m2/s2. 

Table 16 shows the cases that were computed using the secondary pyrolysis model. Here 

the effect of temperature is investigated as well. A series of cases are computed using 

increasing temperature for the reactor wall, bed zone, cyclone wall and scrubber line.   

For all cases where different reaction atmospheres were used, the same temperature of 

600 °C was set. This temperature was found to give a reasonable extent of secondary 

pyrolysis. The cases with a temperature stated as ~486.5 °C resulted in almost no 

reactions at all. In Calonaci et al [21] a residence time of about 5 seconds was used to 

obtain a similar temperature response, as in the experiments. Conversely, a high 

temperature was needed to have a reasonable response to the residence-time estimated in 

experiments. The residence time starts to have a significant effect, from 550 °C (823 K). 

More reliably, 600 °C (873 K) or 650 °C (923 K) seems to be suitable temperatures which 

correspond to the same findings in this modeling effort. 

For all the cases with a less reactive atmosphere, i.e. N2, H2O, CH4, CO and CO2, the 

corresponding specie is used as the balancing specie. For the case with H2, having this 

specie as the balancing one resulted in a non-converged solution. Instead, H2O was used 

as the balancing specie. In the last case of Table 16, a higher Turbulent Kinetic Energy is 

used for the fluidizing gas. The purpose is to study the impact of turbulence in the 

context of the model.   
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3.3 Blast furnace model  
 

For further reference the reader is advised to see the paper by Hooey et al [68] and Paper 

V. Figure 27 shows the outline of the blast furnace sub-models, associated to each zone. 

A solution is obtained iteratively, in a Microsoft Excel environment. Static reactions are 

calculated in the model, with equilibrium assumed for the Thermal Reserve Zone (TRZ).  
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Figure 27. Blast furnace model used in this thesis, showing the different sub-
models, zone-specific reactions as well inlet and outlet streams. 
 

In principle, any energetic fuel can be used as injectant. However the requirements of the 

blast furnace are special in comparison with for example boilers. A certain combustion 

behavior is sought when using injectants; flame shape, burnout and ash formation is 

important. Therefore, unforeseen limitations might still arise during further work, since 

the model presented here does not consider these aspects. 

The burden model balances the needed carbon, iron ore, limestone and other additives 

versus the operating conditions in the blast furnace model. Thereby, the required amount 

of charged materials is known.  

Figure 28 shows the energy system, which also considers the exchange of fuel with an 

integrated plant. Coke oven gas is imported to the system and top gases are exported, in 

order to have a suitable fuel for preheating the hot blast in the hot stove.  
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Figure 28. The inputs and outputs of the considered system for estimating the 
change in energy use. The streams (except coke) are those that will change in 
comparison with the base case of 100% coal use.  
 

The simulations are finally made based on a number of parameters given in Table 17. 

Reference values for the case of 100 % coal are given and the assumptions made for each 

parameter during use of biomass. Note that this list of parameters is not exhaustive.  

Table 17. Key parameters of Blast furnace 3 operation for the reference period April 28–June 4, 2008. Note 

that the set of variables are not exhaustive.  

Parameter  Unit Base case (100% Coal) Cases of biomass use (0-100%) 

Feed rate    

Coke kg/tHM 305 Kept constant 

Pulverized Injection kg/tHM 155 Varies 

Biofuel kg/tHM 0 Controlling variable 

Limestone kg/tHM 41 Varies 

    

Controlled parameters    

O2 in the blast % 23.9 <25.4 

RAFT ºC 2151 Kept constant 

Blast temperature ºC 1106 Kept constant 

Top gas temperature ºC 133 >100 

    

Operating conditions    

Eta CO % 55.5 Varies 

Shaft efficiency % 98.5 Kept constant 

Slag formation kg/tHM 149.6 Varies 
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3.4 Calculation of reduced CO2 emissions from the Blast 
furnace  

 

The application of biomass into the blast furnace is regarded as 100 % reduction in CO2 

emission, but this is only the case if fossil carbon actually is displaced. It means that 

additional injection of biomass will not decrease emissions, unless a reduced amount of 

injected coal is achieved.  

Even though forest residue will be used for pyrolysis and injection into blast furnaces, the 

fuel carries a small amount of emissions from a Life cycle perspective. Mainly it is due to 

transports and energy-use in pretreatment. For further reference, Suopajärvi et al [46] and 

Burchart-Korol [47], investigates it in detail by LCA and stresses that all aspects should be 

considered given the option to use biomass or continue using fossil fuels. However, the 

carbon footprint indicator in Burchart-Korol [47] shows that for wood chips, this factor 

is unmistakably in favor of using biomass. Other factors like land occupation are in favor 

of using coal and regarding toxicity to humans, both choices are about the same. Another 

factor is of course the sustainability of harvesting a high level of residue with a fast 

rotation rate, which is investigated in other works—see for example Egnell and Börjeson 

[48].  

  



47 
 

CHAPTER IV 
4. RESULTS 

  

The cases simulated in this thesis are shown in Figure 29. Steam and nitrogen has been 

investigated by experiments [57], for both catalytic and non-catalytic pyrolysis. For the 

modeling work in this thesis, a wider range of atmospheres is investigated instead. The 

advantage of using a model, is that certain effects can be distinguished more easily. In 

experiments, the effect is always the sum of all factors (e.g. physical, surface interaction 

and chemical) and it is difficult to associate certain effects with properties of the fluidizing 

gas. Many more atmospheres can be investigated, within the framework of the models. In 

addition, other factors can be explored.  
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Figure 29. Modeling alongside experiments, indicating the cases which were 
investigated with the Simplifed model, the Comprehensive primary pyrolysis 
model and the Comprehensive secondary pyrolysis model.  

 

4.1 Comparison between experimental work and model 
results 

 

This section discusses the comparison (and agreement) with experimental results. Note 

that in a few instances, the results from other modeling efforts are also included in the 

comparison. To further clarify, the experimental comparison used in this thesis is 

explained by the following paragraphs.  
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For the Simplified model, the comparison includes (1) temperature profile in the 

reactor, (2) bed height and (3) pressure drop across the bed. 

For the Comprehensive model of Primary pyrolysis, the comparison includes (1) 

overall yield of lumped pyrolysis products, (2) elemental content in the solid, (3) liquid 

(condensable) fraction, (4) gaseous fraction and (5) comparison of oil component groups. 

For the Comprehensive model of Secondary pyrolysis, a comparison was made of (1) 

higher hydrocarbons in the gas (not produced by the comprehensive primary pyrolysis 

model). A ratio based on higher hydrocarbons, indicates the cracking severity, which are 

also compared.  

 

4.1.1. Simplified pyrolysis model 
  

In the first figure of this chapter, the temperature profile along the centerline of the 

reactor is shown in comparison with the experimentally measured values; see Figure 30 

a). It can be seen that the profile is not completely matched. The results are 

instantaneous, but significant time (200 s) has been given, in order to stabilize the results. 

The inlet and outlet temperature is most closely matched, but the profile in the middle 

deviates to a certain degree.  

The deviating hydrodynamic behavior of the biomass particles, are not taken into 

account, since all solids are assumed as one phase. Thereby no entrainment of particles 

occurs, which could otherwise affect temperature readings. Radiation is not accounted for 

either, but should be small (although not insignificant) in comparison with the conduction 

and convection heat transfer modes.  

  
Figure 30. Comparison of a) temperature along the centerline after 200 s b) bed 
height after 25 s in the cold model. 
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See Figure 30 b), here the approximated bed height is compared with the expected one, 

when using the Ergun relation (1) [69]. Note that this is at cold conditions, around 60 °C. 

∆𝑝 =
150𝜇𝐿

𝐷𝑝
2

(1−𝜀)2

𝜀3
+

1.75𝐿𝜌

𝐷𝑝

(1−𝜀)

𝜀3
𝑣𝑠

2 (3)  

With the aid of the pressure drop and the particle properties such as density and diameter, 

the bed void fraction (proportional to the bed height, L) can be calculated. The expected 

bed height is shown in Figure 30 b). 

The pressure in the freeboard of a fluidized bed is dependent on the bed height. With a 

fairly correct prediction of temperature, bed height, and volatiles production, the pressure 

should be fairly well predicted. See Table 18, where the predicted gauge pressure is about 

1.1 kPa, compared to the measured 1.2 kPa.  

For the simplified model, a correct rendering of the gas flow above the bed is likely. 

However, the bubbling of the bed creates fluctuations. As we can see in the 

comprehensive model (next section), the transient results show fluctuations in almost all 

aspects, even though the formation of products largely has stabilized to a large extent.    

Table 18. Pressure at different locations in the reactor, in the model and experiments, and the pressure drop 
over the bed.  

Position Pressure, Pa  

 Measured  Model  

Under distributor plate (windbox) 102700 ± 56 - 

Pressure above distributor plate  102427 ± 56 (calculated) 102923 

Above the bed 101348 ± 51 101687 

Pressure drop over bed 1079 ± 107 1236 

   

 

4.1.2. Comprehensive primary pyrolysis  
 

The modeling done with aid of the comprehensive primary and simplified secondary 

pyrolysis is shown Figure 31. The experimental comparison in this part includes; (1) 

overall yield of lumped pyrolysis products, (2) elemental content of the solid, (3) 

elemental content of the condensable liquid, (4) gaseous compounds, (5) temperature, (6) 

pressure and (7) comparison of oil component groups. The first four items are 

summarized in Figure 32. 
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Figure 31. Modeling alongside experiments for the Comprehensive primary 
pyrolysis model, indicating the comparison with experimental results. 
 

Figure 32 shows the instantaneous results after 10.25 s, indicating that the prediction 

agrees to a certain degree with the experiment.  However, the yield of water is too small in 

the model, which is shown in Figure 32 (d). With the addition of some cracking reactions 

of the tar compounds, it is not improved. On the other hand, the cracking reactions 

increase the char yield, to a value closer to the experimental one.  

As such, in the model, a significant part of the char fraction forms homogenously as coke. 

This is not consistent with experimental findings. Even though coke forms, most of it is 

likely not separated in the cyclone (and hence not included in the char fraction). Instead 

large amounts carry over to the scrubber, which is the cause of the black opaque 

appearance of the liquid. It is rather problematic, and it was concluded that the simplified 

secondary reactions could not improve the predictability of the model in a good direction. 

Hence only the comprehensive primary reactions were used in the continuation of the 

work.  

A comprehensive model for secondary pyrolysis [70] existed at the time when this 

particular work was done (more has been added later on). But implementation into CFD 

required a separate model since the computational requirements required a detached 

model (without multiple phases). It was decided, to use this more comprehensive model 

to study secondary pyrolysis, including effects such as interaction with turbulence and the 

reactor environment. But first, an investigation of the physical effect of the fluidizing gas 

on the primary pyrolysis, was made (see Chapter 4.3 for the results beyond the agreement 

with experimental results).  
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Figure 32. Elemental composition and overall yield of products versus 
experimentally determined values. Panel (a) shows elemental composition of 
the condensable liquid, (b) the gas composition (c) the elemental composition 
of the char fraction and (d) overall yield of products from biomass.  
 

As further shown in Figure 32, the agreement of primary yields with experimental yields, 

are not completely satisfactory. The most important features are modeled however, and 

the gas composition agrees fairly well. .  

The temperature profile when steam is used is shown in Figure 33 (blue dashed line), 

both for the model and the experiment. The agreement is good, and the overall profile 

agrees fairly well. Note that the shown line is the horizontally averaged results; the 

blacked dashed line shows the result along the centerline. More fluctuations are also seen 

in Figure 33, compared to the simplified model in Figure 30 a), where a coarser mesh is 

used.   
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Figure 33. Horizontally averaged temperature along the reactor height using 
steam (blue dashed line) and nitrogen (red solid line), as well as experimental 
measurements along the centerline (black solid line). For the steam case, the 
temperature along the centerline is also shown (black dashed line)  
 

The pressure drop is given for steam and nitrogen, in Table 19. Here we can see an 

increasing pressure drop in the experiments when steam is used, but a decreasing pressure 

drop predicted by the model.  The reason is not entirely clear. The freeboard absolute 

pressure is quite accurately predicted however. Temperature has an influence here; 

nitrogen as fluidizing gas gives a slightly higher temperature due to the lower heat 

capacity. Expansion of the gas gives a higher pressure due to the temperature.  

Composition of the condensable compounds at the outlet is shown in Figure 34. 

Dilution by the steam is clearly shown as higher water content. An interesting observation 

is that model results, apart from water content, do not differ much between the two cases. 

However the experimental composition from steam pyrolysis corresponds better to the 

model composition which can be due to the milder pyrolysis when using steam. This is 

likely due to the milder pyrolysis achieved in a steam atmosphere, which preserves the 

volatiles closer to their primary state. 

Table 19. Shows the pressure drop and the pressure in the freeboard. 

Study   Pressure drop, Pa   Pressure in freeboard, Pa 

    Steam N2   Steam N2 

Experiment 1808.26 1649.38 
 

53.00 69.50 

Model   1086.80 1148.66   71.20 88.90 
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Figure 34. Compound groups in the liquid, according to the model and 
experiments, as well as results in the literature (see Paper III for details on the 
references). For the tar components assigned group, see Table 20. 
 

Other results are shown in Figure 34, to illustrate the variety of reported compositions. 

Blondeau and Jeanmart [26] reported yields from the same kinetic scheme implemented in 

a single particle model. Environment temperature is higher since the model is used for 

combustion, but the magnitude of heat flux to a particle should be similar, since for 

pyrolysis, a fluidized-bed reactor is used. Compare for example 1×103 K s-1 in [26] to an 

estimated 0.62×103 K s-1 in this work (obtained by dividing the total heat flux with the 

product of heat capacity and feeding rate biomass).  

Table 20 shows the formation rate of each primary component, inside the fluidized bed 

reactor. At the same time, the formation rate from the single particle model by Blondeau 

and Jeanmart [26] is shown (birch particle number 4). The yield of the two models is fairly 

similar. Hence the implementation of the kinetic scheme in the CFD model is correctly 

made. The work by Blondeau and Jeanmart [26] considers intra-particle reactions, which 

was found to give limited effect on the yield (change of tar yield by about 3%, in a 2 mm 

particle). Also the particle model accounted for the non-isothermal heating [26], which 

was found to give a limited effect. Table 20 also shows how the different tar components 

were assigned to the groups in Figure 34.  
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Table 20. Components in the gas phase and the formation rate of each in the reactor, averaged results from the 

model and from Blondeau and Jeanmart [26].  

Specie Formula Included in Formation rate of primary pyrolysis   

Steam   Nitrogen  P4 [26] 

kg/h %wt  kg/h %wt  %wtdb 

Methane CH4 gas  3.82E-02 2.46  3.78E-02 2.56  2.21 

Carbon-monoxide CO gas  1.42E-01 9.19  1.42E-01 9.58  8.86 

Carbon-dioxide CO2 gas  1.35E-01 8.74  1.34E-01 9.04  8.48 

Hydrogen H2 gas  7.52E-03 0.49  7.52E-03 0.51  0.40 

Pyrolytic water H2O liquid: water 4.03E-02 2.62  4.07E-02 2.76  1.82 

Nitrogen N2 -        

Formaldehyde CH2O liquid: aldehydes 6.01E-02 3.90  5.98E-02 4.03  3.27 

Acetaldehyde CH3HCO liquid: aldehydes 4.43E-03 0.29  4.46E-03 0.30  0.20 

Methanol CH3OH liquid: alcohols 3.22E-02 2.09  3.16E-02 2.14  2.51 

Glyoxal C2H2O2 liquid: aldehydes 6.77E-03 0.44  6.88E-03 0.47  0.22 

Ethylene C2H4 gas 3.42E-02 2.22  3.42E-02 2.32  2.32 

HAAa C2H4O2 liquid: aldehydes 2.66E-02 1.72  2.70E-02 1.83  0.85 

Ethanol C2H5OH liquid: alcohols 1.76E-02 1.14  1.75E-02 1.18  0.92 

Acrylic-acid C3H4O2 liquid: acids 5.83E-05 0.00  5.36E-05 0.00  0.41 

Acetone C3H6O liquid: sugar derived 2.33E-02 1.51  2.30E-02 1.55  0.26 

Xylan C5H8O4 liquid: sugar derived 1.91E-01 12.37  1.29E-01 8.69  7.62 

Phenol  C6H5OH liquid: phenols 8.86E-03 0.57  9.07E-03 0.61  0.62 

HMFUb C6H6O3 liquid: sugar derived 1.47E-02 0.95  1.49E-02 1.01  0.47 

LVGc C6H10O5 liquid: sugar derived 6.08E-01 39.30  6.05E-01 40.90  43.10 

pCoumaryl C9H10O2 liquid: lignin derived 1.77E-02 1.15  1.81E-02 1.23  1.37 

Lumped-phenol C11H12O4 liquid: lignin derived  4.86E-03 0.32  4.39E-03 0.30  5.93 

Char C char yield 1.32E-01 8.54  1.33E-01 8.99  8.04 

   1.54 100  1.48 100  100 

+moisture, steam and ash 1.20  0.20   

+average accumulation of unreacted biomass 0.25  0.25   

Total 2.99  1.93   
a Hydroxyacetaldehyde, b Hydroxymethylfurfural, c Levoglucosan, db dry basis 

Table 21 shows the ingoing proportions of cellulose, hemicellulose and lignin, which is 

similar to [26] in all aspects but lignin composition. This is reflected in Table 20, as the 

LignO-derived compound Lumped-phenol deviates most between the two models.  

Table 21. Components in the model representation of biomass, in this work and Blondeau and Jeanmart [26].  

Component Formula Unit Content, by weight 

  This work [26] 

Moisture H2O %wt 9.8 8 

Cell C6H10O5 %wtdb 42.1 45 

HCell C5H8O4 %wtdb 30.8 33 

LignC C15H14O4 %wtdb 18.1 0 

LignH C22H28O9 %wtdb 1.6 0 

LignO C20H22O10 %wtdb 7.1 22 

Ash SiO2 %wtdb 0.3 0 
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Table 22. Formation of gas components, Experiments and Modeling in this work and by Young et al [71].  

Species  Composition, %mol     

 Experiment, Ref. [41] Simulation, Figure 32 Simulation, Ref. [71] 

CH4  0.143  0.134  0.1419  

H2  0.064  0.246  0.2206  

CO2  0.283  0.198  0.2292  

CO  0.477  0.303  0.3271  

C2H4  0.046  0.119  0.0813  

 

A reproduction of Paper II was made by Young et al [71]; see Table 22, where a close 

match was achieved. Finally, since the CFD model gives similar results as the single 

particle model [26], such a model can in this case be considered as an acceptable 

representation of the whole pyrolysis reactor (although not the pyrolysis locally in the 

bed).   

 

4.1.3. Comprehensive secondary pyrolysis 
 

The experimental comparison used in this thesis mainly concerns the use of reaction 

atmospheres; more specifically H2O and N2. Additionally, other atmospheres (CH4, CO2, 

CO, H2) are modeled, see Figure 35. An O2 atmosphere has been investigated in [71] for 

the purpose of supplying heat, although it is not included in this thesis.   
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Figure 35. Modeling alongside experiments 
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The approach in this thesis is based on the idea that the impact of a reaction atmosphere 

can help to better understand the process of pyrolysis. The atmosphere will change 

naturally, due to use of various feedstock with varying moisture content. As such the 

pyrolysis can be considered as always occurring under steam atmosphere, in addition to 

normally occurring gas species such as hydrogen, methane, carbon monoxide and carbon 

dioxide. The effect by physical and chemical means is a little known topic, mostly 

chemical effects has been discussed so far [72]. 

The experimental comparison shown in this thesis includes overall pyrolysis product 

composition after secondary pyrolysis (but before condensation). The top two panels in 

Figure 36 shows yield on wet basis (top left) and dry basis (top right). The overall liquid 

yield matches, but since the water content is too low, the dry basis shows a mismatch. 

More importantly, the trend is in the right direction. Steam causes a lower char yield, and 

the model correctly predicts that gas mainly compensate this lower yield. In the lower 

panel, the dry basis yield of gaseous compounds is shown, it shows that for CO2 and the 

higher hydrocarbon, the model shows a mismatch.  

 
Figure 36. Distribution of pyrolysis products, (top left) shows products on wet 
basis, (top right) displays products on dry basis (excluding input steam, 
evaporated moisture and pyrolytic water. Lower panel is the yield of gas 
products with hydrocarbons lumped. Model cases are at 600 °C, experiments 
~500 °C [41]. 
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In Figure 37, the cracking severity is shown (molar ratio of CH4 to the sum of C2s and 

C3s) depending on temperature and reaction atmosphere. Both experimental results and 

model results are shown. The temperature has a significant effect but also the reaction 

atmosphere. The model correctly predicts high cracking severity in the case of a nitrogen 

atmosphere, but not at the temperature corresponding to the experiment. In fact as 

shown further on, a higher temperature was needed to have a reasonable extent of 

secondary pyrolysis. A temperature of ~500 °C resulted in no reactions at all. 

 
Figure 37. Cracking, indicated by molar ratio of CH4 to the sum of C2s and C3s 
 

The model predicts that H2 atmosphere provides the least severe atmosphere for 

cracking. This is reasonable considering the probable suppression of H2, which normally 

is released in cracking (also found in [72]).  

 

4.2 In-situ formation in the simplified model 
 

The effect of fluidizing gas velocity on temperature field is shown in Figure 38 a). The 

effect of inlet, wall and initial temperature is shown in Figure 38 b). An increasing 

temperature, with higher intrinsic fluidizing gas velocity is seen. This temperature increase 

is simply due to energy balance, as more energy is added to the system. The fluidization 

characteristics will also change; most notably a higher bed height will be the outcome.  

Residence time of the vapors is also affected, since a higher intrinsic fluidizing gas velocity 

will force the vapors out of the reactor quicker.  

Additionally, more biomass will be entrained to a zone of lower heat transfer capabilities. 

As seen at the highest velocity, exothermic char formation occur over the bed creating a 

zone of slightly higher temperature. This is reflected in the yields predicted by the model, 

shown in Figure 39 a). Temperature influence is shown in Figure 39 b), which shows the 
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characteristic drop in oil yield over temperature. Gas is formed instead due to the 

secondary pyrolysis.  

a) Velocity  b) Temperature  

  

Figure 38. Effect of velocity and temperature, on the reactor temperature field. 
  

Figure 39 a), regarding the influence of velocity on yield; since one phase represents the 

sand and biomass, the hydrodynamics are not well predicted. However, several 

researchers report an ambiguous relation between intrinsic gas flow rate and liquid yield; 

see for example Xiong et al [73]. It can be confirmed that several factors, other than 

simply residence time, account for the various reported yields.  

a) Velocity  b) Temperature  

  
Figure 39. Effect of a) velocity and b) temperature, on yield of lumped pyrolysis 
products, using the simplified model.  
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Figure 40. Effect of velocity on residence time and pressure. 
 

For reference, the residence time is shown Figure 40. Also shown is the higher pressure 

due to the higher gas flow. In Figure 41 a), the effect of inlet velocity on tar 

concentration and velocity is shown. The values represent the centerline of the reactor.  

In all cases an acceleration of the gases is recorded at the outlet. Figure 41 b) illustrates 

the effect of temperature on tar concentration and velocity. Tar concentration decreases 

with the extent of secondary pyrolysis and velocity increases as the gas expands at higher 

temperatures.  

Recorded at the outlet are high velocities, at most 30 m s-1. This corresponds to Reynolds 

number of around 8000, hence an emerging fully turbulent state.  
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a)  Velocity 
 

 
  
b) Temperature 
 

 
Figure 41. Effect of a) velocity and b) temperature, on the reactor tar 
concentration and velocity, along the centerline. 
 

4.3 In-situ formation using the comprehensive primary 
pyrolysis model  

 

The simulation is progressed after the comparison, shown in Figure 32. It is shown in 

Figure 42 where the total reaction rate and reaction heat stabilizes. After about 14 s, a 

second case is create where the fluidizing atmosphere is switched from nitrogen to steam. 
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The effect of the atmosphere is shown in Figure 43, in aspect of (b) total mass in the 

system which decreases since molar weight of steam is lower, (c) heat transfer coefficient 

to the biomass which increases due the properties of steam and (d) the total heat flux 

which in the case of steam is redistributed so that more heat flux is delivered by the gas 

phase.  

 
Figure 42. Total pyrolysis reaction rate and heat of reaction (also includes 
evaporation heat), with time. After 14.3 s, steam is introduced in a second case. 
 

 
Figure 43. Operating conditions after steam is introduced (a) shows weight 
fraction of steam at different locations in the reactor (b) the total mass in the 
reactor (c) the averaged heat transfer coefficient inside the bed (d) the heat flux 
in the whole reactor. 
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Figure 44 shows the recoded total heat flux, which is nearly unchanged for the two cases. 

However, the time-averaged results show a redistribution of heat flux from sand to gas, 

meaning that more heat is conveyed by the gas phase instead of the sand phase. Total 

heat flux is the same in both cases however. 

 
Figure 44. Total heat flux from gas and sand as experienced by the biomass 
phase. 
 

The residence time distribution is shown in Figure 45, where steam has a slightly 

narrower peak indicating that velocity in the centerline of the reactor is slightly higher. 

However a trailing streak of pathlines taking longer times is also shown. The total effect 

on residence time is about the same.  

 
Figure 45. Residence time distribution recorded by the release of mass-less 
particles following the velocity field.  
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Figure 46. Temperature at 19.1 s, along the Z = 0 plane. Results for both steam 
and nitrogen are shown for (a) the gas phase (b) the sand phase and (c) the 
biomass phase.  
 

Temperature of the three phases is shown in Figure 46, which shows that gas and sand 

temperature is very close. Biomass temperature is much lower; as seen in the bottom 

panel, a low temperature zone is shown close to inlet.  

In Figure 47, the relative saturation of steam in the gas phase is shown. The peak value 

of steam saturation when using steam does not exceed 60 %, due to the high temperature.   



64 
 

 
Figure 47. Relative saturation of steam, when nitrogen and steam is used in the 
fluidized reactor. Biomass is fed from the right side.  
  

Finally, the outcome of the simulations is shown in Figure 48, when using nitrogen and 

steam respectively. The formation rate profile is redistributed when using steam. As seen, 

the steam causes primary products to form deeper inside the bed. Overall the profile is 

more evenly distributed. This redistribution persist when time-averaging the values, as 

seen in Paper IV. Effect of fluidization atmosphere is otherwise not large. 

 
Figure 48. Formation rate along the height of the bed zone. Each dot 
represents one cell value, and a profile is shown along a pathline passing 
through the most formation-intense zone. 
 

The formation rate is as shown in Table 20, fairly close to the single-particle results in 

Blondeau and Jeanmart [26]. 
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C6H5OH       C2H2O2            H2                C11H12O4         CH3HCO

 CH2O     C3H4O2                C2H4              C2H4O2        CH3OH        C9H10O2        C3H6O        C2H5OH        C6H6O3

CH4H2O
(pyrolytic)     

CO2    Total                  C6H10O5             H2O             CO           C5H8O4

Source term: formation rate of primary products, with N2 as fluidizing agent

More than 0.1 [kg m-3 s-1] Less than 0.1 [kg m-3 s-1]

Less than 0.1 [kg m-3 s-1]

Less than 0.01 [kg m-3 s-1]

Char

Biomass

 
Figure 49. Instantaneous formation rate of individual primary products, 
implemented from the 3-D results; with nitrogen as fluidizing agent.  Note that 
biomass is fed from the left side and H2O includes evaporated moisture as well 
as pyrolytic water.  
  

Formation rate for individual species and the total is shown along the Z = 0 plane in 

Figure 49 and Figure 50. The results are instantaneous, shown at 19.10. Here we can 

also see that the local formation rate of some species correlate but others do not. This is 

since different stages of the pyrolysis occur in different location, in the bed. This also 

persists when time-averaging the results, see Paper III. The source of H2O, which is 

dominated by evaporated moisture, occurs outside the main pyrolysis zone.  

This is reflected in the temperature profile; see Figure 33, where a slight decrease in 

temperature is shown above the bed zone.  
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C6H5OH       C2H2O2            H2                C11H12O4         CH3HCO

 CH2O     C3H4O2                C2H4              C2H4O2        CH3OH        C9H10O2        C3H6O        C2H5OH        C6H6O3

CH4H2O
(pyrolytic)     

CO2    Total                  C6H10O5             H2O             CO           C5H8O4

Source term: formation rate of primary products, with H2O as fluidizing agent

Less than 0.1 [kg m-3 s-1]

Less than 0.1 [kg m-3 s-1]

Less than 0.01 [kg m-3 s-1]

More than 0.1 [kg m-3 s-1]

Char

Biomass

 
Figure 50. Instantaneous formation rate of individual primary products, 
implemented from the 3-D results, with steam as fluidizing agent. Note that 
biomass is fed from the left side and H2O includes evaporated moisture as well 
as pyrolytic water.  
  

In the case of H2O as reaction atmosphere, the formation of pyrolytic water is not 

suppressed. This is since the primary reactions are assumed to occur completely in the 

solid biomass and no H2O is assumed to penetrate the solid structure. Likewise, the 

evaporation of water is not assumed to be impacted, this is since the relative saturation 

only approaches a maximum of 60 % (very close to the inlet), see Figure 47.  
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4.4 In-situ formation using the comprehensive secondary 
pyrolysis model   

 

The formation of Primary products can be explicitly modeled, since the actual reaction 

source terms are computed. This is in contrast to the Secondary pyrolysis model, where 

the individual reaction source terms are implicitly solved. Instead a Probability Density 

Functional (PDF) approach is used, where a large number of species are taken into 

account. This is approach is feasible, in contrast to the conventional approach which 

would be very demanding in terms of computational resources.  

We have in this thesis shown that this approach is computationally feasible and a scheme 

for comprehensive secondary pyrolysis can be implemented. Over 100 species and over 

4000 reactions are considered, while the computation time of a 2D case is less than 30 

hours. In several aspects, the simulation offer results that are reasonable from a 

theoretical perspective.  

Although not included in this thesis, additional information on the approach can be 

found in Mellin et al [14]. Primary products appear due to source terms, which describe 

the local formation rate that is implemented in the simulation. They are shown in Figure 

49 and Figure 50 with a nitrogen and steam atmosphere respectively.  

 

4.4.1. Effect of temperature 
  

Effect of temperature is shown in Figure 51. Liquid yield decreases readily after 600 °C, 

as seen in Figure 51 (a). This is the reason why this temperature is chosen for the 

comparison with experimental results. Gas yield increases, in place of the decomposed 

liquid. The liquid yield is slightly higher in the case of steam, although the difference is 

small.  
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Figure 51. Effect of temperature using H2O and N2, (a) on yield of liquid and 
gas, (b) the outlet temperature to the scrubber (c) residence time.  
 

In Figure 51 (b), outlet temperature is linearly dependent on the reactor temperature, 

though for N2 it is consistently slightly higher due to the higher density. The residence 

time is dependent on the volumetric expansion at higher temperatures; therefore 

residence time decreases as seen in Figure 51 (c). The gas yield, in weight percent of dry 

primary products, is shown in Figure 52.  

 
Figure 52. Yield of gaseous components, at increasing temperature (500, 600, 
650, 700, 800 °C) using H2O and N2 atmosphere.  
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In Figure 52, at high temperatures the total yield increases alongside H2, CH4, CO and 

C2s (including C2H2, C2H4, C2H6). The other components have a weaker dependence on 

temperature. As seen in Figure 37, the cracking severity increases with temperature, 

meaning that CH4 increases at the expense of higher hydrocarbons, which is also visible 

in Figure 52.  

Using H2O results in a higher CO content, at intermediate temperatures, compared to 

using N2. This discrepancy accounts for almost the whole change in total yield, as all the 

other components remain fairly unaffected by the atmosphere. Although further analysis 

is needed, the reason might be that deoxygenation of condensables occurs due to 

decarbonylation, instead of dehydration. In fact, the yield of water is much lower using a 

steam atmosphere (see Figure 55 in the next chapter). As such some water reacts but the 

dehydration is also suppressed. The yield and effects of using an additional set of 

atmospheres is discussed in the next subchapter.  

 

4.4.2. Effect of reaction atmosphere 
 

The effect of the reaction atmosphere in the context of the model shows several 

interesting features. Firstly, in Figure 53 (a), the effect on the outlet temperature is 

investigated. Here, as x-axis variable, heat capacity of the whole gas phase (mass-weighted 

average) is shown. There is strong correlation, in that a less dense fluidizing gas, will not 

bring the total heat capacity down as much. Hence, the temperature will be lower for the 

whole mixture. The same correlation persists, when the molecular weight of the fluidizing 

gas is used the x-axis variable.  

In Figure 53 (c), the total pressure drop divided by density (mass-weighted average), is 

given as x-axis variable. The effect on residence time is shown, demonstrating a strong 

correlation, of gas acceleration when the whole vapor mixture has a low density. In turn, 

peak turbulent intensity increases as density decreases due to a higher flow rate, which is 

shown in Figure 53 (d).  
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Figure 53. Effect of properties of the fluidizing atmospheres; on (a) the outlet 
temperature, (b) the outlet temperature, (c) the residence time and (d) the peak 
turbulent intensity.  
  

Low density of the whole vapor mixture reduces the residence time and also the outlet 

temperature, which can be seen in Figure 53. This will intuitively result in a higher yield 

of condensables; however as seen in Figure 54, the opposite is actually predicted by the 

model. Here the turbulence and chemistry interaction plays a bigger role. This can be seen 

in case where H2O is used; alongside a high turbulent case, see H2O (high turbulence). 

For the case of H2, the turbulent intensity is high, but also the reactivity of the 
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atmosphere, resulting in a reduction in the yield of condensable. This is an interesting 

outcome of the simulation, while not consistent with studies such as Zhang et al [72],  

where a range of atmospheres were compared. Note that in [72], the results reflect the 

whole process using the corresponding atmosphere, including primary pyrolysis, 

secondary pyrolysis, quenching and condensation. 

On other hand, as observed and discussed by Xiong et al [73], the linkage between 

fluidizing gas velocity (thus residence time) and liquid yield is not monotonic. The reason 

is not clear and high velocities might cause actually decomposition. Another reason could 

be the dynamics in the bed, which at high velocities will enter a different fluidization 

regime.    

Nevertheless, the simulations using the atmospheres of lower reactivity, shows that there 

is significant physical effects that may affect the process, i.e. residence time and 

temperature. It is a complex set of factors at play and further analysis of the results could 

lead more understanding. However, uncertainty regarding the model should still be 

highlighted. Further testing and development of the kinetic scheme should be made, as 

also called for by Norinaga [29]. 

 
Figure 54. The effect of peak turbulent intensity for different atmospheres, on 
yield of dry condensable.  
 

As seen in Figure 54 the yield is highest in a H2O atmosphere, but not due to low 

temperature and short residence time. Instead, the low turbulent intensity is the reason 

according to the model.  

The yield of gaseous products is shown in Figure 55, with the yield of H2O being added. 

As shown, each atmosphere supresses the release of each corresponding component 

during secondary pyrolysis. The two exceptions are H2 and H2O using high turbulence. A 

high turbulence causes decomposition and hence, additional H2O is expected. H2 on the 

other hand causes formation of more H2 (at the expense of CH4 and all higher 

hydrocarbons), alongside a lower liquid yield.  
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Figure 55. For the reactions atmospheres CO, CO2, N2, H2O, H2O (high 
turbulence through inlet), H2 and a cold case (N2 at 486 °C); yield of (a) major 
gas compounds, and (b) minor gas compounds.  
 

This prediction for the H2 atmosphere is not trustworthy but it is an interesting aspect of 

how the kinetic scheme, implemented into the CFD model, responds to such an extreme 

case. Oxygen, resulting in combustion and less reactive atmospheres is likely better 

predicted by the model as development towards such environments has been sought by 

Ranzi and co-workers [22, 23, 24, 25, 21]. 

Nevertheless, as suggested by the model, the atmosphere provides significant physical and 

chemical effects in the context of the model. Similarly, steam as investigated by Kantarelis 

[57], and in Paper IV, provides noticeable effects in experiments. Most importantly, 

desorption of the liquid tar from the surfaces of pyrolyzing biomass particles is known to 

be aided by a steam atmosphere [74, 75, 76]. It is not included in this modeling work 

however.  

We have instead in this work suggested some effects, such as reduced temperature 

(although longer residence time) for steam, which could cause the higher liquid yield. The 

effect of steam in this particular instance is likely noticeable. But, as predicted by the 

model, less turbulence accounts for the higher liquid yield. Such small temperature 

differences (few degrees), as predicted by the model, seems to play a lesser role.  

Regarding radical concentration, it is strongly affected by temperature and reaction 

atmosphere. Figure 56 shows the peak mol fraction in different atmospheres, the highest 

mol fraction is recorded when a high turbulence is used for the inlet gas. H2 atmosphere 
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causes the lowest peak radical mol percentage. H2O causes a slightly elevated radical mol 

fraction also, more than N2, CO2 and CO which all causes a similar mol fraction.  

 
Figure 56. Peak radical mol percentage, with different reaction atmospheres.  
 

The location of the peak mol fraction is usually where the highest velocity is recorded. 

This location usually corresponds to where the peak turbulent intensity can be found. 

However, there seems to be no correlation of increasing velocity with high radical 

concentration. Also, at the low differences in temperature between these cases, there 

seems to be no correlation between radical concentration and temperature. At higher 

differences in temperature, as investigated in the previous section, temperature is easily 

correlated with radical concentration.  

 

4.5 Application: bio-injectant to blast furnaces  
 

As described in the method section, some properties of raw biomass, torrefied material 

and charcoal are assumed. For charcoal, the properties including elemental composition 

correspond to industrially produced charcoal. But in the context of the model, properties 

of the bio-injectant produced in fast-pyrolysis, would be almost the same.  

In Figure 57 (a), the injection of raw biomass, torrefied material and charcoal is shown. 

The injection rate for raw biomass and torrefied material is found to be limited due to the 

maximum possible oxygen enrichment (25.4 %). Charcoal can on the other hand preplace 

the coal completely, although an oxygen enrichment of 24.6 % is needed (compared to 
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23.9 % when using coal) and an additional injection of 7.2 % on weight basis (or 1 % on 

energy basis) is needed.  

 
Figure 57. Shows the injection of biomass into the blast furnace 
 

On the other hand, energy savings are possible, which is shown in Figure 57 (d). This is 

further broken down into changes of (1) needed blast furnace gas, (2) coke oven gas, (3) 

injectants and (4) electricity for O2 production; see Figure 58.  

 
Figure 58. Energy saving added up from the change in needed blast furnace 
gas, coke oven gas, injectants and electricity for O2 production. 
 

Since the application of charcoal can fully replace the injected pulverized coal, large 

reductions in CO2 emissions are possible. See Figure 59 for the potential reduction, 

including the potential at maximum replacement for torrefied material and raw biomass.  
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Figure 59. Potential CO2 reduction and the required biomass for maximum 
replacement of PCI for each biomass product in Blast furnace M3. Also shown is 
Availability [53], divided into peat (tan), waste (yellow), agricultural residue 
(orange), black liquor (blue) and wood fuels (light green). Predicted use is from 
Table 7, [55] (deep red) and [54] (red and pink). 
 

Note that the required biomass for charcoal in Figure 59, it is based on a higher yield of 

56 % on energy basis, which corresponds to slow pyrolysis. Shown alongside is the 

biomass availability according to Svebio [28]. Forecasts of the biomass-use, for a number 

of scenarios, are also shown in Figure 59 (reported in Table 7). The scenarios (indicated 

as deep red, red and pink respectively) include a base scenario (Andersson et al [55]) and 

an increase in biomass use for transportation (1 and 2, from Hansson and Grahn [54]).  

The expanded use of biomass for transportation would demand large amounts of biofuel. 

In the scenario with the highest use for transportation, by 2030 the required biomass will 

exceed the available forest biomass. The availability can be seen in Figure 16 and as light 

green in Figure 59. Note that the highest prediction is not exceeded—only the average.  

While imports might cover the difference, the competition for forest biomass in particular 

will still be severe by 2030. That is if transportation will become a major biomass-

consumer. Otherwise, biomass availability will be less of a constraint for application of 

biomass in the steel industry.  
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CHAPTER V 
5. DISCUSSION 

 

The modeling performed in this thesis, shows the strength of such efforts. The necessary 

tools to perform this modeling and pursue all objectives did not exist at the time when 

the work began (except for the already existing Blast furnace model). As such 

development took place in the beginning. An experimental basis was provided in the 

work by Kantarelis [57] which meant the effort could focus on modeling.  

Paper I served more as a starting point, for the comprehensive modeling that was carried 

out in the following supplements. An important realization was that the computational 

load of this simplified model, allowed a more comprehensive approach using more 

complex chemistry and more phases. The lumped components cannot reflect the 

properties of the vapor mixture in any way. In fact, the model lacked many subtleties of 

the fast pyrolysis process such as evaporation, gradients in particles, comprehensive 

chemistry. As such, it could not mirror the experiments in terms of capturing the subtle 

effects of the reaction atmosphere.  

The work in Paper II required the most time including the effort of designing the model, 

programming all the interaction terms, implementing all reactions and balancing them in 

terms of mass, elements and heat. Testing was done to check balances and yield in 

comparison with previous research.    

The work in Paper III was done after the realization that physical and chemical effects of 

the fluidizing gas can be detached, in that only physical properties of the gas affect 

primary pyrolysis. But both physical and chemical properties of the gas affect secondary 

pyrolysis. The effects on the secondary pyrolysis were simpler since they could be 

assumed to occur in the gas phase. An obvious limitation is the effect of the atmosphere 

on desorption of vapors, from particles and aerosols. This is an important difference of 

steam pyrolysis compared to inert pyrolysis, but it also one of the effects that is most 

well-known since before. In this paper, more time was allowed for the model to stabilize 

and the secondary pyrolysis was transfer and computed in a separate model.  

The work in Paper IV was done after the realization that a previously developed 

secondary scheme in CHEMKIN format could be implemented in a CFD environment. 

A PDF composition transport approach could support the great number of species in 

such a scheme. The secondary pyrolysis model required a transfer of formation rate from 

the previous model, by manual mesh adaption of field values. The way of doing this is 
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part of the effort and scientific contribution. The secondary model was constructed with 

computational affordability in mind, to enable parametric studies. As such a steady-state 

2-D representation was chosen.  A steady-state representation cannot render the bubbling 

behavior of a fluidized bed, but it can better represent the vapor which is emerging from 

the bed zone. 

At the same time, the subtle effects of reaction atmospheres were investigated. The 

approach in this thesis is based on the idea that the impact of a reaction atmosphere can 

help us understand better the fundamentals of the process. The atmosphere will change 

naturally, due to use of various feedstocks with for example varying moisture content. As 

such the pyrolysis is always occurring under various partial pressures of steam, in addition 

to normally occurring gas species such as hydrogen, methane, carbon monoxide and 

carbon dioxide. Recirculation of the gases from pyrolysis is an idea which surfaced in 

various concepts [58]; the model can be used to assess the effect of such concepts. 

All papers combined form the thesis, which introduces a method of both computing the 

formation rate of products in the fluidized-bed biomass pyrolysis process, as well as 

estimating the use in blast furnaces.   

In this thesis, the production of suitable products has been investigated and the impact of 

application in a blast furnace has been estimated. Although outside of the scope of this 

thesis; for additional reference, system-level evaluations of bio-oil and syngas application 

to the blast furnace can be found in [77, 78, 79]. Syngas has been investigated as fuel in 

steel reheating furnaces; see Niska et al [80] and Liu et al [81].  
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CHAPTER VI 
6. CONCLUSIONS 

 

The modeling effort in this thesis has produced tools that will enable an upscaling of the 

technology, which can supply fuels for industrial applications. One specific application 

that was investigated was use of the solid fraction as a bio-injectant in blast furnaces.  

With reference to the objectives stated in the beginning of this thesis, an apparent 

opportunity of decreasing CO2 emissions from the steel industry has been identified.  

During the development of the models the effect of reaction atmosphere was 

investigated, partly to understand the effect observed in the experiments and partly to 

understand the process as a whole.  

Regarding the simulations in general: 

 Comprehensive chemistry models represent the most advanced models 

implemented in CFD yet, for pyrolysis. The models capture the most important 

trends and features of the process. Overall yields are predicted fairly close. Water 

content in the oil is a persistent problem, which could not be modeled correctly, 

although it is not exactly known where all water in the pyrolysis oil forms. Some if 

it might form during condensation, or during immediate aging after condensation. 

In that case, the water formation occurs outside the model depiction.  

 Evaluation of the pathways of the kinetic scheme developed by Ranzi et al [23], 

shows that Hemicellulose pyrolyzes first, which is consistent with experimental 

findings. Also cellulose decomposes almost entirely into tar and gas. As such most 

char forms by hemicellulose and lignin decomposition, which is added to 

unreacted fraction consisting of slow-reacting lignin.  

 Even distribution of biomass in the bed is predicted by the model. However, as 

shown, the splash zone (bed-freeboard interface) provide high heating rate and 

there seems to be no disadvantage of biomass entering this zone. 

Regarding effect of atmosphere on primary pyrolysis 

 No significant effect on the proportions of primary compounds was found. The 

model results matched the composition from experiments using steam better, 

likely due to milder secondary pyrolysis.  
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 When operating with steam at around 500 °C, condensation in the reactor will not 

be a problem which for example can impede drying, since relative saturation does 

not exceed 60%. 

 Redistribution of the reacting zone was found however. For steam, the pyrolysis 

occurs more homogenously in the bed, compared to nitrogen which causes 

pyrolysis to occur in the top of the bed. Overall, bed temperature is more uniform 

when operating with steam.   

 Redistribution of heat transfer from the sand phase to gas phase occur when steam 

is used as well. This will results in more uniform heating of the biomass particles in 

the bed.  

Regarding effect of atmosphere on secondary pyrolysis 

 Within the framework of the model; the effect of CO, CO2, H2, H2O and N2 was 

considerable, both physically and chemically. Each atmosphere except H2 

suppressed the release of each corresponding molecule during secondary pyrolysis. 

Residence time was affected by the atmosphere, from a minimum of 1.2 s (using 

H2) to a maximum of 2.6 s (using H2O). 

 As such H2O resulted in the longest residence time but also the highest liquid yield 

at the outlet. This is according to the model, due to turbulence which is more 

destructive for the liquid-forming volatiles. High turbulence at the inlet, in a 

repeated case, resulted in extensive destruction of these volatiles.   

 H2 resulted in the largest deviation from commonly known trends. Radical 

concentration was lower (although atomic H radicals were high in concentration) 

and decomposition of higher hydrocarbons occurred, which gave high hydrogen 

content in the gas. Suppression of H2 release might still occur but it is 

counteracted by the above named mechanisms to give a higher hydrogen yield 

compared to the other atmospheres. 

Regarding application of the solid fraction in blast furnaces 

 The char produced in the process that is trapped in the cyclone, has been 

considered as a bio-injectant for use in blast furnace. Full replacement of the PCI 

(presently from fossil sources) with this bio-injectant is possible, compared to 22.8 

%wt and 20.4 %wt when using torrefied material and raw biomass respectively.  

 The used model indicates a need for additional energy input when using biofuels 

and a need for higher oxygen enrichment in the blast. However, energy savings are 

possible when preheating the blast which now has a smaller volume. Additionally, 
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the model indicates that more Blast furnace gas will be generated, which is used as 

fuel in integrated steel plants. This will further provide energy savings; in total as 

much as 169 GWh/y can be saved in the Luleå steel plant, based on 2008 

statistics. 

 The reduction in carbon dioxide emissions is also substantial, if all coal is replaced 

in the blast furnace M3, about 28.1 % of on-site emissions can be reduced. This 

corresponds to 17.3 % of all CO2 emissions from the Swedish steel industry. 
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CHAPTER VII 
7. FUTURE WORK 

 

7.1. Recommendations for Future Work  
 

Further work on comprehensive chemistry should be pursued in line with the suggestions 

by Calonaci [21], Mauviel [27] and Norinaga [29]. Implementation of kinetic schemes in 

CFD can help explain this complex process further.  

The turbulence interaction of the homogenous reactions is a topic to explore further, as 

shown by the results. The extent of drying that affects the steam content is an interesting 

aspect of an integrated system. Heterogeneous secondary pyrolysis is something which is 

commonly observed, but not considered in the model. Implementation could be pursued 

alongside more investigative experiments. Efforts to explore and compare these to 

homogenous reactions are a useful direction forward. Also, aerosol formation and 

reactions inside these liquid droplets could potentially be important for the process. Other 

reactions, outside the scope of the model exist. For example, during the condensation and 

maturing of the oil, reactions will occur. These reactions, such as polymerization, are not 

yet well-explored but further efforts can aid in understanding.  

Hydrogen use in experiments is more and more frequently pursued, as upgrading of bio 

oil is needed for applications such as transportation. This carries risks since hydrogen is 

highly flammable, and additional costs for safety measures are necessary. To simulate this 

process is much safer and economical.   

The expanded use of biomass for industry is likely development in Sweden. Outside the 

steel industry, most studies forecast a higher use of biomass in industry in total. If a strict 

carbon restraint is applied to the steel industry in the future, the use of biomass can be an 

important measure to reduce emissions. 

Regarding the pure solid product from pyrolysis as a bio-injectant, it shows promise as 

shown in Paper V. However, the sand material that will remain in the bio-injectant, after 

pyrolysis in fluidized-beds, could potentially create problems in the blast furnace process. 

Long term test are needed since attrition of the bed material slowly produces a fine dust 

which is more easily entrained and should constitute the bulk of sand material that is 

carried-over. More work is called for, in order to evaluate the amount that potentially can 

end up in the solid fraction. Sand materials, which do not affect the blast furnace process 
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negatively, can be used in the fast pyrolysis process. Appropriate tests and simulations 

using these sand materials are then needed. 

Presently, Liquefied Petroleum Gas (LPG) and Natural Gas (NG) is the dominating fuel 

in furnaces, used in for example heat treatment. Electrical furnaces lack the capabilities of 

achieving very high temperatures, which will continue to require chemical fuels. Pyrolysis 

generates a liquid and a gas product, which potentially can cover this.  

In fact, if this idea is to be realized, an important aspect is the application of the liquid 

product that constitutes the largest fraction (both on energy and mass basis) from 

pyrolysis. As investigated by Sundqvist et al [79], bio oil may be used in the blast furnace. 

On a system level, the calculations show that an optimal injectant consist of both bio oil 

and charcoal that can be mixed in slurry. Still, other applications of bio oil in iron and 

steel plants should be investigated.  This is in order to utilize the biomass in the best way 

and to reduce the CO2 emissions as much as possible. At the end of the day, economic 

viability of the whole concept is the foundation for success.  

 

  



83 
 

BIBLIOGRAPHY 
8. REFERENCES 

 

[1] Johansson MT. Improved Energy Efficiency and Fuel Substitution in the 

Iron and Steel Industry. Linköping University; 2014. Available from:  

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-105849.  

[2] Mettler MS, Vlachos DG, Dauenhauer PJ. Top ten fundamental challenges 

of biomass pyrolysis for biofuels. Energy Environ Sci. 2012;5:7797–7809. Available from: 

http://dx.doi.org/10.1039/C2EE21679E.  

[3] Bellevrat E, Menanteau P. Introducing carbon constraint in the steel sector: 

ULCOS scenarios and economic modeling. Metallurgical Research & Technology. 2009 

9;106:318–324. Available from:  

http://www.metallurgical-research.org/action/article_S0035156309000599.  

[4] Jernkontoret. The Steel Eco-Cycle, Scientific Report 2004-2012, D853. 

Jernkontoret Research; 2012.  

[5] Norgate T, Haque N, Somerville M, Jahanshahi S. Biomass as a Source of 

Renewable Carbon for Iron and Steelmaking. ISIJ International. 2012;52(8):1472–1481. 

Available from: http://dx.doi.org/10.2355/isijinternational.52.1472.  

[6] Broadberry S, O’Rourke KH. The Cambridge Economic History of Modern 

Europe. vol. 1. Cambridge University Press; 2010. Cambridge Books Online. Available 

from: http://dx.doi.org/10.1017/CBO9780511794834.  

[7] Fremdling R. Foreign trade-transfer-adaptation: the British iron making 

technology on the continent (Belgium and France). Groningen Growth and Development 

Centre, University of Groningen; 2002. 200255. Available from:  

http://ideas.repec.org/p/dgr/rugggd/200255.html.  

[8] Arpi G. The Supply with Charcoal of the Swedish Iron Industry from 1830 

to 1950. Geografiska Annaler. 1953;35(1):11–27. Available from:  

http://www.jstor.org/stable/520263.  

[9] Blasi CD. Modeling chemical and physical processes of wood and biomass 

pyrolysis. Progress in Energy and Combustion Science. 2008;34(1):47–90. Available from: 

http://dx.doi.org/10.1016/j.pecs.2006.12.001.  

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-105849
http://dx.doi.org/10.1039/C2EE21679E
http://www.metallurgical-research.org/action/article_S0035156309000599
http://dx.doi.org/10.2355/isijinternational.52.1472
http://dx.doi.org/10.1017/CBO9780511794834
http://ideas.repec.org/p/dgr/rugggd/200255.html
http://www.jstor.org/stable/520263
http://dx.doi.org/10.1016/j.pecs.2006.12.001


84 
 

[10] Grønli MG, Várhegyi G, Di Blasi C. Thermogravimetric Analysis and 

Devolatilization Kinetics of Wood. Industrial & Engineering Chemistry Research. 

2002;41(17):4201–4208. Available from: http://dx.doi.org/10.1021/ie0201157.  

[11] Zhang X, Yang W, Blasiak W. Modeling Study of Woody Biomass: 

Interactions of Cellulose, Hemicellulose, and Lignin. Energy & Fuels. 2011;25(10):4786–

4795. Available from: http://dx.doi.org/10.1021/ef201097d.  

[12] Hosoya T, Kawamoto H, Saka S. Cellulose–hemicellulose and cellulose–

lignin interactions in wood pyrolysis at gasification temperature. Journal of Analytical and 

Applied Pyrolysis. 2007;80(1):118–125. Available from:  

http://www.sciencedirect.com/science/article/pii/S0165237007000125.  

[13] Liaw SS, Wang Z, Ndegwa P, Frear C, Ha S, Li CZ, et al. Effect of pyrolysis 

temperature on the yield and properties of bio-oils obtained from the auger pyrolysis of 

Douglas Fir wood. Journal of Analytical and Applied Pyrolysis. 2012;93(0):52–62. 

Available from: http://www.sciencedirect.com/science/article/pii/S0165237011001641.  

[14] Mellin P, Yu X, Yang W, Blasiak W. Comprehensive secondary pyrolysis in 

fluidized-bed fast pyrolysis of biomass, a fluid dynamics based modelling effort. Energy 

Procedia. 2015;66C:281–284. 

[15] Milne TA, Abatzoglou N, Evans RJ. Biomass Gasifier "Tars": Their Nature, 

Formation and Conversion. NREL-TP: National Renewable Energy Laboratory. National 

Renewable Energy Laboratory; 1999. Available from:  

http://www.nrel.gov/docs/fy99osti/25357.pdf.  

[16] Rath J, Wolfinger MG, Steiner G, Krammer G, Barontini F, Cozzani V. Heat 

of wood pyrolysis. Fuel. 2003;82:81–91. 

[17] Bradbury AGW, Sakai Y, Shafizadeh F. A kinetic model for pyrolysis of 

cellulose. Journal of Applied Polymer Science. 1979;23(11):3271–3280. Available from: 

http://dx.doi.org/10.1002/app.1979.070231112.   

[18] Miller RS, Bellan J. A generalized biomass pyrolysis model based on 

superimposed cellulose, hemicellulose and lignin kinetics. Combustion Science 

Technology. 1996;126:97–137. 

[19] Xue Q, Heindel TJ, Fox RO. CFD model for biomass fast pyrolysis in 

fluidized-bed reactors. Chemical Engineering Science. 2011;66(11):2440–2452. 

http://dx.doi.org/10.1021/ie0201157
http://dx.doi.org/10.1021/ef201097d
http://www.sciencedirect.com/science/article/pii/S0165237007000125
http://www.sciencedirect.com/science/article/pii/S0165237011001641
http://www.nrel.gov/docs/fy99osti/25357.pdf
http://dx.doi.org/10.1002/app.1979.070231112


85 
 

[20] Xue Q, Dalluge D, Heindel TJ, Fox RO, Brown RC. Experimental validation 

and CFD modeling study of biomass fast pyrolysis in fluidized-bed reactors. Fuel. 

2012;97:757–769. 

[21] Calonaci M, Grana G, Hemings EB, Bozzano G, Dente M, Ranzi E. 

Comprehensive Kinetic Modeling Study of Bio-oil Formation from Fast Pyrolysis of 

Biomass. Energy & Fuels. 2010;24(10):5727–5734. Available from:  

http://dx.doi.org/10.1021/ef1008902.  

[22] Ranzi E, Corbetta M, Manenti F, Pierucci S. Kinetic modeling of the thermal 

degradation and combustion of biomass. Chemical Engineering Science. 2014;110(0):2–

12. Available from: http://dx.doi.org/10.1016/j.ces.2013.08.014.  

[23] Ranzi E, Faravelli T, Frassoldati A, Migliavacca G, Pierucci S, Sommariva S. 

Chemical Kinetics of Biomass Pyrolysis. Energy & Fuels. 2008;22:4292–4300. Available 

from: http://dx.doi.org/10.1021/ef800551t.  

[24] Ranzi E, Faravelli T, Gaffuri P, Garavaglia E, Goldaniga A. Primary 

Pyrolysis and Oxidation Reactions of Linear and Branched Alkanes. Industrial and 

Engineering Chemistry Research. 1997;36(8):3336–3344. Available from:  

http://dx.doi.org/10.1021/ie960603c.  

[25] Ranzi E, Frassoldati A, Granata S, Faravelli T. Wide-range kinetic modeling 

study of the pyrolysis, partial oxidation, and combustion of heavy n-alkanes. Industrial 

and Engineering Chemistry Research. 2005;44(14):5170–5183. Available from:  

http://dx.doi.org/10.1021/ie049318g.  

[26] Blondeau J, Jeanmart H. Biomass pyrolysis at high temperatures: Prediction 

of gaseous species yields from an anisotropic particle. Biomass and Bioenergy. 

2012;41:107–121. Available from: http://dx.doi.org/10.1016/j.biombioe.2012.02.016.  

[27] Mauviel G, Le Brech Y, Authier O, Dufour A. Ranzi detailed kinetic scheme 

predictions vs. detailed experimental results. In: 20th International Symposium on 

Analytical and Applied Pyrolysis (PYRO2014). Birmingham, United Kingdom; 2014. 

Available from: https://hal.archives-ouvertes.fr/hal-00992451.  

[28] Gauthier G, Melkior T, Salvador S, Corbetta M, Frassoldati A, Pierucci S, 

et al. Pyrolysis of Thick Biomass Particles: Experimental and Kinetic Modelling. Chemical 

Engineering Transactions. 2013;32:601–606. Available from:  

http://dx.doi.org/10.3303/CET1332101.  

http://dx.doi.org/10.1021/ef1008902
http://dx.doi.org/10.1016/j.ces.2013.08.014
http://dx.doi.org/10.1021/ef800551t
http://dx.doi.org/10.1021/ie960603c
http://dx.doi.org/10.1021/ie049318g
http://dx.doi.org/10.1016/j.biombioe.2012.02.016
https://hal.archives-ouvertes.fr/hal-00992451
http://dx.doi.org/10.3303/CET1332101


86 
 

[29] Norinaga K, Shoji T, Kudo S, ichiro Hayashi J. Detailed chemical kinetic 

modelling of vapour-phase cracking of multi-component molecular mixtures derived 

from the fast pyrolysis of cellulose. Fuel. 2013;103(0):141–150. Available from:  

http://dx.doi.org/10.1016/j.fuel.2011.07.045.  

[30] Papadikis K, Bridgwater AV, Gu S. CFD modelling of the fast pyrolysis of 

biomass in fluidised bed reactors, Part A: Eulerian computation of momentum transport 

in bubbling fluidised beds. Chem Eng Sci. 2008;63:4218–4227. 

[31] Papadikis K, Gerhauser H, Bridgwater AV, Gu S. CFD modelling of the fast 

pyrolysis of an in-flight cellulosic particle subjected to convective heat transfer. Biomass 

Bioenerg. 2009;33:97–107. 

[32] Papadikis K, Gu S, Bridgwater AV. Geometrical Optimization of a Fast 

Pyrolysis Bubbling Fluidized Bed Reactor Using Computational Fluid Dynamics. Energy 

Fuels. 2010;24:5634–5651. 

[33] Papadikis K, Gu S, Bridgwater AV. A CFD approach on the effect of 

particle size on char entrainment in bubbling fluidised bed reactors. Biomass Bioenerg. 

2010;34:21–29. 

[34] Papadikis K, Gu S, Bridgwater AV. Computational modelling of the impact 

of particle size to the heat transfer coefficient between biomass particles and a fluidised 

bed. Fuel Process Technol. 2010;91:68–79. 

[35] Papadikis K, Gu S, Bridgwater AV. 3D simulation of the effects of sphericity 

on char entrainment in fluidised beds. Fuel Process Technol. 2010;91:749–758. 

[36] Papadikis K, Gu S, Bridgwater AV. CFD modelling of the fast pyrolysis of 

biomass in fluidised bed reactors: Modelling the impact of biomass shrinkage. Chem Eng 

J. 2009;149:417–427. 

[37] Papadikis K, Gu S, Bridgwater AV. CFD modelling of the fast pyrolysis of 

biomass in fluidised bed reactors. Part B: Heat, momentum and mass transport in 

bubbling fluidised beds. Chem Eng Sci. 2008;64:1036–1045. 

[38] Papadikis K, Gu S, Bridgwater AV, Gerhauser H. Application of CFD to 

model fast pyrolysis of biomass. Fuel Process Technol. 2009;90:504–512. 

[39] Boateng AA, Mtui PL. CFD modeling of space-time evolution of fast 

pyrolysis products in a bench-scale fluidized-bed reactor. Appl Therm Eng. 2012;33-

34:190–198. Available from: http://dx.doi.org/10.1016/j.applthermaleng.2011.09.034.  

http://dx.doi.org/10.1016/j.fuel.2011.07.045
http://dx.doi.org/10.1016/j.applthermaleng.2011.09.034


87 
 

[40] Dufour A, Ouartassi B, Bounaceur R, Zoulalian A. Modelling intra-particle 

phenomena of biomass pyrolysis. Chemical Engineering Research and Design. 

2011;89(10):2136–2146. Available from: http://dx.doi.org/10.1016/j.cherd.2011.01.005.  

[41] Kantarelis E, Yang W, Blasiak W. Production of liquid feedstock from 

biomass via steam pyrolysis in a fluidised bed reactor. Energy & Fuels. 2013;27:4748–

4759. Available from: http://dx.doi.org/10.1021/ef400580x.  

[42] Kersten SRA, Wang X, Prins W, van Swaaij WPM. Biomass Pyrolysis in a 

Fluidized Bed Reactor. Part 1: Literature Review and Model Simulations. Industrial & 

Engineering Chemistry Research. 2005;44(23):8773–8785. Available from:  

http://dx.doi.org/10.1021/ie0504856.  

[43] Norgate T, Langberg D. Environmental and Economic Aspects of Charcoal 

Use in Steelmaking. ISIJ International. 2009;49(4):587–595. Available from:  

http://dx.doi.org/10.2355/isijinternational.49.587.  

[44] Sakamoto Y, Tonooka Y, Yanagisawa Y. Estimation of energy consumption 

for each process in the Japanese steel industry: a process analysis. Energy Conversion and 

Management. 1999;40(11):1129–1140. Available from:  

http://dx.doi.org/10.1016/s0196-8904(99)00025-4.  

[45] Urbancic N, Ambel CC. Reasons to change the zero-rated criteria for 

biomass in the EU ETS. Transport & Environment; 2015.   

[46] Suopajärvi H, Pongrácz E, Fabritius T. The potential of using biomass-based 

reducing agents in the blast furnace: A review of thermochemical conversion technologies 

and assessments related to sustainability. Renewable and Sustainable Energy Reviews. 

2013;25(0):511–528. Available from: http://dx.doi.org/10.1016/j.rser.2013.05.005.  

[47] Burchart-Korol D. Sustainability and Eco-Efficiency Assessment of Biomass 

Use in Steelmaking. In: Proceedings of the 22nd International Conference on Metallurgy 

and Materials (Metal 2013); 2013. Available from:  

http://www.metal2014.com/files/proceedings/12/reports/1447.pdf.  

[48] Egnell G, Börjeson P. Theoretical versus market available supply of biomass 

for energy from long-rotation forestry and agriculture – Swedish experiences. IEA 

Bioenergy report; 2012.  

[49] Olsson E. Private communication; 2014. SSAB EMEA. 

http://dx.doi.org/10.1016/j.cherd.2011.01.005
http://dx.doi.org/10.1021/ef400580x
http://dx.doi.org/10.1021/ie0504856
http://dx.doi.org/10.2355/isijinternational.49.587
http://dx.doi.org/10.1016/s0196-8904(99)00025-4
http://dx.doi.org/10.1016/j.rser.2013.05.005
http://www.metal2014.com/files/proceedings/12/reports/1447.pdf


88 
 

[50] Wei W, Mellin P, Yang W, Wang C, Hultgren A, Salman H. Utilization of 

biomass for blast furnace in Sweden - Report I: Biomass availability and upgrading 

technologies. KTH Royal Institute of Technology; 2013. Available from:  

http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-138493.   

[51] Wetterlund E, Pettersson K, Mossberg J, Torén J, Hoffstedt C, von Schenck 

A, et al. Optimal localisation of next generation biofuel production in Sweden. The 

Swedish Knowledge Centre for Renewable Fuels (f3); 2013.  

[52] Kommissionen mot oljeberoende. På väg mot ett oljefritt Sverige. 

Stadsrådsberedningen; 2006. Available from:  

http://www.regeringen.se/sb/d/108/a/66280.  

[53] Svebio. Potentialen för bioenergi - tillgång - användning. Svebio; 2008. 

Available from:  

http://www.svebio.se/sites/default/files/Potentialen%20f%C3%B6r%20bioenergi.pdf.  

[54] Hansson J, Grahn M. Utsikt för förnybara drivmedel i Sverige. IVL Svenska 

Miljöinstitutet; 2013. Available from:  

http://spbi.se/wp-content/uploads/2013/03/IVL_B2083_2013_final.pdf.  

[55] Andersson D, Anners C, Nilsson L, Svensson E, Kadic Z, Sahlin M, et al. 

Långsiktsprognos 2012. Energimyndighet report; 2013. Available from:  

https://energimyndigheten.a-w2m.se/Home.mvc?ResourceId=2698.  

[56] Zhang X. Micro-reaction Mechanism Study of the Biomass Thermal 

Conversion Process using Density Functional Theory. KTH, Energy and Furnace 

Technology; 2013. QC 20130327. 

[57] Kantarelis E. Catalytic Steam Pyrolysis of Biomass for Production of Liquid 

Feedstock. KTH, Energy and Furnace Technology; 2014. QC 20140306. Available from: 

http://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-142412.  

[58] Heo HS, Park HJ, Yim JH, Sohn JM, Park J, Kim SS, et al. Influence of 

operation variables on fast pyrolysis of Miscanthus sinensis var. purpurascens. 

Bioresource Technology. 2010;101(10):3672–3677. Available from:  

http://www.sciencedirect.com/science/article/pii/S096085240901743X.  

[59] Kunii D, Levenspiel O. Fluidization Engineering: Second Edition. 

Butterworth-Heinemann; 1991. 

http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-138493
http://www.regeringen.se/sb/d/108/a/66280
http://www.svebio.se/sites/default/files/Potentialen%20f%C3%B6r%20bioenergi.pdf
http://spbi.se/wp-content/uploads/2013/03/IVL_B2083_2013_final.pdf
https://energimyndigheten.a-w2m.se/Home.mvc?ResourceId=2698
http://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-142412
http://www.sciencedirect.com/science/article/pii/S096085240901743X


89 
 

[60] Tortap. (Own work) [CC BY-SA 3.0 

(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons from 

Wikimedia Commons;. Available from:  

http://commons.wikimedia.org/wiki/File%3ASsab_masugn.jpg.  

[61] Ranz ME, Marshall WR. Evaporation from drops: Part I. Chem Eng Prog. 

1952;48:141–146. 

[62] Ranz WE, Marshall WR. Evaporation from drops: Part II. Chem Eng Prog. 

1952;48:173–180. 

[63] Gunn DJ. Transfer of heat or Mass to Particles in Fixed and Fluidized Beds. 

International Journal of Heat and Mass Transfer. 1978;21:467–476. 

[64] Mickley HS, Fairbanks DF. Mechanism of heat transfer to fluidised beds. 

American Institute of Chemical Engineers Journal. 1955;1:374–384. 

[65] Lun CKK, Savage SB, Jeffrey DJ, Chepurnity N. Kinetic Theories for 

Granular Flow: Inelastic Particles in Couette Flow and Slightly Inelastic Particles in a 

General Flow Field. Journal of Fluid Mechanics. 1984;140:223–256. 

[66] Gidaspow D, Bezburuah R, Ding J. Hydrodynamics of Circulating Fluidized 

Beds, Kinetic Theory Approach. In: Fluidization VII, Proceedings of the 7th Engineering 

Foundation Conference on Fluidization. Proceedings of the 7th Engineering Foundationn 

Conference on Fluidization; 1992. p. 75–82. 

[67] Syamlal M, Rogers W, O’Brien TJ. MFIX Documentation: Theory Guide. 

Morgantown, WV,: U.S. Department of Energy; 1993. 

[68] Hooey P, Bodén A, Wang C, Grip CE, Jansson B. Design and application of 

a spreadsheet-based model of the blast furnace factory. ISIJ International. 

2010;50(7):924–930. Available from: http://dx.doi.org/10.2355/isijinternational.50.924.  

[69] Ergun S. Fluid Flow through Packed Columns. Chemical Engineering 

Progress. 1952;48:89–94. 

[70] [Website] CRECK Modeling - Chemical Reaction Engineering and Chemical 

Kinetics. Available from: http://creckmodeling.chem.polimi.it/.  

[71] Young Min J, Seung HE, Yol Lee K, Beom GL, Dae Hyun K. A Modeling 

of Biomass Fast Pyrolysis using CFD in a fluidized bed reactor. In: Proceedings 

International Conference of Agricultural Engineering; 2014. p. 1–7. 

http://commons.wikimedia.org/wiki/File%3ASsab_masugn.jpg
http://dx.doi.org/10.2355/isijinternational.50.924
http://creckmodeling.chem.polimi.it/


90 
 

[72] Zhang H, Xiao R, Wang D, He G, Shao S, Zhang J, et al. Biomass fast 

pyrolysis in a fluidized bed reactor under N2, CO2, CO, CH4 and H2 atmospheres. 

Bioresource Technology. 2011;102(5):4258–4264. Available from:  

http://www.sciencedirect.com/science/article/pii/S0960852410020389.  

[73] Xiong Q, Aramideh S, Kong SC. Modeling Effects of Operating Conditions 

on Biomass Fast Pyrolysis in Bubbling Fluidized Bed Reactors. Energy & Fuels. 

2013;27(10):5948–5956. Available from: http://dx.doi.org/10.1021/ef4012966.  

[74] Minkova V, Razvigorova M, Goranova M, Ljutzkanov L, Angelova G. 

Effect of water vapour on the pyrolysis of solid fuels: 1. Effect of water vapour during 

the pyrolysis of solid fuels on the yield and composition of the liquid products. Fuel. 

1991;70(6):713–719. Available from:  

http://dx.doi.org/10.1016/0016-2361(91)90067-K.  

[75] Minkova V, Razvigorova M, Gergova K, Goranova M, Ljutzkanov L, 

Angelova G. Effect of water vapour on the pyrolysis of solid fuels: 2. Effect of water 

vapour during the pyrolysis of solid fuels on the formation of the porous structure of 

semicoke. Fuel. 1992;71(3):263–265. Available from:  

http://dx.doi.org/10.1016/0016-2361(92)90071-U.  

[76] Minkova V, Razvigorova M, Bjornbom E, Zanzi R, Budinova T, Petrov N. 

Effect of water vapour and biomass nature on the yield and quality of the pyrolysis 

products from biomass. Fuel Processing Technology. 2001;70(1):53–61. Available from: 

http://dx.doi.org/10.1016/S0378-3820(00)00153-3.  

[77] Wang C, Mellin P, Wikström J, Nilsson L, M L. Injecting different types of 

Biomass products to the Blast furnace and their impacts on the CO2 emission reduction. 

In: Proceedings of the 7th International Congress on the Science and Technology of 

Ironmaking (AISTech 2015); 2015. . 

[78] Wang C, Larsson M, Lövgren J, Nilsson L, Mellin P, Yang W, et al. Injection 

of Solid Biomass Products into the Blast Furnace and its Potential Effects on an 

Integrated Steel Plant. Energy Procedia. 2014;61(0):2184–2187. International Conference 

on Applied Energy, {ICAE2014}. Available from:  

http://www.sciencedirect.com/science/article/pii/S1876610214031348.  

[79] Sundqvist M, Mellin P, Yang W, Salman H, Hultgren A, Nilsson L, et al. 

System Analysis of Integrating Fast Pyrolysis to an Iron and Steel Plant. In: Proceedings 

of the 28th International Conference on Efficiency, Cost, Optimization, Simulation and 

Enviornmental Impact of Energy Systems (ECOS 2015); 2015. . 

http://www.sciencedirect.com/science/article/pii/S0960852410020389
http://dx.doi.org/10.1021/ef4012966
http://dx.doi.org/10.1016/0016-2361(91)90067-K
http://dx.doi.org/10.1016/0016-2361(92)90071-U
http://dx.doi.org/10.1016/S0378-3820(00)00153-3
http://www.sciencedirect.com/science/article/pii/S1876610214031348


91 
 

[80] Niska J, Grip C, Mellin P. Investigating Potential Problems and Solutions of 

Renewable Fuel Use in Steel Reheating Furnaces. In: Proceedings of the Finnish-Swedish 

Flame Days; 2013. . 

[81] Liu H, Saffaripour M, Mellin P, Grip CE, Yang W, Blasiak W. A 

thermodynamic study of hot syngas impurities in steel reheating furnaces — Corrosion 

and interaction with oxide scales. Energy. 2014;77(0):352 – 361. Available from:  

http://www.sciencedirect.com/science/article/pii/S0360544214011207.  

 

http://www.sciencedirect.com/science/article/pii/S0360544214011207

