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Abstract 

Carbon dioxide emissions to the atmosphere today cause problems around the world. In 

Sweden, the steel production contributes significantly to carbon dioxide emissions. The steel 

industry challenge is to improve the metallurgical processes to decrease the carbon dioxide 

emissions. One way to reduce the emissions is to use renewable carbon sources.  

The blast furnace process is a counter current reduction process for ironmaking. Raw 

materials such as iron ore agglomerates, coke and slag formers are charged at the top of the 

furnace while oxygen-rich blast air and powdered coal are injected in the bottom. The gases 

produced by combustion rise through the burden on the top of the furnace. The combustion of 

carbon produces carbon monoxide which is the reducing gas used for the reduction of iron 

oxides to pig iron. The process is the highest producer of CO2 emissions in Sweden; biomass 

can partially replace fossil carbon in coal blends for cokemaking, coal powder for coal 

injection and coke in self-reducing briquettes.  

 The purpose of this project was to maximize the addition of biomass in coal blends for 

cokemaking and the addition in briquettes produced for the recovery of iron bearing rest 

products. The challenge with biomass in cokemaking is its low density and high reactivity 

which decrease the coke yield and coke strength at the same time that it increases the coke 

reactivity. The coke quality has to be kept at sufficient quality in order to avoid effects on 

productivity and process stability in the blast furnace. The addition of biomass in briquettes is 

limited due to the low density of the biomass which may affect the strength of the briquettes. 

The effect of the addition of sawdust in coke and briquettes has been studied to understand the 

effect on reaction behaviour of bio-coal.  

Heat-treatment of sawdust with high volatile coal was performed in order to achieve a coating 

of coal on the sawdust surface and get less reactive sawdust. Torrefied sawdust contained 23 

wt. % fixed carbon while the pre-treatment of sawdust with high volatile coal increased the 

content to about 60 wt. %. Pre-treated sawdust was added to coal blend for coke making and 

briquettes containing iron oxide.  

The pre-treated sawdust was added to five coal blends for coke production, the contents were 

5, 10 and 20 wt. %, and a base blend was used as reference. Coke reactivity, chemical 

composition and cold compression strength in coke were studied. This work resulted in an 

improved bulk density; up to 20 wt. % pre-treated sawdust could be added to the coal blend 

and still keep a bulk density of 800 kg/m
3
. The coke yields in cokes with pre-treated sawdust 

were comparable to the coke reference. The temperature at which carbon in coke began to be 

consumed was slightly higher in coke containing sawdust treated with 50 wt. % high volatile 

coal. It was estimated that the CO2 emission from fossil coal could be reduced with 8.6 % per 

ton hot metal (THM) with the addition of 10 wt. % pre-treated sawdust to coal blends for 

cokemaking. The addition of 20 wt. % pre-treated sawdust could reduce the CO2 emission 

with 10% per THM. 
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In addition, two different mixes of briquettes were produced, one with torrefied sawdust and 

one with pre-treated sawdust. The chemical composition and reduction of iron oxides in 

briquettes was also studied and evaluated. Briquettes with treated sawdust were more 

compact, i.e. had a higher density than briquettes containing torrefied sawdust. The amount of 

hematite that could be added to the briquette mixes was 0.107 moles in briquettes with 

torrefied sawdust and 0.112 moles in briquettes with pre-treated torrefied sawdust. 

Keywords: Blast furnace process, coal blend, sawdust, bio-coal, reduction, coke yield, 

reactivity behavior, self-reducing briquettes, iron oxides. 
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Sammanfattning 

Koldioxidutsläppet till atmosfären orsakar idag problem runt om i världen. I Sverige bidrar 

stålproduktionen avsevärt till koldioxidutsläppet. Stålindustrin har som en utmaning att 

förbättra de metallurgiska processerna för att sänka utsläppet av koldioxid. Ett sätt att sänka 

koldioxidutsläppen är att minska påverkan genom att använda förnybara kolkällor. 

Masugnsprocessen är en kontinuerlig reduktionsprocess för råjärnframställning och en av 

processerna där det används reduktionsmedel från fossila kolkällor. Råmaterial som 

järnmalm, koks och slaggformare chargeras på toppen av ugnen medan syrgasberikad 

blästerluft och pulveriserat kol injiceras i botten av ugnen genom masugnens formor. De gaser 

som produceras vid förbränning stiger upp genom beskickningen upp till ugnens topp. Vid 

förgasning av kol bildas kolmonoxid som är den reducerande gasen, den möjliggör 

reduktionen av järnoxider vid framställning av råjärn. Torrefierad biomassa kan delvis ersätta 

fossilt kol i kolblandningarna för kokstillverkning, i kolinjektionen och i briketter. 

Syftet med detta projekt var att maximera mängden tillsatt biomassa i kolblandningarna för 

kokstillverkning och i briketter för återvinning av järnbärande restprodukter. Utmaningen med 

biomassa i kokstillverkningen är den höga reaktiviteten och den låga densiteten av kol, vilket 

resulterar i låg koksutbyte när den tillsätts i kolblandningar. Biomassa innehåller också en 

högt halt flyktiga ämnen vilket resulterar i koks med låg hållfasthet och hög reaktivitet. 

Kokskvalitén måste behållas för att undvika processvariationer i masugnen. Tillsatsen av 

biomassa i briketter, är begränsat då biomassa kan påverka briketternas hållfasthet. Effekten 

av tillsatsen av biomassa i koks och briketter har studerats för att kunna förstå 

reaktionsbeteendet i dessa när torrefied sågspån och förbehandlat sågspån med hög 

fluiditetskol har tillsatts till blandningarna.  

Värmebehandling av torrifierat sågspån med en hög fluiditeteskol gjordes för att uppnå en 

mindre reaktiv biomassa. Torrifierat sågspån innehöll 22.9 viktsprocent kol, förbehandlingen 

av sågspån med hög fluiditetskol ökade halten till cirka 60 viktsprocent. 

Den behandlade sågspånen tillsattes till fem kolblandningar för koksframställning, 5, 10 och 

20 viktprocent tillsattes till en bas blandning som användes referens. Koksreaktiviteten, 

kemisk sammansättning och hållfasthet i koks studerades. Arbetet resulterade i en förbättrad 

bulkdensitet då upp till 20 viktprocent förbehandlad biomassa kunde tillsättas i 

kolblandningen och fortfarande behålla en bulkdensitet på 800 kg/m
3
. Koksutbytet i alla koks 

med förbehandlat sågspån var jämförbart med koksreferensen. Temperaturen där kemisk kol i 

koks började förbrukas, var något högre i koks som innehöll sågspån med 50 viktsprocent hög 

fluiditetskol. Koldioxidutsläppen från fossilt kol per ton råjärn (THM) uppskattades att vara 

8,6 % lägre med tillsatsen av 10 viktprocent förbehandlat sågspån i kolblandningar för 

kokstillverkning. Tillsatsen av 20 viktprocent skulle innebära en minskning på 10 % per ton 

råjärn.  

Briketter med två olika blandningar framställdes, en blandning med torrifierat sågspån och en 

blandning med behandlat sågspån. Briketterna karakteriserades genom att analysera den 

kemiska sammansättningen och reduktionen av järnoxider i termisk reducerade briketter. 

Briketter med behandlat sågspån var mer kompakta, d.v.s. hade en högre densitet än briketter 
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som innehöll torrifierad sågspån. Mängden hematit som kunde tillsättas i mixen med 

torrifierad sågspån var 0.107 mol, medan i mixen med förbehandlat sågspån 0.112 mol kunde 

tillsättas. 

Nyckelord: Masugnsprocess, kolblandning, bio-koks, sågspån, reduktion, järnmalm, 

koksutbyte, självreducerande briketter, järnoxider. 
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Nomenclature 

 

Variables  Full notation  Unit 

𝐴𝑐   Effective cylinder area,   m
2 

A  Pre-exponential factor  s
-1 

or kg.m
-2

.s
-1

.Pa
-1 

ρa  Apparent reaction rate,   gg
-1

s
-1

 

r  Rate of carbon loss,   gs
-1

 

Ea  Activation energy,   kJ/mole 

Cconv  Carbon conversion,   g 

Chemical components Full notation 

Ar  Argon 

C  Carbon 

CO  Carbon monoxide 

CO2  Carbon dioxide 

K2O  Potassium oxide 

CaO  Calcium oxide 

Na2O  Sodium oxide 

Fe  Iron 

S  Sulphur 

SiO2  Silica 

Al2O3  Aluminium oxide   

MnO  Manganese dioxide 

TiO2  Titanium dioxide 

P2O5  Phosphorous pentoxide 
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Abbreviations  Full notation 

CSR  Coke strength after reaction 

CRI  Coke reactivity index 

wt. %  weight percent  

TSW  Torrefied sawdust 

HV-coal  High volatile coal 

TSW1 Torrefied coated sawdust, 50 wt. % biomass and 50 wt. % HV-

coal 

TSW2  Torrefied coated sawdust, 70 wt. % biomass and 30 wt. % HV-

  coal 

Mix1  Briquettes with 10% torrefied sawdust 

Mix2  Briquettes with 10 wt. % pre-treated torrefied sawdust 

LV  Low volatile 

MV  Medium volatile 

HV   High volatile 

Bl.  Coal blend to produce coke 

50:50  50 wt. % torrefied sawdust and 50 wt. % high volatile coal 

 

70:30  70 wt. % torrefied sawdust and 30 wt. % high volatile coal 

 
TGA  Thermogravimetric analysis 

DTG  Derivative thermogravimetric analysis 
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1 Introduction  

Carbon dioxide emissions, released to the atmosphere are today causing problems around the 

globe. In Sweden, the steel production contributes significantly to carbon dioxide emissions. 

Therefore, the steel industry has as a challenge to improve the metallurgical processes in order 

to lower the emissions of carbon dioxide. One way to lower the CO2-emmissions is to 

decrease the impact by using renewable carbon sources. Biomass can partially replace fossil 

coal in coal injection, in coal blends for cokemaking and coke in briquettes.
 [1]

 Biomass 

provide carbon and hydrogen energy from organic materials, the biomass sources can be 

residues from agriculture or forestry, organic components of municipal and industrial waste, 

oil-rich algae and wood.
 [2]

 

Around 30 percent of the energy used in Sweden comes from biomass, the ambition is to use 

about 50 percent by the year 2020.
 [3]

 The north of Sweden has good access to biomass from 

forestry, nevertheless from an economical point of view; the cost of biomass becomes high 

due to transport and pre-treatment. Metallurgical coke is used in the blast furnace for iron 

making. The cokemaking process implies the carbonization of coal to high temperatures in an 

oxygen free environment. The challenge with biomass in cokemaking is that it has lower 

density and high content of volatiles.  Therefore biomass needs to be pre-treated in some way 

before it can be used in coal blends for cokemaking. Thermal pre-treatments such as pyrolysis 

and carbonisation are some of the methods that can be applied. During coking or 

carbonization of a coal blend the products obtained are coke and coke oven gas. Coke is a 

porous solid with high carbon content and the coke oven gas produced is mainly composed of 

volatile matter and moisture. The so called coke yield is a relation between the amount of coal 

blend from start and the recorded mass losses after carbonization. The high content of volatile 

matter and the low density of chemical carbon in biomass decrease the coke yield. Research is 

on-going in order to increase the biomass density and optimize the use in metallurgical coke 

and additives for the blast furnace process.  

The steel industry generates solid by-products, mostly in form of slag, dust, sludge, and oily 

or non-oily mill scale. Some of these by-products contain iron that cannot be recycled due to 

high content of fine particles. A solution is to agglomerate these by-products to self- reducing 

briquettes. The briquettes can be composed of iron bearing material, binder agent and carbon 

sources. The agglomeration method provides the possibility to decrease the consumption of 

primary iron bearing raw materials, beyond that, biomass can be used as carbon source. If the 

agglomeration is cold bonded, although it contains cement that is produced under CO2 

emission, the process of agglomeration becomes more environmental friendly than the 

traditional process in sintering plants where it is common that the energy used is from fossil 

sources. Sintering with rest products use fossil carbon as energy source which contributes to 

CO2 emissions, it also forms dioxides and NOx which are difficult to handle in the gas 

cleaning system. 
[4] [5]
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2 Literature review 

In this chapter, a brief introduction of the blast furnace process, the role of coke and the 

quality requirements in this metallurgical process are presented. Also, a short introduction of 

the use and advantages of biomass in coal blends and bio-agglomerates in form of briquettes 

are mentioned. The following literature was reviewed to gain an understanding of the 

background of cokemaking and bio-agglomerates: 

 Generally about the blast furnace process 

 Biomass in the blast furnace 

 Biomass in briquettes 

 Cokemaking; coal to coke process 

 Coke quality requirements: reactivity, strength, chemical composition 

 Evaluation of reactivity behaviour in coke 

 Characterization methods for coke and briquettes 

2.1    Blast furnace process 

The blast furnace process is a counter current reduction process for ironmaking. Raw 

materials as iron ore agglomerates, coke, and slag formers are charged at the top of the 

furnace. Oxygen enriched hot blast air and pulverized coal, are injected through tuyeres at the 

bottom of the furnace. The gases produced during combustion ascend through the burden up 

to the top of the furnace. The off gases are cleaned and a part is recirculated for use in the 

blast furnace and the rest is used for district heating. The products of the blast furnace, slag 

and hot metal, are tapped at the bottom, the slag in slag ladles and the hot metal in torpedo 

cars. 
[6]

 The blast furnace can roughly be divided in five reaction zones: the lumpy zone in the 

upper part; from the stock line down to the cohesive zone, cohesive zone, active and stagnant 

coke zone, raceway zone and the heart zone. The zones are schematically illustrated in Figure 

2.1.
 [7]
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Figure 2.1: Illustration of the zones in the blast furnace. 
[7]

 

In the lumpy zone the burden is dried, preheated and pre-reduced. The raw materials heats up 

from room temperature up to 800-900°C, the coke moisture is driven off but the coke is still 

inert. In this pre-heating zone the indirect reaction of hematite to magnetite occurs due to off-

gases rising from the bottom of the furnace, the reaction for hematite can be seen in Equation 

(2.1).  

 3𝐹𝑒2𝑂3 + 𝐶𝑂 ↔ 2𝐹𝑒3𝑂4 + 𝐶𝑂2 (2.1) 

The indirect reduction of magnetite with carbon monoxide is showed in Equation (2.2) 

 

 𝐹𝑒3𝑂4 + 𝐶𝑂 ↔ 3𝐹𝑒𝑂 + 𝐶𝑂2 (2.2) 

 

In the lower part of the lumpy zone lies the thermal reserve zone (TRZ), one of the most 

important reactions occurs here: solution loss or Boudouard reaction which is the gasification 

reaction of carbon, see Equation (2.3). The reaction is highly endothermic and starts at 

temperatures between 900-1000 °C in the thermal reserve zone. The solution loss reaction can 

be catalysed in the presence of alkalis (K2O, Na2O), MgO, iron oxides and CaO making the 

reaction to start at lower temperatures which reduces the temperature of the thermal reserve 

zone. 
[7]

 

 𝐶(𝑠) + 𝐶𝑂2(𝑔) ↔ 2𝐶𝑂(𝑔) (2.3) 

 

The solution loss is linked to the indirect reduction of wustite to metallic iron, which happens 

between 800-1000 °C, see Equation (2.4) 

 

 𝐹𝑒𝑂 + 𝐶𝑂 ↔ 𝐹𝑒 + 𝐶𝑂2 (2.4) 
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Remaining unreduced FeO follows down to the active coke zone for direct reaction with 

carbon at around 1500 °C, the reaction can be seen in Equation (2.5) 

 

 𝐹𝑒𝑂 + 𝐶 ↔ 𝐹𝑒 + 𝐶𝑂 (2.5) 

 

The highest consumption of coke take place mainly in the active coke zone but as mentioned 

earlier, some part of the carbon in coke can react at lower temperatures in the shaft of the 

furnace. The active coke zone is between the cohesive zone, raceway and dead man. The dead 

man consist of a coke bed from which there is slow replacement of coke in the central and 

lower parts but more consumption in the outer part through the combustion in raceway. In the 

raceway coal and coke are combusted in a flame that theoretically reaches temperatures 

around 2200 °C. Coke is the only raw material that is in solid form at the high temperatures 

beneath the cohesive zone. Coke can be consumed by wustite and other oxides in this reaction 

zone but also participate in carburization of hot metal. 
[7] [8]

 Another important reaction in the 

blast furnace is the water-gas shift reaction. Hydrogen is formed in the raceway from moisture 

in coal powder and in the blast, it happens at temperatures above 1000C, water will react 

with carbon in coke consuming heat (124 kJ/mole), the reaction can be seen in Equation (2.6) 

 

 𝐻2𝑂(𝑠𝑡𝑒𝑎𝑚) + 𝐶(𝑠) ↔ 𝐻2 (𝑔) + 𝐶𝑂(𝑔) (2.6) 

 

Hydrogen in the water-gas shift reaction, at temperatures between 800 C and 1000 C, acts 

more effective as reductant than carbon monoxide and generates 40.7 kJ/mole, the reaction is 

shown in Equation (2.7) 

 

 𝐻2𝑂(𝑔) + 𝐶𝑂(𝑔) ↔ 𝐻2 (𝑔) + 𝐶𝑂2(𝑔) (2.7) 

 
The reactions of hydrogen with hematite, magnetite and wustite can be seen in Equation (2.8) 

to Equation (2.10) 

 

 𝐹𝑒2𝑂3 + 𝐻2(𝑔) ↔ 2𝐹𝑒𝑂 + 𝐻2𝑂(𝑔) (2.8) 

 

 𝐹𝑒3𝑂4 + 𝐻2(𝑔) ↔ 3𝐹𝑒𝑂 + 𝐻2𝑂(𝑔) (2.9) 

 

 𝐻2(𝑔) + 𝐹𝑒𝑂 ↔ 𝐹𝑒𝑂 + 𝐻2𝑂(𝑔) (2.10) 

 

Other important reactions that occur in the lower zones of the furnace are illustrated in 

Equations (2.11) to (2.15) 

 𝐶𝑎𝐶𝑂3 ↔ 𝐶𝑎𝑂 + 𝐶𝑂2 (2.11) 
 

 𝑆𝑖𝑂2 + 2𝐶 ↔ 𝑆𝑖 + 𝐶𝑂 (2.12) 
 

 𝑃2𝑂5 + 5𝐶 ↔ 2𝑃 + 5𝐶𝑂 (2.13) 
 

 𝑀𝑛𝑂 + 𝐶 ↔ 𝑀𝑛 + 𝐶𝑂 (2.14) 
 

 𝑆 + 𝐶𝑎𝑂 + 𝐶 ↔ 𝐶𝑎𝑆 + 𝐶𝑂 (2.15) 
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Figure 2.2: Scheme of temperature distribution and chemical reactions occurring in the blast furnace
. [8]

 

The figure above is an ideal illustration of the temperature distribution and the reactions that 

occur in respective zone of the blast furnace.  

2.2 Biomass in the blast furnace 

Biomass is a porous and fibrous material that contains four fractions; moisture, volatile 

matter, fixed carbon and ashes. The organic components in biomass from wood are mainly; 

lignin, cellulose and hemicellulose. Biomass has potential to be added to the blast furnace by 

adding it to coal blends for production of bio-coke, as additive in self-reducing bio-

agglomerates and in direct injection through tuyeres, see Figure 2.3.  
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Figure 2.3: Illustration of biomass use in the blast furnace process
. [9] 

Studies about the utilization of biomass for blast furnace processes in Sweden show that 

biomass needs to be upgraded in order to increase the amount of fixed carbon and calorific 

value per volume unit and simplify the input to the process. 
[1] [10]

 Moisture and ash content in 

raw biomass varies depending on the biomass source; it has to be considered that there is a 

maximum for moisture and restrictions for ash composition when being used in coke. 

Biomass addition can influence these parameters. However, the moisture content in torrefied 

biomass is low compared to untreated biomass.  Also, biomass has lower density and gives 

lower coke yields than coal. It means that a large amount of raw biomass needs to be added in 

order to give the same yield as for coal. In order to hold a high coke quality and avoid 

fluctuations in the blast furnace process, the biomass used in coal blends and additives needs 

to be properly treated. 
[1]

  

2.2.1 Torrefaction of biomass 

The most common pre-treatments used for biomass are torrefaction, pyrolysis, gasification 

and carbonization. 
[11]

 Torrefaction is defined as a mild pyrolysis since the temperature range 

varies between 100 to 300 °C and sometimes at some higher temperatures. During 

torrefaction, biomass is thermally degraded in the absence of oxygen; moisture and some part 

of volatile matter are removed. The mechanical and physical-chemical properties of biomass 

are determined by the content of cellulose, hemicellulose and lignin. During torrefaction only 

hemicellulose is decomposed due to the low temperature range, lignin and cellulose has 

higher deformation temperatures, and therefore torrefaction has a slight effect on the biomass 

mechanical and physical-chemical properties.
 [12]

 Torrefied biomass has a better grindability, 

is more easily stored and it is more hydrophobic than non-torrefied biomass. 
[1] [13] [14]

 In 

Sweden, torrefaction of biomass is a technology undergoing development; there are only two 

pilot scale plants available at the moment, they are placed in Gotland and Umeå. 
[1]
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2.2.2 Sawdust 

The biomass used in this thesis work was torrefied sawdust. A by-product from the forest 

industry produced when tree trunks are sawed. It is estimated that from a tree trunk 

approximately 0.3 m
3 

sawdust is produced during sawing. Sawdust is used for treatment of 

water solutions, production of wood pellets for heating purposes, furniture manufacturing 

etcetera. According to studies on the utilization of biomass for blast furnace in Sweden, the 

availability of biomass in Sweden has good potential, the annual energy input from biomass is 

around 150-155 TWh. It is estimated that the consumption of by-products such as bark, chips 

and sawdust in the industry sector will increase in the coming 10-20 years. 
[1]

   

2.3 Agglomerates   

Self- reducing agglomerates can be in form of briquettes or pellets that contain carbon that 

contributes to the reduction of iron oxides in the same agglomerate. The briquettes can be 

added at the top of the blast furnace for recycling of iron bearing by-products, these by-

products need to be processed since they are fine grained and cannot be recycled to the blast 

furnace as they are. The briquettes are produced by blending iron bearing materials, binder 

agents, and coke fines in the blast furnace flue dust acts as carbon source. Biomass can 

partially replace the carbon source from fossil sources, by adding it to the briquette the C 

input via briquettes are increased and there is potential for reducing the coke input. The 

carbon source has a significant role in the self-reduction of iron oxide with carbon. Studies in 

this field agreed that the rate of reduction of iron oxides with carbon is controlled by the 

gasification of carbon. 
[5]

  The intermediate gases formed during reduction and volatilizations 

are CO, CO2, H2 and H2O, other gases such as hydrocarbons can also be formed. The 

reduction of hematite to iron occurs in different stages, as shown in Equation (2.16) 

 𝐹𝑒2𝑂3 → 𝐹𝑒3𝑂4 → 𝐹𝑒𝑂 → 𝐹𝑒 (2.16) 

 

The reduction degree of iron oxides at different temperature and different reducing power of 

the gas in the presence of carbon monoxide and carbon dioxide can be seen in the equilibrium 

diagram illustrated in Figure 2.4. 
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Figure 2.4: Fe-O-C equilibrium diagram showing the degree of oxidation of Wustite with CO2 and CO.
 [8]

 

 In Figure 2.4, the phases of iron oxides form stability regions at different temperatures and 

concentrations of CO. According to Robinson et al. hematite (Fe2O3) is reduced to magnetite 

(Fe3O4) between 500 and 600 °C, magnetite is reduced to wustite (FeO) between 640- and 

850 °C.
 [15]

 Finally, wustite will be reduced to iron (Fe) between 850 and 1200 °C, this 

reaction will obviously depend of the CO/CO2 ratio.  

Portland cement is often used as binding agent in briquetting due to its cold strength 

properties; it is available and has low cost. Cement consist of tricalcium silicate (3CaO.SiO2), 

dicalcium silicate (2CaO.SiO2), and some minor amounts of calcium ferrites and calcium 

aluminates, among others phases. During cement hydration, the phase CaO-SiO2-H2O is 

formed, this phase provides binding properties to the agglomerate. The bonding properties 

will depend on the particle size, particle shape and binder content, the higher binder content 

the higher cold strength. The amount of cement used may increase the amount of slag, water 

and sulphur in the blast furnace. The reduction rate decreases with increased amount of 

cement, thereby the amount of binder needs to be considered. Coke content has the opposite 

influence, it increases the reaction rates but on the other hand, it increases the swelling and 

decrease the cold strength of the agglomerates. 
[4] [5]

   

2.3.1 Biomass in agglomeration process 

The utilization of agglomerates is an important economical and recycling process in the blast 

furnace process. Furthermore, the total use of coke in the blast furnace can be decreased by 

adding biomass to briquettes. As in the case of cokemaking, biomass is not suitable to use as 

it is, it has to be pre-treated in order to be used in the agglomeration process. The issues are 

the high moisture content, the low carbon content and low calorific value. In general, the 

studies performed in this field have mainly been focused in the addition of charcoal as 
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renewable carbon source; less attention has been paid for the use of pre-treated sawdust but 

research in the field is ongoing. Charcoal has high carbon content and according to studies, 

the emission of SOx and NOx   can be mitigated when it is added to briquettes, a drawback is 

that charcoal absorbs more water in the agglomeration process than coke which affect the 

agglomeration and the use in the blast furnace in a negative way. According to previous 

studies on briquetting, the coke content in briquettes influence positive the reduction rates and 

therefore the replacement of coke with biomass needs to be studied. 
[4]

 

2.4 Cokemaking 

The cokemaking process involves carbonisation or coking of coal at temperatures between 

1050-1150 °C, it is a dry distillation of coal in absence of oxygen. Coke is produced in coke 

oven batteries, the coal is initially crushed and then blended or vice versa.  In order to get a 

proper bulk density, oil is sometimes added or the material is compacted before the blend is 

charged into the ovens. The density in the oven is higher at the bottom of the ovens but the 

average densities are 720-760 kg/m
3
. The coal is charged at the top of the oven by coal 

machines, the ovens heat up with gas generated in the oven mixed with blast furnace gas.  

During coking, 75% of the coal is converted to coke and 25% to gas. The gas is purified in 

several steps and by-products such as benzene, sulphur and tar are collected. The purified gas 

is recirculated for heating of the coking battery and can be used for other heating purposes 

within the plant or at district heating and power plant.  After 17-22 hours the produced coke is 

pushed out of the ovens, quenched and transported by conveyors to the blast furnace.
 [16] [17]

 

The coal-to-coke process occurs at different carbonization stages before a coke is obtained, 

the process is illustrated in Figure 2.5 

 

Figure 2.5: Coal-to-coke transformation during carbonisation. 
[11]

 

Coal contains about 6-8% moisture when it is charged to the ovens, this moisture is driven off 

under steady state until the coal is dry. With increased temperature the coal heats up and the 
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plastic phase transition occurs between 370-500 °C giving off organic tars. In this phase the 

coal particles soften, expand and react with each other to form a liquid phase.  The structure 

needed for keeping a good strength in the coke is formed during this phase, the strength of the 

coke increases with extended coking time since the structure has the possibility to build more 

bonds. The coal next to the furnace wall is quickly heated-up and becomes fast plastic. At 

450-500°C, the plastic layers forms to semicoke while methane and other volatile gases are 

driven off. It takes about 12-15 hours for the coal in centre of the oven to solidify. After 

solidification, the semicoke contracts and fissures forms, this is the so called shrinkage phase 

and occurs at temperatures between 550-1000 °C. At this temperature, the coke gets its final 

form in term of size and stability. The coke produced is discharged when volatile matter is 

less than 1% at about 1000-1100 °C.  The coking times are about 17-22 hours depending on 

heating rate and size of the width of the oven. The transition phases are sensitive to 

temperature changes, especially for coke made in pilot and laboratory scale. Therefore 

appropriated operation conditions such as heating rates and bulk densities need to be carefully 

chosen since these influences the coke quality.
 [16] [18]

 

2.4.1 Thermoplastic properties of coking coals 

Coals are classified in low, medium and high volatile coals, according to the content of 

volatile matter; fixed carbon in the coals can be used as a measurement of coal rank, the 

higher coal rank the higher fixed carbon content and lower volatile matter. The maximum 

fluidity in coal varies with rank and is highest for high volatile coals. Based on the fluidity, 

coals can also be also classified as lignites, subbituminous, bituminous and anthracites. 

Bituminous coals are used for cokemaking since they contain bitumen which softens and 

quickly become plastic when heated. The plasticity and interaction of coals is of importance 

since it gives the possibility for the coal to be polymerized to a solid coke residue, both 

chemical and physical changes occur during the plasticity phase. The plastic properties of coal 

can be measured by a plastometer, which provides the coal’s softening temperature, 

maximum fluidity temperature and the solidification temperature.
[19]

 Studies on the 

thermoplastic phase, about the kinetics and swelling factor of heat treated coals of different 

ranks, has shown that the swelling factor of the coals are highest for high volatile coals.  

The thermoplastic properties of coal blends can be modified by interactions between different 

types of coals in a coal blend.  The composition, the amount of each coal in the blends, the 

particle size of the coals, the maximum fluidity temperature of each coal are examples of 

parameters influencing the interaction of coal during carbonization. Coals similar in coal rank 

will have more interactions than blend with coal with high difference in coal rank. Coal of 

low rank will as for example accelerate the solidification of coals of higher ranks which 

results in less interaction between the coals. The particle size can affect the magnitude of 

interaction of the coal in a coal blend; the interactions between the coals decrease with 

increased particle size over the range 0.1-1 mm. 
[20] [21]
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2.4.2 Coal blends and coke yield 

Coal blends are used in order to fulfil the requirements of coke quality and cokemaking, also 

to maintain a low production cost. The challenge in cokemaking when blending coals is to 

design a coal blend that fulfil the requirements for performance in the coke oven and that also 

leads to coke of high quality and low production cost.  Each coal type has different properties 

therefore coals are normally stored in different stockpiles before blending or crushing. In 

some coke plants, beds are used for blending of the coals. The optimal particle size for coal 

blends is about 2-3 mm. The moisture content of the coal charge (about 5-10 % moisture) and 

its bulk density can be adjusted by the addition of small amounts of fuel oil (about 0, 1 - 0, 3 

%). 
[22]

 

The yield of the carbonization of the coals, or coke yield, will depend on the carbon content in 

the coal blend. The gas production, tar and light oil yields are also influenced by the carbon 

content, the higher the carbon content the higher the coal yield and lower amount of by-

products are released. The coke yield can be calculated by the following Equation: 

 𝐶𝑜𝑘𝑒 𝑦𝑖𝑒𝑙𝑑(%) =
𝑚1

𝑚0 ∙ (1 − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒% ∙ 0.01)
 

(2.17) 

 

In Equation (2.17), m1 is the mass of product after coking and m0 is the mass of the coal blend 

from start, the moisture content in the blend is taken in account when calculating the coke 

yield.  

2.4.3 Biomass in coal blends 

The contribution of CO2 neutral carbon sources makes the use of biomass in the steel industry 

more sustainable. Therefore several studies have been done and researchers aim for improving 

and increasing the knowledge about the behaviour of biomass in the coal blends. Some studies 

have shown that the particle size and the type of biomass have significance impact in the coke 

strength after reaction (CSR) and coke reactivity index (CRI) as well as in the fluidity 

properties of the coal in the coal blends. These studies of substitution of coal with biomass in 

form of charcoal have shown that the particle size and ash content plays important roles on 

the properties of the produced bio-coke.
 [23] [24]

 It was found that the negative impact on 

reactivity and CSR increased with the content of fine particles.  

Another important aspect is that the addition of biomass to coal blend reduce the coal fluidity 

in coal blends. Also, the addition of small amount of sawdust, both heat treated and raw 

sawdust produce a drastic reduction of the coal fluidity. In order to enhance the use of 

biomass in cokemaking, without affecting the coke quality, the content of volatile matter 

should be minimized while the content of fixed carbon is optimized by pre-treatment of the 

biomass.
 [25] [26]
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2.5 Coke properties in the blast furnace  

Coke fulfils different functions in the blast furnace process, both chemical and mechanical; 

functions that need to be considered when additives are added to the coal blends: 

 Coke is a mechanical support for the burden and is the raw material with longer 

residence time in the blast furnace. 

 Coke provides a good permeability, making possible for the gas to penetrate 

through the burden and liquid to flow downwards and to the taphole in the blast 

furnace hearth. The void fraction of the coke layers and therefore a suitable coke 

size are import. 

 Coke provides heat to the process by combustion of carbon present in the coke.  

 Coke contributes to the formation of CO and makes the reduction of FeO, SiO2, 

MnO etcetera possible. 
[6] [27]

 

2.5.1 Physical properties of coke 

Coke is the only raw material to reach the combustion zone in the blast furnace in solid form, 

the mechanical strength of the coke is therefore an important physical property.  Some of the 

requirements for metallurgical coke process are high 

coke strength after reaction (CSR) and low coke 

reactivity index (CRI). Coal rank, coal rheology, coal 

composition (organic and inorganic inert) and coking 

conditions influences the CSR which in turn can 

affect the CRI.  

The coal rank has for example an important role in 

the coke’s structure and porosity. Temperature, heat 

rate and suitable density of material bed are some of 

the coking conditions that can influence the coke 

structure. High coking temperature can for example 

result in a coke with higher graphitisation degree, i.e. 

coke with lower reactivity but with lower coke strength, which is not desired for use in the 

blast furnace where one of the roles of coke is to support the burden.  Depending on the coke 

properties, coke is known as soft coke, hard coke and metallurgical or blast furnace coke. 

2.5.2 Chemical properties of coke 

The coke´s chemical properties are influenced by the carbon content and structure, ash 

content and volatile matter. Coal particles has crystalline structure, this structure is sustained 

even during coking. Carbon in coke has crystalline structure that is anisotropic (mosaic and 

flow-type structure) and amorphous structure that is isotropic. Coke properties based on coal 

structure in coke can be seen in Table 2.1. 

 

 

Figure 2.6: Influence of CSR and CRI 
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Table 2.1: Relation between coal structure in coke and coke properties. 
[8] [16]

 

Coal structure Coke strength CO2 attack Alkali attack 

Isotropic weak weak Strong 

Mosaic Medium Strong Medium 

Flow-type Strong Medium weak 

 

Coke has a complex structure with varied pore size and structures which influences the coke 

strength and the coke reactivity. Concerning the optical coke structure, coals with low rank 

produces coke with isotropic structures that are more reactive towards CO2 which increases 

the CRI, the mechanical strength is weak but the resistance to alkali attack is strong. Coals 

with high ranks will result in cokes with mosaic texture or flow-type texture, the mosaic 

structure is the one of the most resistant to CO2 attack. However, flow-type structure gives a 

higher mechanical strength than mosaic texture but a slightly lower CO2 resistance and the 

resistance against alkali is low.  

An increased amount of ashes decreases the calorific value of coke and requires higher 

amounts of slag formers to melt the ashes, producing higher amounts of slag. The moisture 

content should also be moderated, 1-6 wt. %, since it unbalance the heat balance in the 

furnace and increase the accumulation of fines in the blast furnace.  

The composition of the coal is also important, a high content of elements that can act as 

catalyst, such as CaO, alkali (K2O and Na2O) and iron oxides increases the CRI. When it 

comes to alkalis, the alkali content in the coke should normally be under 0.3 wt. %,  the main 

carrier of alkali in the blast furnace are iron ores. Coke is exposed to the alkali that circulates 

in the blast furnace which not only influence the reactivity but also the coke strength, it forms 

“free alkali” i.e. reaction of alkali with carbon. In a similar way, when potassium in coke 

reacts with carbon, the carbon lattice debilitates which decreases coke strength.  Sulphur and 

phosphor are impurities in steel production and all phosphor that dissolves in iron needs to be 

removed. Increased sulphur content disturbs the slag basicity; i.e. the ratio of oxides as CaO 

to SiO2, CaO to MgO or SiO2 to Al2O3 which involves addition of more fluxes to balance the 

basicity in the slag.
 [8] [16] [28]

 

The European standard mean size of coke pieces is 47-60 mm. In order to get good 

permeability, should most part of the coke be in the particle size 40-80 mm. The required 

chemical properties of blast furnace coke according to European standard are shown in Table 

2.2. 
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Table 2.2: Required chemical and metallurgical properties of blast furnace coke. 
[17]

 

Chemical properties European standard 

Moisture (wt.%) 1-6 

Volatile matter   (wt.% db) < 1.0 

Ash (wt.% db) 8-12 

Sulphur (wt.% db) 0.5-0.9 

Phosphorous (wt.% db) 0.02-0.06 

Alkalies (wt.% db) <0.3 

Physical properties  

Mean size (mm) 47-60 

M40 (+ 60 mm) 78-88 

M10 (+ 60 mm) 5-8 

CSR > 60 

CRI 20-30 

 

The CSR and CRI are standardised tests commonly used for cokemaking at pilot and 

industrial scale.  Around 10 kilograms of coke are crushed to 20 mm and sample of 200 grams 

of coke of this particle size is then heated up to 1100 ˚C for 2 hour at 1 atm. pressure of 

carbon dioxide.  The coke is then cooled with nitrogen and the percentage mass loss is 

measured, this is the CRI value of the coke. The CRS is measured by subjecting the reacted 

coke to 600 revolutions in a drum, the percentage of material removed with particle size of 

+10 mm is then the CSR value. 
[29]

 An illustrated summary of the tests performance is shown 

in Figure 2.7. 

 

Figure 2.7: CRI and CSR tests performance. 
[8] [9]

 

2.5.3 Evaluation of gasification and reactivity behaviour in coke 

The gasification rate of carbon in coke, see Equation (2.18), made at laboratory scale is often 

calculated based on the mass loss from thermal analysis. The following statements in this 

section are based on the mass loss caused by the reaction of carbon in coke with CO2, the 

gasification product is CO. 
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 𝐶𝑐𝑜𝑘𝑒 + 𝐶𝑂2(𝑔) ↔ 2𝐶𝑂(𝑔) (2.18) 

 

The theory behind the kinetic parameters is based on the chemical concept in Arrhenius’s, 

Equation (2.19); previous studies on coke kinetics have used this approach for estimation of 

reaction controlling steps during combustion of coke with CO2. 
[16] [30] [31]

 

 
𝑙𝑛𝜌𝑎 = −

𝐸𝑎

𝑅𝑇
+ 𝑙𝑛𝐴 

(2.19) 

 

where 𝐴 is the pre-exponential factor, Ea is the activation energy [kJ/mole], 𝜌𝑎  is the  apparent 

reaction rate [gg
-1

s
-1

], 𝑅 is the gas constant and 𝑇 is the temperature in Kelvin. The pre-

exponential factor gives a hint about the possibility for the reaction to happen; the higher 

value the higher possibility that the reaction will occur in a specific temperature interval. The 

reaction is assumed to be a first order reaction, which means that the apparent reactions rate in 

Equation (2.19) can be illustrated in the following equation for calculation of the activation 

energy at time t. 

 
𝜌𝑎 =

1

𝑊
(

𝑑𝑊

𝑑𝑡
) 

(2.20) 

 

In Equation (2.20), W is the available amount of carbon remaining in the sample and dW/dt is 

the gasification rate of carbon or rate of carbon loss at time t. The apparent reaction rate can 

be calculated from Equation (2.21), 

 

 𝜌𝑎 =
𝑟

 𝑚𝐶0
− ∆𝑚

  [𝑔𝑔−1𝑠−1] (2.21) 

 

where mC0 is the initial weigh of the sample and ∆m is the difference in sample mass loss at 

time ∆t. The rate of carbon loss (r) at any time can be calculated by Equation (2.22). 

 

 
𝑟 =

1

60 
(𝑚𝐶0

− 𝑚𝐶1
) [𝑔𝑠−1] 

(2.22) 

 

The activation energy and pre-exponential factor can then be estimated from the slope of the 

line in the Arrhenius plot, i.e. by plotting lnρa as function of 1/T. The plot gives a linear 

equation as in Equation (2.23), 

 

 𝑦 = 𝑘𝑥 + 𝑚 (2.23) 

 

From the linear equation above the slope 𝑘 is equal to Ea/R, the variable x to 1/T and the 

variable 𝑚 is equal to the ln A. 
[16] [30]

  In his work the meaning of activation energies is 

explained as the energy required for dissociation of oxygen atoms from reactant components.  

 

According to studies in the field, the gasification of coke involves a number of reaction 

controlling steps: 
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Step 1: Chemical reactions taking place in the reactions sites such as the adsorption of CO2 to 

the carbon surface and desorption of CO.  

 

Step 2: Mass transport of CO2 from the coke surface to the reaction sites through pores and 

mass transport of CO from the reaction sites to the coke surface. 

 

Step 3: Mass transport of reactants (CO2) and products (CO) see (2.18), through the gas film 

close to the coke particle. 

 

Due to this three reaction steps the linear equation shown in Equation (2.23), show different 

slopes depending on the temperature ranges, the line/curve can look like the ones shown 

Figure 2.8.  

 

 
Figure 2.8: (left) three zones of gas-carbon reaction (right) Kinetic reaction of coke based on TGA. 

[21] [20]
 

The reactions zones illustrated in Figure 2.8 are controlled by the reaction steps earlier 

mentioned. Zone I occurs at temperatures under 1000 °C and the reaction is chemical 

controlled, the reaction rates is then controlled by step 1. Zone II is an intermediate zone were 

the reaction rates is controlled by a combination of step 1 and 2, in other words, it is a mixed 

control region. Zone III occurs at high temperatures and is rate controlled by step 3. The 

transition temperature between the zones can vary depending on factors as the coke 

components including ash composition (iron oxide, lime, alkali and oxides) porosity, particle 

size, gas composition, gas flow rates and the concentration of active sites. 
[31] [32]
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3 Aim and scope 

The aim of this project was to study and understand the reduction behaviour in coke and 

briquettes when torrefied sawdust or pre-treated sawdust was added. Heat treatment of 

torrefied sawdust with high volatile coal added to six coal blends for cokemaking was done. 

In addition, briquettes with two different mixes were produced; torrefied sawdust and treated 

sawdust replace a part of the coke used as carbon source in the briquettes. The issue when 

using woody biomass is the that it has a low density compared to coal; when biomass is added 

to coal blends it increase the coke reactivity index (CRI) at the same time that it decreases the 

coke strength after reaction (CSR) and coke yield. 

The main purpose with the heat treatment of sawdust was to achieve a denser and less reactive 

biomass by coating or an encapsulation of sawdust with a high volatile coal.  High volatile 

coal (HV-coal) was chosen for this purpose due to the HV-coal’s property to achieve 

plasticity at some temperature intervals. Chemical analyses and light optical microscopy 

(LOM) of torrefied sawdust and heat treated sawdust were performed to analyse the chemical 

content and changes in the structure of sawdust after treatment with HV-coal. In order to 

study the reactivity behaviour and also chemical and physical properties of the coke produced, 

chemical analysis and characterization with LOM, thermogravimetric analysis (TGA) and 

cold compression strength (CCS) were performed. The briquettes were chemical analysed and 

characterization methods such as Scanning electron microscopy (SEM) with energy dispersed 

spectroscopy (EDS) and TGA were performed in order to study the devolatilization of 

biomass and the reduction of iron oxides in briquettes. 

Questions to be answered: 

 What is the optimal particle size of coal to achieve a coating layer of coal on the 

surface of torrefied sawdust? What is the optimal pre-treatment temperature for this 

purpose? 

 How does the addition of pre-treated torrefied sawdust affect the reactivity and cold 

strength of coke? 

 How does pre-treated sawdust influence the reduction of iron oxides in briquettes?  

In order to answer the questions, and if possible, suggest further work, a summary of the 

experiments performed in this work can be seen below: 
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Pre-treatmeant of 
sawdust with 

HV.coal 

• Grinding to optimal  coal particle size 

• Softening temperature of coal with optical 
dilatometer 

• Three batches with 50 wt% TSW and 50 wt% HV-
coal 

• Three batches with 70 wt% TSW and 30 wt% HV-
coal 

• Characterization: LOM for study of sawdust 
surface, proximate and ultimate analyses 

Cokemaking 

• Six cokes with different biomass  content 

• Characterization: TGA for study of gasification and 
reactivity behavior, XRF and LECO for chemical 
analysis, LOM for study of coke structure. 

Briquettes 

• Grinding  and sieving of materials 

• Production of briquettes 

• Characterization: TGA  for analysis of mass loss and reduction steps, XRD, 
XRF, SEM and LECO for chemical analyses and phase determination. 
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4 Experimental-Method and materials 

4.1 Materials  

The materials used for pre-treatment of biomass were torrefied sawdust (TSW) and high 

volatile coal (HV-coal). The TSW was provided by BioEndev AB. Three different bituminous 

coals with different rank; low volatile (LV), medium volatile (MV) and high volatile (HV) 

coals were provided by SSAB. The coals and the sawdust were already crushed and sieved 

into a suitable particle size for cokemaking and could be used as received.  

The raw materials used for production of briquettes at laboratory scale were; Portland cement, 

coke breeze with 88.2 wt. % carbon, iron oxides (hematite) with 95.1 wt. % iron and 90% of 

the particle size less than 0. 160 mm. Table 4.1 shows the chemical content of the cement and 

iron oxide. TSW or pre-treated TSW with HV-coal was also added. The particle size used for 

both sawdust and coke was 0.0075-0.106 mm. 

Table 4.1: Chemical content for iron oxides and Portland cement, wt%. 

Material: Iron ore  (hematite) Cement 

Fe 66.6 2.46 

P 0.01 0 

SiO2 2.03 20.1 

Na2O 0.05 0.17 

K2O 0.03 0.93 

Al2O3 0.36 3.47 

CaO 0.47 65.0 

MgO 1.37 2.11 

MnO 0.06 0.04 

TiO2 0.33 0.21 

V2O5 0.23 0.02 

S 0.005 1.37 

P2O5 0 0.10 

Cr2O3 0 0.03 

C 0 0.70 

 

4.2 Experimental  

The procedure for sawdust pre-treatment, production of briquettes and cokemaking are 

described in the following section. In addition, a description of the characterization methods 

used for respective product can also be found here.  

4.2.1 Pre-treatment of torrefied sawdust (TSW) 

In order to coat the TSW with HV-coal, the coal was grinded to get particle sizes that enable 

the coating of maximum surface of the TSW. The sawdust used was already torrefied while 

the coal provided by SSAB had an amount of moisture and it was necessary to dry it before 

grinding and sieving. The coal was left in a heating cabinet during two hours at temperature of 

90-95 °C. The grinding of the coal was done in a laboratory ring mill and different grinding 

times were tried, the sawdust was used as received, the coal was then sieved under 30 
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minutes, see the particle size distributions in details in Table 10.1 to Table 10.2 in Appendix 

1. The particle size distribution for the coal at different grinding times in comparison with 

sawdust is shown in Figure 4.1. 

 

Figure 4.1: Particle size distribution for coal at different grinding times compared with the particle size 

distribution for TSW. 

The median particle diameter (D50) for TSW was 0.105 mm and the particle diameter for D90 

was 4 mm. From a practical point of view, the grinding time of 20 seconds was the most 

suitable grinding time for coating of the biomass. The D50 and D90 for the grinded coal were 

0.075 mm respective 0.106 mm. A temperature profile for coating of TSW was established 

with help of a dilatometer test provided from the supplier; the HV-coal used had a specific 

softening temperature (Ts) of 360 ͦC. In addition to the dilatometer test, the softening 

temperature of the coal was studied in an optical dilatometer. After evaluation it was 

concluded that the softening temperature provided by the supplier of the coal, was the most 

suitable to use as guideline for the pre-treatment of the TSW. The pre-treatment of TSW and 

cokemaking were performed in a Tamman furnace, a schematic representation of the crucible 

used with thermocouples can be seen in Figure 4.2. 
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Figure 4.2 Schematic representation of the crucible used for cokemaking and coating of biomass. 

The pre-treatment of TSW was done in two blends, TSW1 and TSW2, with different levels of 

HV-coal and TSW. An image of HV-coal and TSW is illustrated in Figure 4.3. 

 
Figure 4.3:  Torrefied sawdust (right) and grinded HV-coal (left) before mixing them. 

Blend TSW1 containing 50 wt. % of TSW and 50 wt. % of HV-coal and blend TSW2 

containing 70 wt. % TSW and 30 wt. % HV-coal, the amounts in each blend can be seen in 

Table 4.2. 

Table 4.2: Amount of material used for pre-treatment TSW. 

Blend No. TSW/HV-coal (wt. %) TSW (g) HV-coal (g) Total (g) 

TSW1 50/50  100 100 200 

TSW2 70/30 112 48 160 

 



 

24 
 

Three batches of each blend were produced; the blends were placed in a graphite crucible in 

the Tamman furnace.  The material bed was heated slowly from room temperature up to 

360°C with a heating rate of 2 °C/min. The furnace was then turned off and the sample 

material was left in the furnace for cooling. Inert atmosphere with 10 l/min nitrogen was kept 

during the whole process. The three batches were mixed in order to get a homogenous blend 

of pre-treated TSW. Proximate and ultimate analyses of the two blends were performed in and 

external laboratory, see Table 4.3. Notice that the analysis for pre-treated TSW were done for 

the particles sizes 0.106-0.075 mm. 

Table 4.3: Proximate and ultimate analyses for TSW1 and TSW2 in particle sizes 0.106-0.075 mm, ( ) 

calculated values. 

Proximate analysis (wt. %) 

Sample name: TSW TSW1 TSW2 

Ash, 550°C 0.4 8.2 8.1 

Moisture, 105°C 3.2 0.2 0.3 

Volatile matter (VM) 73.5 28.3 29.7 

Fixed carbon 
*
 22.9 63.3 61.9 

Ultimate analysis (wt %) 

C, 1050°C 57.0 54.8 58.6 

H, 1050°C 5.8 4.7 4.7 

N, 1050°C < 0.1 0.9 0.9 

O 36.7 31.4 27.7 

 

4.2.2 Cokemaking 

Coke was made by blending five different blends with a base blend as reference.  In order to 

calculate suitable recipes for cokemaking, the weight percent of treated sawdust was 

normalised against the base blend (Bl1). The coal blends were mixed according to the recipe 

tabulated in Table 4.4.  

Table 4.4 coal blends recipe for cokemaking. The values (*) are normalised to be equivalent to the wt% of 

TSW in the blend. 

No. Coal blend (%) LV MV HV TSW Pre-treated TSW 

Bl1 Base blend (BB) 40 32 28   

Bl2 BB + TSW 38 30.4 26.6 5  

Bl3 BB + TSW 36 28.8 25.2 10  

Bl4 BB + TSW1 34.2 27.4 23.9  10 (14.5
*
) 

 

Bl5 BB + TSW2 36.3 29.1 25.4  10 (9.2
*
)  

Bl6 BB + TSW1 31.3 25.0 21.9  20 (21.8
*
) 
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The moisture content in each coal was determined before mixing the blends, a dry basis of 0.5 

kg was used for estimation of the total wet mass of each coal blend. The tabulated values in 

Table 4.5 represent the average moisture content in each coal blend. 

Table 4.5: Amount in grams in coal blends recipies. 

Sample No. LV MV HV TSW 

Pre-

treated 

TSW 

Total 

wet (g) 

Moisture 

(%) 

Density 

kg/ m
3
 

(wet) 

Bl1.ref 224.4 175.9 147.6   547.9 8.8 800 

Bl2. 5%  213.2 167.1 140.3 27.0  547.5 8.7 800 

Bl3. 10% TSW 202.0 158.3 132.9 54.0  547.1 8.6 735 

Bl4. 10% TSW1 191.8 150.4 126.2  72.6 540.9 7.6 800 

Bl5. 10% TSW2 203.9 159.8 134.1  45.8 543.6 8.0 800 

Bl6. 20% TSW1 175.6 137.6 115.5  108.8 537.5 7.0 800 

 

Each mix was packed in a graphite crucible which volume was 807.8 cm
3
. Two thirds of the 

crucible were packed and the packing of the material was adjusted to have a bulk density of 

800 kg/m
3
 (wet) and moisture content less than 9.0 wt. %. Cokes were produced from the coal 

blends in Table 4.5. To keep track of the temperature in the material bed a thermocouple was 

used, the thermocouple was placed in an alumina tube for protection against released gases. 

The geometry of the graphite crucible inclusive thermocouple can be seeing in the Figure 4.2.  

The coal blends were heated with a heating rate of 5 °C/min to 100 °C which was maintained 

for 1.5 hour. The heating rate was thereafter increased to 15 °C/min up to 1050 °C, the 

temperature was kept during 1.5 hour, and the Tamman furnace was thereafter turned off. The 

coking time was set to four hours, the material was left in the furnace to cool down during 

nitrogen purging. The gas flow was 10 l/min and it was kept during the whole coking and 

cooling time to maintain an inert atmosphere. The temperature profiles obtained during the 

cokemaking can be seen in Figure 5.4.  

4.2.3 Production of briquettes 

A sample of 100 grams of TSW was grinded for ten seconds and sieved during 30 minutes 

using six screens with mesh sizes between 0.038 and 0.212 mm. The coke breeze was grinded 

for 5 seconds and sieved in the same way as the TSW and TSW1. The fractions between 

0.075 and 0.106 mm were used for coke breeze, TSW and TSW1. The particle size 

distributions can be seen in Table 4.6, the particle sizes between 0.075 and 0.106 mm were 

blended and used for production of the briquettes, the values in bold shows the fractions used. 

 

 

 

 



 

26 
 

Table 4.6: Particle size distribution of TSW and coke breeze. 

Mesh TSW Coke breeze 

Size (mm) Mass (g) wt. %  CUM wt % 
Mass 

(g) 
wt. %  

CUM 

wt.% 

0.212 58.4 58.5 41.5 48.3 48.6 51.4 

0.150 11.1 11.1 30.4 14.3 14.4 37.0 

0.106 6.0 6.0 24.4 11.3 11.4 25.6 

0.075 5.1 5.2 19.2 8.4 8.5 17.2 

0.053 5.1 5.2 14.1 5.3 5.3 11.9 

0.038 5.5 5.5 8.61 3.8 3.8 8.12 

< 0.038 8.6 8.6  8.1 8.1  

SUM 99.8 100  99.4 100  

 

A total amount of 25 grams of material was used for making each mix of briquettes and the 

recipe was calculated by the mass balance in Equation (4.1). A molar ratio of one, C/O = 1, 

was kept by balance the addition of coke breeze and hematite.   

 𝐹𝑒2𝑂3 + 𝐶𝑠𝑎𝑤𝑑𝑢𝑠𝑡 + 𝑐𝑒𝑚𝑒𝑛𝑡 + 𝐶𝑐𝑜𝑘𝑒 = 25 𝑔 (4.1) 

 

The amounts of hematite and coke added to the mix were based on the percent of fixed carbon 

and oxygen in hematite. The weight percent of additives in each mix can be seen in Table 4.7. 

Table 4.7: Weight of each additive in 25 g material for briquette making. 

Type of briquette Fe2O3 Coke Cement TSW TSW1 

Mix1 17.0 3.5 2.0 2.5  

Mix2 17.9 2.6 2.0  2.5 

 

The materials were mixed with approximately 20 ml of distilled water in order to facilitate 

them to form a sticky mass. A cylindrical shaping tool of steel of 1 cm diameter was used to 

make the briquettes; approximately 2.5 grams of the mix was weighed to form one briquette. 

In order to achieve the hydration of the cement, the briquettes were wrapped with plastic in a 

glass box to keep moisture, and then stored in a heating cabinet at a temperature of 30-40 °C 

during seven days. An image of the produced briquettes for one of the mixes can be seen in 

Figure 4.4. 
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Figure 4.4: Produced briquettes with pre-treated TSW, Mix2. 

4.3 Analysis and characterization methods 

Different analysis methods were applied in order to characterize and analyse the pre-treated 

sawdust, cokes and briquettes made during this thesis work. The analyses done were; thermo 

gravimetrical analyses (TGA), X-ray diffraction (XRD), combustion analyses such as LECO-

tests and X-ray fluorescence (XRF), scanning electron microscope (SEM), light optical 

microscopy (LOM) and cold compression strength (CCS). Table 4.8 shows which tests and 

analyses that were performed for coke, TSW and briquettes. 

Table 4.8: summary of analyses performed in products and/or materials. 

Analysis Coke Briquettes TSW 

Pre-

treated 

TSW 

HV-coal 

Optical 

dilatometry 
    

x 

LOM x  x  x  

TGA X (in CO2) 
x ( in Argon 

with QMS) 

x (in Argon 

with QMS) 
 

 

Proximate and 

ultimate 
 x x x 

 

LECO x 
x (reduced 

briquettes) 
  

 

XRF x 
x (reduced 

briquettes) 
  

 

XRD  x    

SEM  x    

CCS x     
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4.3.1 Optical dilatometer 

Optical dilatometry is a non-contact image analysis of samples exposed to thermal treatment. 

The technique is used for identification of characteristics shapes and related temperatures of a 

specific material; sintering start, softening, sphere, half sphere and melting are some of the 

material characteristic that can be obtained. 
[33] [34]

 It is often used for optimization of 

industrial processes in materials such as alloys, metals, ceramics etcetera.  

A representative sample amount of HV-coal was pulverized and mixed with small amount of 

distillate water in order to get a sticky mass. The sample was then formed to a small briquette 

which was placed on a specimen carrier of alumina substrate, the carrier and the briquette 

were then placed in the microscope, see Figure 4.5. The sample was heated with heating rates 

of 5°C/min from room temperature up to 600 °C and 10°C/min up to 1500 °C in inert 

atmosphere with an argon flow of 0.1 l/min.  

 

Figure 4.5: Optical dilatometer containing a sample of HV-coal to be analysed. 

4.3.2 Light optical microscopy, (LOM) 

Optical microscopy is used in a huge diversity of science areas for visual analyses of 

specimens. In mineral engineering, textures such as isotropy and anisotropy, degree of free 

particles, the form of the grains in a sample, among others, can be analysed. Minerals with 

isotropic structure do not affect the polarization direction of light and will have a dark colour 

and remain dark even if the light is focused from different directions.  In contrary, anisotropic 

minerals affect the polarization of the light passing through them, this means that some part of 

the light will pass through the minerals. Anisotropic minerals will appear dark every 90˚ of 

rotation in the microscope and then appears light again if the specimen is rotated under 

crossed polar. 
[35]

 As mentioned earlier in the literature review, anisotropy in coke is related to 

the reactivity of the components in a sample, the less anisotropic structures the more reactive 

components in the coke. 
[36]  
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In order to see some trace of coating of HV- coal on TSW or changes in the pre-treated TSW, 

TSW and pre-treated TSW were separately casted in resin mounts. The resins where then 

polished to be able to analyse them in LOM. The same procedure was done for coke pieces 

from all the six cokes made in the Tamman furnace, the isotropy and characteristics of the 

coke were studied. 

4.3.3 Thermogravimetric analyses, TGA 

TGA is an instrumental technique used to analyse the changes in mass loss as function of 

temperature or time, in atmosphere of air, nitrogen, argon, vacuum, carbon dioxide and other 

gases. The mass loss recorded is caused by combustion of the sample material, removal of 

moisture and chemical reaction of components with reactant gas occurs. A simple schematic 

of the analyser used can be seen in Figure 4.6. In conjunction with TGA, derivative 

thermogravimetric analysis (DTG) can be obtained in order to observe and characterise the 

mass changes in a sample. 

 

Figure 4.6: Simple schematic of TGA. 

During the test the sample is placed in a crucible that is fixed an in sample holder. The sample 

holder and crucible are balanced to a specific weight in the furnace and all changes in mass 

are recorded and processed as the sample is heated. The desired temperature profile is 

controlled by a thermocouple. The off-gases produced can during the tests, when desired, be 

detected by using a quadrupole mass spectrometer (QMS) which can be used to detect volatile 

compounds. It measures the intensity of compounds which can then be described, depending 

on the molecular mass or charge, to molecules or radicals. The materials can be analysed in 

form of powder or in small pieces, generally, samples between 1-150 mg are used but it is 

preferably to have samples masses above 25 mg in order to get accurate results.
 [37] [38] [39]

 A 

TGA of the type Netzsch 409C was used in order to analyse the mass loss and thermal 

behaviour during reaction of CO2 with carbon in coke and reduction behaviour for iron oxide 

in self reducing briquettes.  
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The temperature profile for the coke samples can be seen in Figure 4.7. Around 30 g of coke 

sample was crushed in a jaw crusher and sieved to 1-2 mm and an amount of approximately 

40-50 mg was placed in an alumina crucible as the one shown in Figure 4.6. The use of 1-2 

mm particles, instead of powder, was to maintain the coke structure and avoid releasing ash 

compounds that catalyse gasification (CaO, alkalis etcetera).   

 

Figure 4.7: Temperature profile for coke analyses in TG. 

The thermal analyses of the coke samples were performed with 300 ml/min of CO2 as 

reactant, the rates in the six different segments were: 20 °C/min from ambient temperature to 

600 °C, 3°C/min from 600 to 1200 °C and a cooling segment with a rate of 20°C/min from 

1200 to 200°C, according to Figure 4.7. This temperature profile and the one for the 

briquettes, see Figure 4.8, were used in order to simulate the thermal conditions from the top 

of blast furnace down to the thermal reserve zone. The TG analyses were used for evaluation 

of gasification and reactivity behaviour in each coke sample.  

The TG analyses of the briquettes and TSW were done in order to investigate the self-

reduction of iron oxides when TSW and pre-treated TSW are added in the mixes. The 

briquettes made were dried overnight at 105°C before analysis in TGA. One briquette was 

placed in a flat pan in the sample holder illustrated in Figure 4.6. The measurement of mass 

loss and off-gases were done in inert atmosphere with 200 ml/min argon in order to prevent 

the sample to react with the environment. The heating rates in each segment can be seen in 

Figure 4.8. 



 

31 
 

 

Figure 4.8: Temperature profile for briquettes and TSW. 

The temperature profile for briquettes and TSW were 20 °C/min from room temperature to 

500 °C, 4 °C/min from 500 to 850 °C, 1 °C/min from 850 °C to 950 °C, 950 to 1100 °C.  

Thereafter the sample was kept at a constant temperature during one hour and then cooled 

down to room temperature. The reduced briquettes were recycled for further analyses. The 

same temperature and atmosphere conditions were used for analyses of 40 mg of TSW.  

4.3.4 Combustion analyses-LECO test 

Combustion analyses, or LECO test, are analyses performed in pulverized samples for 

analyses of combustion of carbon and sulphur. A sample is placed in a ceramic crucible 

together with accelerator, and then heated in a furnace flushed with oxygen for oxidation of 

carbon or/and sulphur. The total weight percent of SO2 and CO2 released is measured and 

converted to the total carbon and sulphur content in the sample. LECO- test are also used for 

separation of carbon compounds such as carbides, organic carbon and amorphous carbon. 

LECO test of the coke were performed by grinding a certain amount of coke pieces during 

five seconds in a laboratory ring mill. The pulverized samples were then analysed in a LECO 

analyser at Swerea MEFOS. Around 0.02 grams of sample was weighted and placed together 

with α-iron and accelerator in a crucible in the furnace for combustion. The sample was then 

heated to approximately 1350 °C in a furnace flashed with oxygen and the total carbon 

content in the coke samples were recorded. The available carbon content in each coke was 

then used for calculations of the carbon conversion during gasification. The carbon 

conversion shows how much of the available carbon in the coke that has reacted according to 

the mass loss of the coke during gasification, the calculation is done with Equation (4.2). 

 
𝐶𝑐𝑜𝑛𝑣(%) = (

𝑚0 − 𝑚1

𝑚0
) ∙ 100 

(4.2) 

 

In Equation (4.2), 𝑚0 is the amount of available carbon in the coke sample analysed and 𝑚1 is 

the remaining mass after a certain temperature and time.  
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LECO test was performed for reduced briquettes for Mix1 and Mix2 by an external laboratory 

(D-lab). With reduced briquettes means those briquettes that has been thermal analyzed with 

TGA. The combustion analyses were done in order to analyse the contents of total carbon, 

carbides, organic carbon and amorphous carbon in briquettes after reduction.  The content of 

total carbon was done in a LECO CS-444 instrument. The sample was placed in a ceramic 

crucible together with pure tungsten and iron as accelerators. The combustion of the sample is 

then done in an induction furnace that is flashed with oxygen. The sample was heated to 

approximately 1700 °C and the CO2 gas was detected in IR-cells. The carbon separation was 

performed in a LECO RC-412 instrument were the combustion of the sample is done in a tube 

furnace under oxygen flow at a temperature of 1000 °C, the CO2 and organic phases detected 

were recorded. 

Proximate and ultimate analyses are chemical analyses most commonly used for coke but it is 

also used for analyses in wood. Proximate analyses are used to determine content of among 

others moisture, volatile matter and ashes. Volatile matter is the mass change during heating 

when crystal water, moisture and volatile hydrocarbons are released in form of gases, the gas 

consist mainly of hydrocarbons. The fixed carbon can be calculated from the results of the 

proximate analysis 
[19]

, see Equation (4.3). 

 𝐹𝑖𝑥 𝑐𝑎𝑟𝑏𝑜𝑛, (%) = 100 − 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 − 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 − 𝑎𝑠ℎ (4.3) 

 

Ultimate analyses provide the content of hydrogen, oxygen and nitrogen in a material. 

4.3.5 X-ray fluorescence, XRF 

X-ray fluorescence is a technique based on measurements of intensity of characteristic 

fluorescent X-rays for each specific element in a material exposed to gamma rays. From the 

recorded data the weight percent of each component in the material are directly deduced from 

the calibration curve present in the instrument computer.  

Pulverized coke samples were analysed by X-ray fluorescence spectrometry at SSAB’s 

laboratory in Luleå. The analyses were performed in order to estimate the concentration of 

chemical components in each coke sample. Most of the elements in the results were presented 

in form of oxides, except for iron and sulphur. The sum of the oxides detected in the samples 

is estimated by Equation (4.4).    

𝑆𝑢𝑚 =  {∗} + (0.43 ∙ 𝐹𝑒) − (0.5 ∙ 𝑆) (4.4) 

 

In Equation (4.4), the notation {∗} represents the sum of all the elements detected in the coke 

samples analysed. The estimation of oxygen bound to iron and sulphur is done by adding 

(0.43 ∙ 𝐹𝑒) and subtracting  (0.5 ∙ 𝑆) to the summa of the elements. Similarly, the reduced 

briquettes for Mix1 and Mix2 were analysed by XRF at D-lab. XRF analysis was performed 

in a Thermo ARL 9900 spectrometer with integrated XRD. The XRF analysis was done with 

an Rh-tube with 50 kV and 50 mA. 
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4.3.6 X-ray diffraction (XRD) 

X-ray diffraction is qualitative analyses showing which phases that are present in a sample but 

can also be used for determination of the percent of components in a material, the instrument 

it is previously calibrated with specific compounds to be analysed. The method reveals 

properties of the phase’s composition and structure, the samples are mainly analysed in 

powder form but solid and liquids can also be analysed. The identification of each crystalline 

form is made by observations of X-ray patterns occurred when samples have been exposed to 

X-rays. The patterns or fingerprint are specific for each component and will depend on the 

grade of crystallinity of the specific component. The technic is based on Bragg’s law, see 

Equation (4.5)  

 𝑛𝜆 = 2𝑑 sin 𝜃 (4.5) 

 

which relates the wavelength (𝜆) of electromagnetic radiation to the diffraction angle (𝜃), d is  

the spacing between the layers of atoms in a crystalline sample and n is an integer. 
[40]

 

a)  

b)  

Figure 4.9: a) sketch of how the X-rays are getting scattered in a sample. b) Spectrograph. 
[41] [42]

 

The sample is exposed to incident X-rays and if the incident X-ray come across a crystal 

lattice a scattering occurs. A detector detects and processes the X-ray signal converting the 

signal to a count rate. The results are presented in a diffractogram which is a plot of the 

intensity of the X-rays reflected or scattered at different angles, see Figure 4.9. The angle 

°2Theta (2𝜃) is the recorded position of the detector that record the number of X-rays 

observed at that angle. The intensity of the X-rays is recorded in counts per second. The 

operation ranges can vary but it can be from 2 up to 150 °2Theta and the samples amounts are 

from 10 to 200 mg. 
[42]

 

X-ray diffraction was done for the two mixes of briquettes, both reduced and unreduced 

briquettes, the additives in each mix can be seen in Table 4.7. For each mix, one reduced 

briquette were then ground with a mortar stone into powder in order to have a reference 
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sample, the same was done for one unreduced briquette. The samples were analysed in a 

PANalytical Empyrean X-ray diffractometer equipped with copper Ka radiation (45 kV, 40 

mA) for 15 minutes in the angle range of 10- 90 °2theta degrees. 

Additionally, samples of briquettes were sent to D-lab for determination of elements in 

reduced briquettes. The equipment used for XRD was a Thermo ARL 9900 spectrometer, the 

analysis was performed with a Co-tube (40 kV, 40 mA). The analysis was performed under 

vacuum with an angle range of 10- 70 °2theta degrees.  

4.3.7 Scanning Electron Microscope (SEM) with EDS 

Scanning electron microscopy is a quantitative technique used for studies of the distribution 

of elements and the chemical composition of the particles in a specimen. Briefly, the method 

is based on an electron beam ejected by an electron gun at the top of the microscope; the 

electron beam follows a vertical path under vacuum through anodes and magnetic lenses that 

concentrate the beam to the sample surface. When the incident beam hits the sample, 

electrons and X-rays are emitted. The scattered electrons are collected by a detector which 

converts these to a signal and then to an image that send to a TV-scanner. Thereby the sample 

can also be qualitative analysed, an illustration of a scan electron microscope and the scattered 

electron beam can be seen in Figure 4.10. 

 

Figure 4.10: Scan electron microscope (SEM.) 
[43]

 

Via energy dispersed analyses, EDS, the composition of the phases in a sample can be 

analysed. Reduced and unreduced briquettes for Mix1 were analysed by SEM. The briquettes 

were separately put in a resin mount, the resin surface was polished and carbon coated to be 

able to analyse the briquettes before and after reduction of iron oxides with TSW and pre-

treated TSW1.  Different points in the samples were then analysed in order to get information 

about the chemical composition of the briquettes. 

4.3.8 Cold compression strength test (CCS) 

The cold compression strength of the coke samples was tested in a hydraulic press from 

Enerpac. The press consist of a hydraulic hand pump, a hydraulic cylinder, RC106, with an 
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effective cylinder area of 14.4 cm
2
 and a digital pressure indicator with a measure range of   

0-150 Bar. This type of measurement on coke can be performed with more advanced 

technique that includes automated compression and image instruments.
 [44]

 Similar 

compression test with different measurement methods has before been used for analyses of 

cold strength in coke. In this thesis work the amounts of produced coke were too small to 

perform standardised cold strength test. 

The measurement was performed following, as closely as possible, the requirements of ISO 

4700. Five coke pieces were cut into smaller pieces and then polished with sandpaper to a 

cube like form with an area of 1 cm
2
, see Figure 4.11.  

 

 

Figure 4.11: coke pieces formed to cubes with and area of 1 cm
2
. 

A single coke cube was placed on the hydraulic press where the pressure indicator was set to 

zero before the piston was pressed against the piece using the hydraulic hand pump. The 

frequency of the pumping was controlled to get a linear speed of 10-20 mm/minute. After the 

first noticeable cracking appeared two additional strokes with the hand pump was applied. 

Pictures taken during the experiment, before and after compression test, can be seen in Figure 

4.12. 
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Figure 4.12: Direction of the force applied to a single coke sample (1 cm
2
) for calculation of CCS. 

The maximum pressure (Bar) was recorded and the corresponding CCS-value in kilogram 

was calculated with Equation (4.6).  

 
𝐶𝐶𝑆 = (

(𝑃𝑀𝑎𝑥𝑖𝑚𝑢𝑚 − 1) ∙ 1 ∙ 105 ∙ 𝐴𝑐

𝑔
) = 𝐾𝑔/𝑚2 

(4.6) 

 

PMaximum is the maximum pressure (Bar); 𝐴𝑐 [m
2
] is the effective cylinder area and 𝑔 is the 

accelerations constant.  
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5 Results and discussion 
In the following section, the results of characterization of pre-treated TSW, cokemaking and 

production of briquettes are presented. The results are presented in the following order: 

1. Pre-treatment of TSW: pre-treatment temperature, optical dilatometry and LOM. 

The characterization of the pre-treated TSW was done to analyse if some coating of 

coal on the TSW was achieved.  

2. Cokemaking: Temperature and coking time, chemical analysis of produced coke by 

XRD, XRF, TGA and evaluation of gasification and kinetic behaviour, LOM on coke 

pieces, CCS on shaped coke pieces.  

3. Briquettes: XRF, carbon combustion-LECO test, XRD, TGA, and scanning electron 

microscopy (SEM). The reduction of iron oxides with TSW and pre-treated TSW was 

studied with help of these characterization methods.   

In Table 4.8 can be seen a summary of the characterization methods used for each of the 

products above mentioned.  

5.1 Pre-treatment of torrefied sawdust (TSW) 

The results of the study about pre-treatment of TSW with HV-coal are presented in the 

following section; optical dilatometry, temperatures achieved during heat- treatment and 

analysis in LOM.  

The softening temperature of the HV-coal was not possible to detect with optical dilatometry. 

The analysis showed deformation and flow ranges temperatures higher than a thousand 

degree, see Table 5.1. The flow range temperature is the temperature interval where the coal 

sample become more flattened and reduced in the shape and the area. 

Table 5.1: Temperature ranges of HV-coal determined in the optical dilatometer test, n.d. (not determined). 

Sintering temp. 

°C 

Deformation        

°C 

Flow temp. 

°C 

Deformation range, 

°C 

Flow range, 

°C 

n.d. 1289 1354 1289-1339 1339-1354 

  

The clear deformation was seen at much higher temperatures than the softening temperature 

obtained from the dilatometer test, 360°C. Images captured during the analysis can be seen in 

Figure 5.1. 

 

  Figure 5.1: Images captured by the optical dilatometer.  
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According to the literature, coking coals becomes plastic in temperature ranges between 350-

400 °C, 
[45]

 and since no reasonable comparison could be done with the softening temperature 

estimated in the dilatometer test, the pre-treatment temperature was determined to be 360 °C. 

Since the material was left for cooling in the Tamman furnace the temperature in the material 

bed continued to increase after the furnace was turned off, the maximum temperature 

achieved were tabulated in Table 5.2. 

Table 5.2: Pre-treated TSW with two different weights percent of TSW and HV-coal. 

Pre-treated TSW1 (50:50) 

 Temperature achieved 

(°C) 

Mass start (g) Mass after 

(g) 

Yield (wt. %) 

Batch No.1 371 200 145.3 74.1 

Batch No.2 366 200 145.3 74.1 

Batch No.3 375 200 144.2 73.6 

Pre-treated TSW2 (70:30) 

 Temperature achieved 

(°C) 

Mass start (g) Mass after 

(g) 

Yield (wt. %) 

Batch No.1 336 160 108.0 68.8 

Batch No.2 371 160 104.8 66.8 

Batch No.3 396 160 96.3 61.4 

 

The pre-treated TSW from the three batches was mixed and the average temperature was 

calculated. The temperatures achieved for the mixes were between 366 °C and 375 °C for the 

batches of pre-treated TSW1 and 336-396 °C for pre-treated TSW2. The mixes showed mass 

losses in form of gases produced during the thermal pre-treatment. The mass losses can be 

calculated in form of yields, the calculation of yields for each batch and mix was according to 

Equation (2.17). The mass loss were lowest in pre-treated TSW1 resulting in higher yields. 

The pre-treatment temperature varied in pre-treated TSW2, the temperature in the batch No. 1 

was 336 °C while in batch No.3 the temperature achieved was 396 °C, indicates that this mix 

may contain more volatile matter than the pre-treated TSW1. The appearance of the treated 

material can be seen in Figure 5.2. 
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Figure 5.2: Sawdust pre-treated with high volatile coal. 

The pre-treated TSW was then analysed in LOM in order to see the differences between the 

mixtures of pre-treated TSW1 and pre-treated TSW2. Some of the images captured in the 

microscope can be seen in optical micrograph in Figure 5.3. According to proximate and 

ultimate analyses, pre-treated TSW1 and pre-treated TSW2, contained 63.3 wt. % respective 

61.9 wt. % fixed carbon while TSW contained 22.9 wt. %, see Table 4.3 in Materials. 
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Figure 5.3: LOM images,a-b) TSW, c) pre-treated TSW1, d) pre-treated TSW2 (5x) and  e) pre-treated TSW1, 

f) pre-treated TSW2 (10x) 

The images of TSW showed a structure typically for woody biomass; it is common that 

woody biomass has different structures, more elongated pores seeing from the long side as in 

a) and more round and well-formed as in b). In general, more released particles of HV-coal 

and some TSW particles with bright colour could be seen in the blend with 30 wt. % HV-coal, 

see image d) and f). The blend with 50 wt. % HV-coal, images c) and e), had also released 

coal particles but it had less amount and the particles appeared to be smaller compared to the 

blend with 30 wt. % coal. In c) some changes can be seen in the cell structure, the cell wall 

and the edges of the torrefied sawdust particles give the impression that the sawdust had been 
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more influenced by the pre-treatment, the cell walls showed some deformation that could be 

small holes or traces of plasticized HV-coal.  

5.2 Cokemaking and characterization 

The results of the cokemaking are presented in the following order; temperature and coking 

times with respective bulk densities achieved in the coal blends. Thereafter the results of 

characterization methods used are presented. The temperature profiles and coking times for 

the coke made in the Tamman furnace at LTU are illustrated in Figure 5.4 below. 

 

Figure 5.4 Temperature profile for the coke made in the Tamman Furnace.   

According to the plots, the heat rates from 100 °C to 1050 °C appear to vary between the coke 

types, but the differences were not significant. However, these differences are due to the fact 

that the heat rate from room temperature up to 100°C varied during the process which causes 

a shift to the right in the plot, in fact, the heat rate was the same for all cokes samples from 

100 °C to 1050 °C. The coke sample Bl6 had a maximum temperature of 1082 °C and 

deviated from the other samples. Notice that the curves for the coke samples Bl3 and Bl4 

overlap. The coke yield and the bulk density for each coke can be seen in Table 5.3. The coke 

yield was calculated according to Equation (2.17).  

 𝐶𝑜𝑘𝑒 𝑦𝑖𝑒𝑙𝑑(%) =
𝑚1

𝑚0 ∙ (1 − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒% ∙ 0.01)
 

(2.17) 
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Table 5.3 Coke yield and bulk density in the coke samples Bl1-Bl5. 

Sample No. Mass before (g) Mass after(g) Coke yield (%) 

Bl1.ref 430.3 303.8 77.4 

Bl2. 5% TSW 429.4 294.6 75.1 

Bl3. 10% TSW 396.0 266.5 73.6 

Bl4. 10% TSW1 430.2 305.6 76.9 

Bl5. 10% TSW2 430.2 307.6 77.6 

Bl6 20% TSW1 430.2 307.4 77.7 

 

The reference sample (Bl1) and the cokes with coated biomass (Bl5-Bl6) gave the highest 

coke yields, 77.6 % for Bl5 followed of 77.7% for Bl6 and 77.4 % for coke reference. In other 

words, those blends had less mass loss than the blends with addition of TSW. Regarding the 

bulk densities, the coal blend Bl3 which contained 10 wt. % TSW, was the only one in which 

the required bulk density was not able to be hold. The TSW was more voluminous than pre-

treated TSW and 430.2 grams of coal blend could not be packed in the crucible. The 

predetermined bulk density was 800 kg/m
3 

and the coal blend Bl3 had a bulk density of 735 

kg/m
3
. An image of one of the coke samples produced can be seen in Figure 5.5. 

 

Figure 5.5:  Coke made in the Tamman furnace, sample Bl5. 

5.2.1 Chemical analyses of produced coke 

Chemical analyses for all the cokes produced were done by XRF and the results are presented 

in form of oxides except for iron, see Table 5.4. The total amount of ashes was assumed to be 

the sum of all oxides. The sum of oxides was calculated with Equation (4.4) 
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Table 5.4: XRF analyses of coke in wt. %. 

No. Fe CaO SiO2 MnO P2O5 S Al2O3 MgO Na2O K2O TiO2 
Sum  

oxid. 

Bl1 0.39 0.17 6.9 0.03 0.03 0.56 3.6 0.16 0.05 0.17 0.18 12.1 

Bl2 0.45 0.10 6.4 0.04 0.04 0.57 3.2 0.09 0.04 0.17 0.18 11.2 

Bl3 0.44 0.11 6.3 0.05 0.03 0.58 3.1 0.09 0.04 0.17 0.17 11.0 

Bl4 0.41 0.11 6.3 0.05 0.03 0.59 3.0 0.12 0.04 0.19 0.17 10.9 

Bl5 0.43 0.11 7.0 0.05 0.03 0.59 3.2 0.31 0.05 0.18 0.17 12.0 

Bl6 0.47 0.11 6.1 0.06 0.03 0.57 2.8 0.25 0.05 0.18 0.16 10.9 

 

According to the chemical analyses, all coke types containing TSW had lower amount of 

CaO, TiO2, Al2O3 than the coke reference. The silica content in the sample Bl5 had a slightly 

higher content compared to the other samples. Bl1 (ref) and Bl5 had the highest total sum of 

oxides, the sum of oxides and silica content are plotted for each coke sample in Figure 5.6. 

  

Figure 5.6: Weight percent of oxides (left) and silica (right) in cokes samples. 

According to the results plotted to the left hand side, the sum of oxides was 10.9 wt. % in the 

coke sample Bl4 and 10.9 wt. % in Bl6 i.e. the cokes with pre-treated TSW with 50 wt. % 

HV-coal. The coke samples Bl1(ref) and Bl5 showed values of 12.1 wt. % respective 12.0 wt. 

%. The high content of silica in Bl5 may have influenced the sum oxides in this sample, the 

analysis was done twice for Bl5 in order to verify the analyses but the result was the same. In 

this report it is assumed that the sum of oxides represents the total amount of ashes, i.e. all 

oxides will contribute to the total amount of ashes produced. Actually, in the blast furnace the 

ashes are removed with the slag. The European standard for ashes in coke is 8-12 wt. % (dry 

basis), see Table 2.2. Values for potassium oxide and alkalis can be seen in Figure 5.7. 
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Figure 5.7 Weight percent of Potassium oxide (left) and alkali (right) in cokes samples.  

According to the plot in Figure 5.7 and Table 5.4, the sum of K2O and Na2O was highest in 

three samples with pre-treated TSW. When only the content of potassium was plotted, the 

weight percent of K2O was highest in the coke Bl4. Coke Bl6 contained the same pre-treated 

TSW as Bl4 but with 20 wt. % addition, Bl4 and Bl6 contained 0.19 respective 0.18 wt. % 

K2O. According to the European standard tabulated in Table 2.2, the alkali content was less 

than the maximum accepted level,0.3 wt. %.  

5.2.2 TGA and evaluation of kinetic behaviour 

To be able to deduce parameters such as mass loss, apparent reaction rate or activation 

energy; all the coke samples were analysed in TGA, the mass losses recorded are shown in 

Figure 5.8. The temperature interval for reaction in TGA was from room temperature up to 

1200°C. 
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Figure 5.8 Comparison of weight losses in TGA with CO2 atm for coke samples containing different levels of 

TSW and Pre-treated TSW. 

As it can be seen in Figure 5.8 and Table 5.5, the mass loss for coke types containing TSW 

and pre-treated TSW started at lower temperatures than the coke reference (Bl1), which 

started at 910°C. The coke samples containing pre-treated TSW had a faster mass loss than 

the coke samples with TSW. It can also be seen than the reactions started at earlier 

temperatures than the coke reference, the sample Bl4 started some degrees later than all the 

samples that contained 10 wt. % TSW. The coke Bl6 started to loose mass at 860  ͦC i.e. 12 

degrees later than the sample Bl2 that contained 5 wt. % TSW, but it was also the sample that 

lost the most mass, 53.6 wt. % . On the other hand, Bl6 contained 20 wt. % of pre-treated 

TSW1 which was the highest content of pre-treated TSW in all the coke samples produced. In 

Table 5.5 shows the start of reaction temperature, i.e. the temperature where the mass losses 

started. 

Table 5.5 Approximate temperatures for start of reaction and total mass loss recorded in TGA. 

Sample No. 
Temperature (°C) at start 

of reaction 
Total mass loss (wt. %) 

Bl1.ref 910 39.1 

Bl2. 5 % TSW 904 41.7 

Bl3. 10% TSW 823 44.3 

Bl4. 10% TSW1 834 48.3 

Bl5. 10% TSW2 794 48.0 

Bl6 20% TSW1 860 53.6 
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In order to study the reaction conditions of the different cokes during thermal analyses; 

parameters such as apparent reaction rates (ρa), activation energies (Ea) and pre-exponential 

factors (A) were calculated. The residual mass remaining at time t and temperature T were 

used for calculations. Also, the available carbon contents in each coke type, tabulated in Table 

5.6, were used to calculate the carbon loss and normalization of the reaction rates. The 

calculations were executed according to Equation (2.18) to Equation (2.23). 

Table 5.6: Available carbon content from LECO tests and available carbon mass in coke samples mass 

analysed in TG. 

Sample No. 
Sample 

mass (g) 

Fixed 

carbon    

(wt. %) 

Available 

carbon amount 

(g) 

Tot. mass loss 

related to fixed 

carbon (wt. %) 

Bl1.ref 0.39 84.6 0.33 46.1 

Bl2. 5 % TSW 0.43 85.7 0.37 48.6 

Bl3. 10% TSW 0.40 86.0 0.35 51.4 

Bl4. 10% TSW1 0.41 86.5 0.35 48.3 

Bl5. 10% TSW2 0.40 85.0 0.34 56.5 

Bl6 20% TSW1 0.43 86.7 0.37 60.4 

 

The available fixed carbon in the cokes varied between 84.6 and 86.7 wt. %, see Table 5.6. 

The coke sample Bl4 and Bl6 were the samples that had the highest carbon content, these 

cokes contained pre-treated TSW with 50 wt. % HV-coal. All samples with bio-coal i.e. with 

pre-treated TSW and/or TSW contained higher available carbon content than the coke 

reference. The coke sample Bl5 had still higher than the reference coke but it had slightly 

lower carbon content than the coke sample Bl2, the contents were 85.7 respective 85.0 wt. %. 

Bl5 was also the coke sample with highest content of oxides. The reference coke had lowest 

mass loss but also the lowest content of fixed carbon. The carbon content increased with 

addition of TSW at the same time that the mass losses increase. Bl4 showed less mass loss 

than Bl3 (with 10 wt. % TSW) but when the amount of pre-treated TSW was increased to 20 

wt. % the mass loss increased. The samples Bl3, Bl5 and Bl6 had the highest total mass loss 

related to the fixed carbon content in the coke samples. The mass losses were 51.4, 56.5 and 

60.4 wt. % for Bl3, Bl5 respective Bl6, this results indicates that the consumption of fixed 

carbon was highest in these samples during reaction with CO2 in TGA.  

The apparent reaction rates, or reactivity, at different temperatures interval were illustrated 

and can be seen in Figure 5.9 and Figure 5.10. 
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Figure 5.9: Reaction rates for each coke sample plotted from 800 °C up to 950 °C. 

The apparent reaction rates plotted at different temperatures shows that all the three samples 

with 10 wt. % TSW started to react around 800°C, the reaction rate was then under 5.E
-06

 

g/gs. At around 900 ˚C, all the cokes had started to react, especially Bl5 and Bl6 that had the 

fastest reaction rates. The last two samples mentioned, followed the same pattern when the 

temperature was around 950°C. Sample Bl4 had a constant but slower reaction rate compared 

to Bl5 and Bl6. 
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Figure 5.10 Reaction rates for each coke sample plotted here, from 1000 °C up to around 1200 °C. 

In Figure 5.10 the reaction rates did not show remarkable changes between each other in the 

different temperature groups. The more remarkable changes were for the coke samples Bl1 

(ref), Bl3, Bl5 and Bl6 when the temperature was 1200 °C. The start of reaction rates during 

gasification as a function of the temperature was also plotted and can be seen in Figure 5.11. 
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Figure 5.11: Illustration of gasification rate at start of reactions. 

The gasification rates at the temperatures in which the coke samples started to show mass loss 

are illustrated in Figure 5.11. The start of gasification was marked with circles for each coke 

sample in the plot. The samples started to react in the following order: Bl5, Bl3, Bl4 and Bl6 

and Bl2, the reactions rates at those temperatures were still low, in the range of 1.0E
-06

 to 

1.0E
-05

 g/gs. The carbon conversion, which is the amount of carbon converted to carbon 

dioxide, was calculated based on the fixed carbon in coke and mass loss during reaction with 

CO2 analysed in TGA. Carbon conversion was used as an indication of the coke reactivity; the 

carbon conversion was calculated according to Equation (4.2). The results are tabulated in 

Table 5.7. 

Table 5.7: Results of the estimated carbon conversion (wt. % ), at start of mass loss for each coke sample. 

Sample No. 

Temperature at 

start of mass 

loss, °C 

Carbon conv.  at 

start of mass 

loss, (wt. % ) 

Carbon conv. 

(wt. % ) at 

950  °C 

Carbon conv. 

(wt. % ) at 

1200 °C 

Bl1.ref 910 0.03 1.0 40 

Bl2. 5 % TSW 872 0.55 2.1 42 

Bl3. 10% TSW 823 0.02 3.2 45 

Bl4. 10% TSW1 835 0.03 3.3 43 

Bl5. 10% TSW2 794 0.02 5.1 51 

Bl6 20% TSW1 860 0.02 4.6 55 
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Table 5.7 shows the temperatures for start of reaction i.e. the temperature for start of mass 

loss and respective carbon conversion at that temperature. The carbon conversion was 0.55 

wt. % for the sample Bl2 at the start temperature 904°C. The rest of the samples had a carbon 

conversion between 0.02-0.03 wt. %, quite similar despite the difference in start of mass loss 

temperature. However, when the temperature was around 950 ͦC, the carbon conversion 

showed more significant differences, the coke reference (Bl1) had a carbon conversion of 1.0 

wt. % while Bl4 had 5.1 wt. %, Bl3 and Bl4 had 3.2 wt. %  respective 3.3 wt. %.  The sample 

with 20 wt. % biomass (Bl6) had a lower carbon conversion than Bl4 which contained 10% 

biomass (70:30). At the end of the gasification at around 1200 °C, the samples that had the 

lowest carbon conversion were the reference coke, 40 wt. %, the coke Bl2 with 42 wt. % and 

Bl4 with 43 wt. %.  

The activation energies were estimated from the slopes of the line obtained by plotting ln ρa as 

function of the inverted temperature (1/T), an illustration of the plot for the reference coke 

and the sample Bl4 can be seen in Figure 5.12 and Figure 5.13. The plots for the other coke 

samples have similar appearance as for the coke Bl4 and can be seen in Appendix 2.  

 

Figure 5.12: Activation energies for coke reference, Bl1, at the three reactions zones of carbon. 

 

Figure 5.13: Activation energies for Bl4.10% TSW1, at the three reactions zones of carbon. 
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The results as presented in Figure 5.12 and Figure 5.13, indicates that the reaction rate is 

controlled by at least three reactions zones, as is the case in previous studies about gas 

reactions of carbon. 
[31] [32]

 The first zone happens at low temperatures and is chemically 

controlled.  In the plots an intermediate zone (II) can be seen, in the coke reference showed in 

Figure 5.12 the slope of this zone is more likely the one showed in Figure 2.5 in which the 

slope is characteristic for the gasification of coking coals. The appearance of zone II for the 

sample Bl4 which contained coke with pre-treated TSW i.e. bio-coal the slope was different. 

This zone could be formed due to that sawdust fibres in the coke surface and fibres released, 

when the coke pieces were crushed to 1-2 mm, had already been consumed. When the 

temperature increased the carbon in the core of the coke started to be consumed and the 

reaction become diffusion controlled, increasing the activation energy which formed the 

appearance of zone III in the plot. Similar plots for the other coke samples can be seen in 

Appendix 2.  

The activation energies at the chemical controlled zone (I) were tabulated in Table 5.8 for all 

the coke samples. Also, the start of mass loss temperatures can be found in the table below. 

The temperature intervals were chosen from the Arrhenius plot according to the transitions 

temperatures of each zone as the ones illustrated in Figure 5.12 and Figure 5.13. The 

activation energies were estimated according to Equation (2.18) and Equation (2.23). 

Table 5.8: Activation energies and start of reaction temperatures at the chemical controlled zone (I). 

Sample No. 
Start of reaction 

temperature , °C 

Temperature interval, 

°C 
Ea (kJ/mole) 

Bl1.ref 911 911-943 231 

Bl2. 5 % TSW 904 904-933 261 

Bl3. 10% TSW 847 847-882 411 

Bl4. 10% TSW1 834 834-876 231 

Bl5. 10% TSW2 796 796-855 363 

Bl6 20% TSW1 861 861-883 331 

 

According to results of TGA and evaluation of kinetic parameters, the activation energies for 

the temperatures in zone (I) was between 231 and 411 kJ/mole. The activation energy for Bl4 

was 231 kJ/mole when the temperature was 834 °C, while the coke reference had activation 

energy of similar range as Bl4 but at the start temperature 911 °C.  The activation energy of 

coke Bl3 was 411 kJ/mole in the temperature range 911-943 °C, compared to the other cokes 

evaluated, this coke had the highest activation energy in zone I. The activation energies for 

the zones II and III can be seen in Table 5.9 and Table 5.10. 
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Table 5.9: Activation energies and temperature intervals used in temperature zone II.  

Sample No. Temperature interval, °C Ea (kJ/mole) 

Bl1.ref 943-1023 195 

Bl2. 5 % TSW 904-933 189 

Bl3. 10% TSW 883-924 33 

Bl4. 10% TSW1 876-931 63 

Bl5. 10% TSW2 855-980 115 

Bl6 20% TSW1 883-945 92 

 

Table 5.10: Activation energies and temperature intervals used in temperature zone III. 

Sample No. Temperature interval, °C Ea (kJ/mole) 

Bl1.ref 1023-1191 162 

Bl2. 5 % TSW 933-1190 128 

Bl3. 10% TSW 924-1200   144 

Bl4. 10% TSW1 931-1190 128 

Bl5. 10% TSW2 980-1190 125 

Bl6 20% TSW1 945-1200 137 

 

According to results of TGA and reactivity behaviour, the differences in activation energies in 

zone II varies as well as the temperature intervals see Table 5.9. In zone III, the variation 

between the coke’s activation energies was lower which indicates that the reaction was 

conducted by diffusion. However Bl2 and Bl4, with 5 wt. % respective 10 wt. % TSW, had 

the same activation energy at the same temperature interval, both 128 kJ/mole.   

5.2.3 LOM results 

Optical microscope was used in order to study possible connections between the coke 

structure and reactivity behaviour in coke pieces from the coke produced. The results of the 

optical microscopy can be seen in Figure 5.14 and Figure 5.15. 
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Figure 5.14: LOM for a) Bl3, b) Bl4, c) Bl5 and d) Bl6. (5x) 

 

Figure 5.15: LOM for a) Bl3, b) Bl4, c) Bl5 and d) Bl6. (10x) with other light direction. 
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From a closer view it can be seen that biomass in the coke samples Bl3 and Bl5, a) respective 

c), was in the core of the coke but the pores in the TSW fibres seem to be weak or degraded 

which is not the case in the samples Bl4 and Bl6 (image b) and d) in Figure 5.14 and Figure 

5.15. In general, it was not possible to confirm by the images in LOM if the TSW fibres were 

also in the surface of the coke pieces since the epoxy mould was polished to a plan surface. 

However, the hypothesis that the appearance of the zones (II) showed in Figure 5.13, was 

caused because the consumption of TSW together with carbon in coke is reasonable. TSW 

could be seen without microscope in the surface of all the coke samples with 10-20 wt. % 

TSW. Changes in isotropy on the coke structure could not be defined in the microscope, on 

the other hand, the coke samples with pre-treated TSW with 50 wt. % HV-coal showed fine 

mosaic structure, see Figure 5.15 b) and d). Mosaic structure in coke is known to be more 

resistant to carbon dioxide reaction during gasification.  

5.2.4 Coke strength  

In order to see a connection between the coke structures with the cold strength, compression 

test were done. The results of the cold compression test (CCS) performed in the hydraulic 

press shown in Figure 4.12, can be seen in Figure 5.16. 

 

Figure 5.16: Results of cold compression tests for all coke samples. 

According to the plot in Figure 5.16, the standard deviation of the coke sample Bl3 is 

considerable higher compared to the other coke samples; this mean that the average cold 

compression strength of the coke was likely lower when 10 wt. % TSW was added to the coal 

blend. The cold compression strength was only 160 kg/m
2
.  
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The coke samples with highest cold compression strength were Bl2, Bl5 and Bl4. However, 

only five coke pieces were possible to be tested for each coke sample, the source of error is 

therefore too high to take any conclusion about if the cold strength test is reliable.  

5.3 Briquettes and characterization 

As a result, when calculating the recipe for the components in the mixes, the number of moles 

of hematite in pellets fines and the number of moles of carbon, needed for reduction of iron 

oxides, was calculated based on the ratio C/O=1. The results of the calculation are shown in 

Table 5.11. 

Table 5.11:  Number of moles of hematite and oxygen in each briquette mix. 

Briquette Fe2O3 

(g) 

Fe2O3 

(moles) 

Coke 

(g) 

TSW  

(g) 

TSW1 

(g) 

O2 

(moles) 

Cfix 

(moles) 

C/O 

(moles) 

Mix 1 17.0 0.107 3.5 2.5  0.30 0.30 1 

Mix 2 17.9 0.112 2.6  2.5 0.32 0.32 1 

 

Mix2 which had 10 wt. % of the pre-treated TSW with 50 wt. % HV-coal, contributed with a 

higher input of fixed carbon to the briquettes, 63.3 wt. % compared with Mix1 that contained 

22.9 wt. %. Mix1 contained 0.107 moles hematite while Mix2 contained 0.112 moles. Since 

the ratio was C/O= 1, the ratios of carbon and oxygen in the mixes were 0.30 in Mix1 and 

0.32 in Mix2. During production of the briquettes it was observed that the briquettes height 

were different, the height of the briquettes was 2.0 cm for Mix1 respectively 1.8 cm for 

briquettes in Mix2, consequently, the density in Mix1 was 1.59 g/cm
3
 while the briquettes in 

Mix2 was 1.77 g/cm
3
. 

5.3.1 TGA for reduction of iron oxides 

The briquettes were thermally analysed in TGA and the off-gases were analysed with QMS 

for evaluation of the reduction behaviour of iron oxides. The TSW was also analysed in TG in 

order to study the devolatilization behaviour and mass loss. 
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Figure 5.17: Volatile matter and mass loss of TSW. 

In Figure 5.17, the mass loss curves showed the devolatilization of TSW. The total mass loss 

in form of volatile matter was 71.4 %, this result means that theoretically 27.2 wt. % of the 

mass evaluated remain in form of ashes, of which according to proximate analysis, 22.9 wt. % 

is fixed carbon that is available for the reduction of iron oxides. Mix2 contained 10 wt. % of 

pre-treated TSW with 50 wt. % HV-coal, the content of fixed carbon was 63.3 wt. %.  

The detected off-gases by QMS indicate volatile matter with atom numbers that corresponds 

to the compounds; H2, CH4, H2O, C2H3, CO and C2H5. The behaviour of carbon monoxide 

varied during the whole reduction process. Moisture seemed to be driven off already at 40 °C 

and the trend was the same for CH4. The weight loss and the rate of weight loss of the 

briquettes analysed by TGA/DTG were plotted as function of temperature, see Figure 5.18. 
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Figure 5.18: TGA and DTG of briquettes, Mix1 with TSW and Mix2 with pre-treated TSW1. 

Figure 5.18 shows a comparison of the mass loss and DTG results from thermal analyses for 

each mix of briquettes. According to the analyses, the total mass losses were 38. 2 wt. % and 

37 wt. % for Mix1 respectively Mix2. The TGA/DTG results showed a complex thermal 

behaviour that involves several reaction steps, especially for Mix2 where the steps were not 

well defined. The first mass loss stage, peak A was recorded around 100 °C for both mixes; 

this initial mass loss can be due to the release of moisture. Peak B lies at 282 °C for Mix1 and 

443 °C for Mix2, peak B is related to the released of volatile matter and decomposition of 

hydrocarbons, the peak in Mix2 could also formed due to the decomposition of coal in the 

briquette. Peak C can be seen at around 564 °C for both samples, this temperature 

corresponds with the transition temperature of hematite to magnetite. The temperature was 

650 °C for Mix1 and 731 °C for Mix2 in peak D, there is in this temperature interval that the 

reduction of magnetite to wustite occurs. The last mass loss rate was in peak E, where the 

temperature was around 990 °C for both mixes; wustite is reduced to iron from 850 °C to 

1200 °C, which mean that peak E represents the reduction of wustite to iron, see Figure 2.4.  

The results of the thermal analyses done by TGA/QMS on Mix1 and Mix2 was plotted as 

function of temperature and can be seen in Figure 5.19 and Figure 5.20. 
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Figure 5.19: Off-gases and mass loss of Mix1 detected by QMS. 

 

Figure 5.20: Off-gases and mass loss of Mix2 detected by QMS. 

According to TGA/QMS results in Figure 5.19 and Figure 5.20, the detected compounds 

formed during thermal analyses on Mix1 were H2, C3H8, H2O, C2H3, CO, CO2 and C3H7. 

Mix2 appeared to have less variation when it comes to the formation of compounds in off-

gases; the main gases detected were CO, C3H8; the ion current for the rest of the volatile gases 

was low, as for example CO2 and moisture. 
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5.3.2 Chemical analyses 

The briquettes that were thermally analysed in TG, i.e. reduced briquettes, were also 

chemically analysed by XRF, the results are tabulated in Table 5.12 where the elements 

detected are shown in form of oxides except for iron which is showed in form of metallic iron.  

Table 5.12: XRF analyses of reduced briquettes from the two mixes, expressed as oxides. 

Chemical compound, wt. % Mix1 Mix2 

Fe 53.8 54.9 

S 0.36 0.35 

CaO 11.2 9.70 

MgO 4.6 5.4 

SiO2 17.1 16.2 

Al2O3 4.0 4.9 

MnO 0.08 0.06 

V2O5 0.3 0.3 

TiO2 0.5 0.7 

Na2O 0.3 0.2 

K2O 0.7 0.5 

P2O5 0.09 0.05 

Sum of oxides 39.0 38.1 

 

According to the chemical analyses of reduced briquettes by XRF; the iron contents were 54.9 

wt. % and 53.8 wt. % in Mix1 respective Mix2, the alkali content (K2O +Na2O) was 1.0 wt. % 

respective 0.7 wt. % in each mix. The sum of oxides were 39.0 and 38.1 wt. %. A graphical 

illustration of the content in the oxides can be seen Figure 5.21.  

  
Figure 5.21: Illustration of chemical content in reduced briquettes of Mix1 and Mix2. 

According to chemical analyses, the reduced briquettes were mainly composed of iron 

(mainly as metallic iron), silica, lime (CaO) and alumina (Al2O3); some minor components as 

TiO2, K2O, Na2O, P2O5, sulphur and vanadium were also present. The alkali content 
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(K2O+Na2O) was 0.70 wt. % in Mix2 respectively 0.99 wt. % in Mix1. The results of carbon 

combustion analyses (LECO) can be seen in Table 5.13. 

Table 5.13: Carbon analyses performed in reduced briquettes, wt. %. 

Compound, wt. % Mix1 Mix2 

Organic C 6.5 6.4 

C-tot 7.0 7.1 

Graphite < 0.05 < 0.05 

Amorphous C < 0.05 < 0.05 

Carbide 0.5 0.7 

 

Mix1 had a 7.0 wt. % of total carbon of which 6.5% was organic carbon and 0.5 wt. % was 

carbon chemically bounded to metals or semimetals, so called carbides. Mix2 had 7.1wt. % 

total carbon, 6.4 wt. % was organic carbon and 0.7 was carbon in form of carbide. Graphite 

and amorphous carbon content were under 0.05 wt. % in both mixes.  

5.3.3 X-ray diffraction, XRD  

The main iron phases in the briquettes were determined by XRD, for both reduced and 

unreduced briquettes i.e. briquettes that had not been reduced in TG. The spectrographs of the 

analyses can be seen in Figure 5.22 and Figure 5.23. 

 

Figure 5.22: Phases detected in briquettes from both Mix1 and Mix2 (before reduction). 

The phases detected in X-ray diffraction for unreduced briquettes were hematite (Fe2O3), 

magnesium ferrite (MgFe2O4), calcite (CaCO3) and mellite (Ca2NaAl2Si4O14). The highest 

intensity detected in both mixes was for hematite. The presence of magnesium ferrite, calcite 

and mellite can be a contribution from cement in the briquettes. From 10 to around 20 

2˚Theta, it was detected in both mixes what it can be amorphous phases. 
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Figure 5.23: Phases detected in reduced briquettes. 

The phases with highest intensity in both mixes was iron (Fe) and some minor traces of 

dolomite (CaMg(CO3)2) and iron carbide  (Fe3C). The phases identified, as shown in Figure 

5.22 and Figure 5.23 indicates that the hematite in the briquettes was reduced to metallic iron, 

and some carbon dissolved in the metal gives iron carbide. Hematite was not identified in the 

reduced briquettes in any of the mixes but may be due to the detection limit for XRD and 

some iron oxides could also be present. The results of XRD analyses which were done by     

D-lab for reduced briquettes can be seen in Table 5.14.  

Table 5.14: XRD analyses performed for reduced briquettes from the two briquette mixes. 

Mix1 wt. % Mix2 wt. % 

SiO2 2.3   

MgO 1.7 MgO 0.05 

Ca(SO4) 3.1   

Ca3Al2Si2 2.7 Ca3Al2Si2 7.6 

Fe 41.9 Fe 92.3 

Amorphous  48.0   

 

The results from studies using SEM with EDS detector are presented in Figure 5.24 and 

Figure 5.25. According to the chemical analyses in SEM, it is probably that the phases 

detected agree with the ones detected in XRD. In Figure 5.24 can the different components in 

Mix1 be distinguished; particles corresponding to cement (magnesium ferrite, mellite), 

hematite, coke and TSW was detected.  Figure 5.25 shows the reduced briquette with a higher 

distribution of bright small droplets or grains which according to the chemical analyses in 

EDS correspond to iron oxides. Base on the result of the XRD analyses from D-lab and the 
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ones performed at LTU, the phases detected in reduced briquettes for Mix1 and Mix2 were 

silica, magnesium oxide, compounds of anhydrites (Ca(SO4), Ca2NaAl2Si4O14) and iron. 

Carbon components such as carbide could not be detected by SEM analyses but the presence 

of them in both samples was confirmed by carbon analyses and XRD analyses.  

 

Figure 5.24: Unreduced briquette, Mix1 with 10 wt. % TSW. 

 

Figure 5.25 reduced briquette from Mix2 with 10 wt. % of pre-treated TSW1. 
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6 Overall discussion 

6.1 Pre-treatment of torrefied sawdust (TSW) 

The temperature and the optimal particle size of high fluidity coal for pre-treatment of TSW 

was determined based on literature review on coal plasticity properties and the softening 

temperature of the coal (360 °C). Nevertheless, to achieve a better pre-treatment or 

encapsulation of the TSW, the plasticity temperature range of the coal was tested. 
[16] [18]

 In 

general, it could be seen that both blends had significant amount of free coal particles of all 

particle sizes around TWS particles. It is possible that fine particle of coal clogged the TSW 

cell apertures but there is nothing that can be confirmed with only optical microscopy, see 

Figure 5.3 c) and f).  Some bright particles of TSW could be seen but it could not be used as a 

confirmation that the coating had succeeded. In the other hand, the TSW fibres in the blend 

with 50 wt. % coals, seemed to have a higher influence by the heat-treatment, the cell walls 

were more deteriorated and deformed, see Figure 5.3 e). 

The pre-treatment of TSW seemed to have a positive influence on the concentration of fixed 

carbon, seeing that the amount of fixed carbon increased remarkable from 23 wt. % to 63.3 

and 61.9 wt % when TSW was pre-treated with 50wt. % coal respective 30 wt. % HV-coal. 

The increase of fixed carbon could also be a contribution of HV-coal addition. The amount of 

volatile matter in pre-treated TSW was around 30 wt% compared to torrefied sawdust which 

contained 74 wt. % of volatile matter.  

6.2 Cokemaking and characterization  

Coke is a complex product from the carbonization of coal. According to previous studies the 

addition of biomass results in lower coke yields and coke with higher reactivity (CRI) and 

lower strength after reaction (CSR). The coke made in this thesis work resulted in an 

improvement of the bulk density which resulted in higher coke yields than coke containing 

TSW. It was not possible to maintain the bulk density required when the coal blend was 

containing 10 wt. % TSW while when pre-treated TSW was added to the blends, up to 20wt. 

% could be added with maintained coal bed density. The reactivity of the coke was evaluated 

in terms of gasification rates or carbon conversion rates. The mass loss converted to carbon 

reaction rate showed that the coke with 10 wt. % pre-treated TSW ( Bl4.10% TSW1) have a 

lower reactivity than the coke with the same amount of TSW but pre-treated with 30 wt. % 

high volatile coal, (Bl5.10% TSW2). Bl5 was more reactive, the reactions started earlier than 

the rest of the samples, the carbon conversion was 51%, higher than all the coke with 10 wt. 

% TSW.  

Theoretically, the activation energy gives information about how a reaction behaves with 

changes in temperature. In practice, the reaction rate and temperature where the carbon in 

coke starts to react give more information about how reactive a coke is. The activation 

energies for gasification of carbon in coke illustrated in Figure 5.12 and Figure 5.13 showed 

remarkable variations in the length of the reaction zones. The mass losses in the reactions 

zones I and II can be seen in Table 6.1. 
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Table 6.1: estimation of theoretical amount of fixed carbon from biomass in coke and mass losses in reactions 

zones I-II. 

Sample No. 

Theoretical 

estimated 

bio-C (mg) 

Mass loss 

Zone I 

(mg) 

Mass loss 

Zone II 

(mg) 

SUM I+II 

(mg) 

Temperature 

at start of 

reaction, °C 

Bl2. 5 % TSW 4.9 2.6 20.0 22.6 904 

Bl3. 10% TSW 9.4 2.1 7.2 9.2 847 

Bl4. 10% TSW1 4.7 3.3 6.7 10.0 834 

Bl5. 10% TSW2 6.5 1.3 2.7 4.0 796 

Bl6 20% TSW1 9.8 2.9 13.1 16.1 861 

 

The contribution of fixed carbon from TSW is 22.9 wt. % in samples Bl2-Bl3. Then the 

theoretical estimated carbon coming from 5wt. % and 10 wt. % TSW is estimated to be 1.1 

wt. % and 2.3 wt. % for Bl2 respective Bl3. The total mass loss recorded by TGA in the 

reactions zone I-II was 22.6 mg and 9.19 mg for respective coke sample. Now let us assume 

that the fixed carbon coming from 10 wt. % pre-treated TSW1 is still 22.9 wt. %. Practically, 

it should be higher since the fixed carbon in TSW should have become more concentrated 

during the thermal treatment in the Tamman furnace. Anyway, the analyses done for the 

treated material showed fixed carbon contents of 63.3 wt. % and 61. 9 wt. % for the mixes 

with 50 wt. % respective 30 wt. % HV-coal, there is not knowledge about how much of this 

fixed carbon that comes only from TSW. The estimated amounts of bio-C in cokes Bl4-Bl6 is 

almost half of the total mass loss in zone I and II, it is possible that all carbon in TSW was 

consumed in the reactions zones. Nevertheless, the coke made in this work was at laboratory 

scale and is therefore more sensitive to temperature changes during carbonization of the coal 

blends. The differences in reactivity between the cokes may show different results when the 

coke is made in larger scale and the standard CRI test can be done. What could be seen in the 

coke structure and may be an indication about the coke reactivity is that the cokes with pre-

treated TSW with 50% HV-coal had a structure similar to mosaic structure, see Figure 5.14 

and Figure 5.15. Mosaic structure is the structure that is more resistant, i.e. less reactive to 

CO2 attack during combustion. The mosaic structure is also related to the coke strength, see 

Table 2.1. More analyses on the coke structure needs to be done in order to confirm if the 

coke samples have mosaic structure or not. 

The cold strength of the cokes was similar for all the cokes with biomass except for the coke 

containing 10 wt. % TSW (Bl3); this was also the coke in which the bulk density of the coal 

bed could not be maintained. The biomass fibres in the core of this coke showed damage 

bonds that weakened the coke structure which give a low cold strength. The cokes with 10 

and 20 wt. % of pre-treated TSW with 50 wt. % HV-coal did not show damage bonds in the 

same extend as in coke Bl3. More analyses of the coke strength needs to be done in order to 

answer how the coke strength is influenced when the pre-treated TSW is added to the coal 

blend, the standard deviation became too high when only five coke pieces were analysed.  
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Currently, the biomass content in coal blends tested in technical scale has been between 2-3 

wt. %. The pre-treatment method used in this thesis work implies that in practice, a higher 

content of TSW can be added to coal blends. This means, from an environmental point of 

view, that the iron making industry could decrease the impact of CO2 from fossil sources 

since this method provides the possibility to add more than 3 wt. % biomass from the forestry 

industry. Although, process parameters such as pressure drop, thermal and mass balances 

needs to be evaluated when coke containing this pre-treated TSW is used in the blast furnace 

process. The pressure drop and formation of off gases in the coke ovens when the coke is 

made should also be studied. Pre-treated TSW still contain a higher percentage of volatile 

matter compared to coking coals which may increase the amount of off-gases and by-products 

in the gas cleaning plant. Also an evaluation on the coke particle size distribution needs to be 

done, and thereafter study how this can influenced the gas permeability and accumulation of 

fines in the blast furnace. An increased amount of carbon in the dust can be an indication of 

fines following with the off-gases. 

During pre-treatment of TSW and cokemaking, off-gases and dust were produced. The work 

environment of operators should therefore be evaluated before start of any practical work. 

Suitable work protection such as gloves, earmuffs, glasses and breathing protection 

recommends to be used when grinding and mixing coals and biomass. Both contain small 

particle sizes that are dangerous for health by inhalation. In addition, it is commonly that toxic 

off-gases as CO2 and CO forms during carbonization of coal and therefore gas detector needs 

to be used and the off-gases be handled in some way. 

6.3 Briquettes 

The same amount of material was used to form the briquettes.  However, the briquettes from 

the different mixes had different sizes and thereby different densities. The briquettes in Mix1 

had a density of 1.6 g/cm
3
 and the briquettes in Mix2 had a density of 1.8 g/cm

3
.  

Table 6.2: sum of elements detected in reduced briquettes. 

No. Fe Sum of oxides  Total C Sum of elements  

Mix1 53.8 39.0 7.0 99.8 

Mix2 54.9 38.1 7.1 100 

  

The chemical analyses showed that detected iron in the briquettes was mainly metallic iron; 

the sum of elements in Mix1 was 99.8 wt. % and 100 wt. % in Mix2 which means that all iron 

detected in Mix2 was metallic, see Table 6.2. The reduced briquettes containing TSW showed 

that 48 wt. % of the reduced briquettes in Mix1 was amorphous. This amorphous phase could 

be so called direct reduced iron; a porous iron product that is formed when iron oxide is 

reduced at low temperatures. According to TGA/DTG curves, from peak C-E in Figure 5.18 

can be seen that Mix2 had a slower mass loss rate than Mix1, the peaks of mass rate loss in 

Mix1 appeared at lower temperature which caused a formation of an amorphous phase where 

iron could be bond to other components. When the reaction rates was slow Mix2 had longer 

residence time for formation of crystalline phases, this explain the detection of an amorphous 
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phase by XRD in Mix1 and higher detection of iron in Mix2, see Table 5.14. Both mixes 

indicated mass losses at temperature ranges related to the reduction of iron oxides: hematite 

→ magnetite → wustite →iron. The complex thermal behaviour of Mix2 can be a result of the 

pre-treatment of TSW with HV-coal; the mix had a higher concentration of fixed carbon 

which can be owing to the carbon in the coal and/or from the release of volatile during the 

heat treatment.  
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7 Conclusions  

7.1 Pre-treatment of torrefied sawdust (TSW) 

 Pre-treatment of sawdust with coal can be done with the particle distribution 95% less 

than 0.212 mm. The drawback with it is the formation of dust due to small coal 

particles.  

 The process condition for pre-treatment needs to be studied closely. With the pre-

treatment temperature 360 °C, an impact on the structure of the pre-treated sawdust 

could be seen but it cannot be answered if the TSW surface was coated by a plastic 

layer of coal.  

7.2 Cokemaking 

 Compared to TSW, pre-treated TSW in coal blends resulted in an improvement of the 

bulk density and coke yields, especially when 50 wt. % of HV-coal was used for pre-

treatment. The cokes with this pre-treated TSW had the lowest carbon conversion at 

the end of the gasification compared to all coke samples with 10 wt. % TSW. 

 Pre-treatment of TSW with 30 wt. % HV-coal resulted in higher reactivity or carbon 

conversion, from start to the end of the reaction. The pre-treatment with 30 wt. % HV-

coal did not improve the reactivity of the bio-coke.  

7.3 Briquettes 

 The briquettes with pre-treated sawdust were more compact i.e. had a higher density 

than briquettes with TSW, this can favor the strength of the briquettes and the 

reduction of iron oxides.   

 The reduction of iron oxides seemed to be favored by the addition of pre-treated TSW 

with HV-coal. However, more analyses to get information about the reduction degree 

of iron oxides needs to be done. 
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7.4 Outlook 

As an overall conclusion can be said that the pre-treatment of torrefied sawdust with HV-coal 

had a positive influence on the production of bio-coke and briquettes, the improvement of the 

pre-treatment process should be continue. The CO2 emission from fossil coal could be 

reduced with 8.6 % per ton hot metal (THM) when 10 wt. % pre-treated sawdust with HV-

coal is added to coal blends for cokemaking. If 20 wt. % is added the CO2 emission could be 

reduced with 10% per THM, see Figure 7.1. 

 

Figure 7.1 CO2 emission from fossil coal and bio-coal for production of hot metal in the blast furnace 

process. 

The use of torrefied sawdust in iron making favor the environmental, partly because it is a 

renewable carbon source and partly because it is a by-product that can be recycled in many 

industry sectors. Although, the availability of sawdust in Sweden is good, nevertheless it is a 

limited raw material and an increased harvest of the forest might not favor the environment in 

a long-term. Therefore the use of biomass from the forest in the steel industry, as well as in 

other industry sectors, should be balanced. From a social and economic point of view, 

industry need to be built or be adapted for the pre-treatment of the sawdust, the 

implementation of this method in the steel industry could promote new employments 

opportunities. This gain the economy growth where this kind of industry is developed, it is 

also a good opportunity to already from the beginning create workplaces where the job 

opportunities are equal for both women and men.  Regarding the use of fine grinded HV-coal, 

this is an aspect that needs to be studied, the formation of dust can increase which can cause 

coal particles to spread with the wind and cause problems for residents who live nearby this 

type of industry. Storage possibilities for sawdust and grinded coal needs also be evaluated.    
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8 Further work 

 Pre-treatment of torrefied sawdust with 50 wt. % HV-coal can be done at the 

temperature ranges of 450-500 °C; a heat rate of 3˚C/min can be tried. In order to 

provide a longer residence time to the coal particles to achieve plasticity and forma a 

plastic layer on the coke surface; the treatment can be tried in an oven where the 

material is under slow motion. 

 When HV-coal is grinded the material tends to heat up due to friction with the metal in 

the mill used, especially if the coal is dried. Perhaps, the coal can be grinded without 

drying it before grinding.  

 Cokemaking in laboratory scale is more sensible for process changes compared to 

experiment at larger scale therefore. When the pre-treatmeant of TSW has been 

improved, cokemaking in larger scale can be done and CRI and CSR tester be 

performed. Also, do test on the coke microstructure (isotropy and anisotropy), if 

possible with automated technology. 

 The addition of biomass treated with HV-coal seems to favour the reduction of iron 

oxides in briquettes, if briquettes in large scale are produced, then parameters as the 

strength and swelling should be analysed.  

 Repeated tests should be done in order to get reliable results since in this work the 

tests done in pre-treated sawdust, coke and briquettes were performed ones.  
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10 Appendix 

10.1 Appendix 1 

Particle size distribution for TSW can be seen in Table 10.1. 

Table 10.1 Particle size distribution for torrefied sawdust sieved (TSW). 

TSW 

Mesh size (mm) Mass (g) Weight % Cum. finer % 

4.00 6.1 9.1 90.9 

2.80 5 7.5 83.4 

2.00 5.6 8.4 75.0 

1.40 13.7 20.5 54.4 

1.00 10.4 15.6 38.8 

0.71 10.6 15.9 22.9 

0.50 6.4 9.6 13.3 

0.13 8.5 12.7 0.6 

< 0.13 0.4 0.6  

SUMMA 66.7 100  

 

The HV-coal was grinded 20 seconds and sieved 30 minutes and then mixed with the 

sawdust. The particle size distribution can be seen in Table 10.2. 

Table 10.2  HV-coal grinded 20 seconds for pre-treatment of TSW in the Tamman furnace. 

Mesh size (mm) Mass (g) Weight % Cum finer % 

0.212 1.03 1.8 94.5 

0.15 4.33 7.4 87.1 

0.106 6.96 11.9 75.2 

0.075 14.34 24.5 50.7 

0.053 20.62 35.2 15.5 

0.038 7.67 13.1 2.4 

< 0.038 1.4 2.4  

SUMMA 56.35 96.3  
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10.2 Appendix 2 

Appendix 2 shows the c the Arrhenius plots for the coke samples Bl2, Bl3, Bl5 and Bl6. 

 

Figure 10.1: Activation energies for coke reference, Bl2.5% TSW, at the three reactions zones of carbon. 

 

Figure 10.2: Activation energies for coke reference, Bl3.10% TSW, at the three reactions zones of carbon. 
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Figure 10.3: Activation energies for coke reference, Bl5.10% TSW2, at the three reactions zones of carbon. 

 

Figure 10.4: Activation energies for coke reference, Bl6.10% TSW1, at the three reactions zones of carbon. 
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