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ABSTRACT  

In recent years, major efforts have been made to develop a more 

circular economy. The desire to reuse, remanufacture and recycle 

materials are important for the development towards a sustainable 

society. An extended lifespan of materials helps to reduce the amount of 

waste kept in landfills, as well as to reduce the extraction of natural 

resources. Pulp and paper and steel industries are two of the largest 

export industrial sectors in Sweden. It is well known that the pulp and 

paper industries also generates large amounts of organic and inorganic 

wastes, of which a significant part is kept in landfills. Year by year 

deposit of wastes in landfills is becoming more difficult to handle and 

expensive due to stronger regulations and requirements regarding the 

environment. During Electric Arc Furnace (EAF) and Argon Oxygen 

Decarburization (AOD) stainless steelmaking operations, burnt lime 

(primary lime) is charged together with other slag forming materials in 

the furnace or converter to attain a specific basicity of the slag and to 

achieve purification from unwanted elements by chemical reactions in 

the steel.  

However, a number of CaO-containing wastes from pulp/paper 

mills can be used as slag formers in steelmaking processes to replace the 

currently used burnt natural lime, since the use of this primary lime does 

not conform with the closing the loop idea that is being prioritized in 

modern society. This thesis presents results from preliminary 

experiments for examining the replacement of primary lime with 

secondary lime from pulp and paper production waste as slag formers in 

EAF and AOD converters. The obtained results showed a possibility of 

using up to 30% CaO from secondary lime as a replacement for primary 

lime in the EAF. Furthermore, the amount of ferrosilicon alloys additions 

can be decreased by up to 3kg/ton of steel. For the AOD process the use 

of secondary lime doesn´t have any negative effects on the 

decarburization process and reduction process. Furthermore, it has 

similar desulphurization functions as the primary lime. However, the 

phosphorus content in the metal was slightly increased. Thus, the 

replacement ratio of secondary lime will be limited by the acceptable 

phosphorus level in the final steel due to higher phosphorus content in 
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wastes from pulp and paper mills compared to that in primary lime. 

Moreover, it was revealed during this study that slags from AOD 

converters can be used as binding agents for briquetting of these 

secondary lime materials. These results shows that waste/by products 

from two major industries can be used to make metallurgical briquettes, 

uniting two major industrial sectors in a circular symbiosis towards a 

more sustainable future. 

 

SAMMANFATTNING 

På senare år har stora ansträngningar gjorts för att utveckla en mer 

cirkulär ekonomi. Viljan att återanvända och återvinna material är viktig 

för utvecklingen mot ett hållbart samhälle. En utökad livslängd på 

material hjälper till att minska mängden avfall som förvaras i deponier, 

samt att minska utvinningen av naturresurser. Massa och pappers 

industrin och stålindustrin är två av de största exportsektorerna i Sverige. 

Det är välkänt att massa och pappers industrin även genererar stora 

mängder organiskt och oorganiskt avfall, varav en betydande del förvaras 

i deponier. Varje år blir deponering av avfall i deponier svårare och dyrare 

på grund av hårdare regler och miljökrav. Vid tillverkning av rostfritt stål 

i ljusbågsugnar (EAF) och Argon Oxygen Decarburization (AOD) 

konvertrar används bränd kalk (primärkalk) tillsammans med andra 

slaggbildare för att få rätt basisitet i slaggen och för att rena stålet från 

oönskade ämnen genom kemiska reaktioner.  

Emellertid kan ett antal CaO-innehållande avfall från massa och 

pappersbruk användas som slaggbildare i ståltillverkningen för att ersätta 

den primära kalk som används idag, eftersom användningen av 

primärkalk inte gynnar en cirkulär ekonomi. Det här är en inledande studie 

för att undersöka möjligheten att ersätta primärkalk med sekundärkalk 

från massa och pappersproduktionen som slaggbildare i EAF- och AOD-

processerna. Resultaten visar att det är möjligt att använda upp till 30% 

CaO från sekundärkalk som ersättning för primärkalk i EAF. Dessutom 

kan mängden tillsatt ferrosilicon minskas med upp till 3 kg/ton stål. I 

AOD-processen har användning av sekundärkalk inte visat några negativa 

effekter på kolfärskningen eller reduktionsprocessen, och den har 

motsvarande avsvavlingsfunktion som den primära kalken. Fosforhalten i 
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metallen ökades något, och möjligheten att ersätta primärkalken med 

sekundärkalk kommer att begränsas av den accepterade fosfornivån i 

stålet på grund av det högre fosforinnehåll i dessa sekundära kalkmaterial 

än i primärkalk. Vidare visar resultaten från den här studien att slagg från 

AOD konvertrar kan användas som bindemedel för brikettering av dessa 

sekundära kalkmaterial. Dessa resultat innebär att avfall / biprodukter från 

två stora industrier kan användas för att göra briketter och förena två stora 

industrisektorer i en cirkulär symbios mot en mer hållbar framtid.  
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1 INTRODUCTION   

Europe is a major pulp and paper producing region in the world, 

with a production equivalent to 25% of the global production. The paper 

production in Europe is concentrated in the northern European countries 

including Finland, Russia, and Sweden. The pulp and paper industry is 

very important to Sweden, which has 69% of the land area covered with 

woodland [1]. Sweden has the largest pulp production of any country in 

Europe [2], with 31.2% of the total pulp production in Europe, and 11% 

of paper and board production [3]. This corresponded to 10.1 million 

metric tons in 2018, of which 9.2 million tons were exported to different 

countries. This accounts for more than 90% of the paper production in 

Sweden [4]. Moreover, the export of pulp and paper corresponds to 7.5% 

of the total exports from Sweden (January-July 2019) [5].   

It is well known that the pulp and paper industries also generates 

significant amounts of organic and inorganic wastes. In Sweden alone, 

the amount of waste produced in 2016 was 1.5 million metric ton  [6]. 

However, the amount of wastes from paper industries decreased 

significantly (from 7 million metric tons in 2006, to 1.5 million metric 

tons in 2016), the annual amount of wastes still corresponds to large 

volumes, as can be seen in Figure 1. These wastes are usually kept in 

landfills, where chemical leaching and greenhouse gas emissions can 

cause significant environmental problems. Moreover, it is getting more 

difficult and more expensive to dispose waste materials in landfills due 

to stronger regulations and requirements [7]. Furthermore, waste 

materials kept in landfills represent non-sustainable solutions and are a 

loss to society. 
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Figure 1 – Annual amount of waste from production of paper and basic metals 

respectively, in Sweden between year 2004 and 2016 

This thesis is a part of the VINNOVA UDI OSMet2 project [8], 

where the aim is to utilize sludges and other waste products from pulp and 

paper industries as secondary raw materials within various metallurgical 

applications to reduce the climate impact and at the same time reduce the 

amount of waste from pulp and paper production sent to landfill in a 

sustainable way. Some of the wastes contain high levels of carbon, while 

some wastes contain high levels of lime. These waste materials can 

replace fossil fuels and natural raw limestone in metallurgical applications.  

However, today most of these wastes are sent to landfills [9]. By 

the innovation of utilizing these waste materials, the amount of waste kept 

in landfills, as well as the extraction of natural raw materials in Sweden, 

Europe, and the world can be reduced and the environmental impact can 

be decreased. The goal of the project was to replace 5% of the fossil fuels, 

limestone and lime traditionally used in metallurgical processes such as 

blast furnaces, cupola furnace, electric arc furnace and AOD converters 

with secondary raw material from pulp and paper mills. Laboratory, pilot 

and industrial trials were carried out to test the newly developed solutions.  

The aim is to save natural resources, recover valuable contents (e.g. 

coal and lime), and to replace natural raw material in accordance with the 

zero waste philosophy. Furthermore, this novel use of waste materials 

from pulp and paper production will result in decreased need for mining 

of natural material.  
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The OSMet2 project was coordinated and led by SWERIM AB, 

and other partners were Outokumpu Stainless, SCA Obbola, RISE 

Processum, SSAB Special steel, SSAB Merox, Stora Enso, Swedish 

University of agriculture (SLU), SWERIM IVF, RISE IVF, Volvo 

Powertrain and KTH Royal Institute of Technology. 

This thesis focuses on consideration of the results obtained from 

pilot EAF and AOD converter trials conducted at SWERIM AB, where 

secondary lime-containing waste materials from pulp and paper industries 

were tested as slag formers in stainless steel production. Moreover, 

laboratory tests were conducted for evaluation of the possibilities to use 

AOD slag as a binder in briquettes made of secondary lime materials from 

pulp and paper production. 

 

1.1 Wastes from pulp and paper industries 

Within the pulp and paper mills, different types of sludges and 

wastes are generated from different process units. The wastes that are 

considered in the VINNOVA UDI OSMet2 [8] project can be divided 

into two groups; namely carbon-containing and lime-containing waste 

materials. There are valuable components (C and CaO) in these waste 

materials. By utilizing those in a proper way it may reduce the use of 

fossil carbon (in the form of coke and coal) and nature lime in the 

metallurgical processes. Thereby, the residues from pulp and paper 

industries sent to landfill as well as the CO2 emissions will be reduced.  

 

1.1.1 Carbon-containing waste materials 

The organic fraction in paper mill sludges is renewable and 

therefore it does not contribute to net CO2 emissions [10]. 

Mixed biosludge is a mixture of biosludge (sedimented bacteria) 

and pre-sedimentation sludge (fiber & sand), which is generated from 

primary and secondary wastewater treatment processes by mechanical 

biological methods at the paper production plant. The mixture contains 

about 47% C, 20% O2 and 8% CaO. The levels of S and P are below 1%, 

which yet are considered to be high for metallurgical applications. In 

most of the pulp mills in Sweden, the biosludge is first sent to an 

evaporator plant and after that incinerated in a recovery boiler. The main 

drawback of incinerating mechanically dewatered sludge is a low net 



4 

 

calorific value of 2–6 MJ/kg [11], which makes energy recovery from 

combustion non-beneficial. 

Fiber reject consists of the material that is washed away when 

cleaning the stream of recycled fibers at the recycle department in the 

paper mill. Fiber reject consist of up to 39% C, 30% O2 and 14% CaO, 

and the S and P levels (0-0.1%) are significantly lower compared to that 

of mixed biosludges. The fibre reject is incinerated in most plants in the 

bark boiler.  

Organic sludges have high moisture contents and relatively low 

carbon concentrations, compared to fossil coals. These are the major 

drawbacks of using organic sludges as carbon sources and fuels in the 

metal industry. Also, most of the water in the organic sludges is 

contained within the cell walls of microorganisms. As a result, drying of 

organic sludges is challenging, and pretreatment such as hydrothermal 

carbonization (HTC) to convert organic compounds to structured 

carbons is required. 

 

1.1.2 Lime-containing waste materials 

Some of the waste materials from pulp and paper mills contain 

high levels of CaO; lime mud/mesa (referred to as mesa in supplement 

1), calcined lime mud (referred to as lime mud in supplement 1 and waste 

lime in supplement 3) and fly ash, which can be used as slag formers to 

partially replace natural lime during different stages of steelmaking 

processes. Usually they consist of powders of different size ranges. It is 

apparent that the natural resources of primary lime can be saved by using 

these recovered CaO materials. As a result, the negative impact on the 

environment associated with mining of primary resources, such as 

disruption of landscape and effect on biodiversity, can be significantly 

decreased. Moreover, a reduction of the required energy use and 

greenhouse gas emissions, when natural limestone is replaced by lime 

recovered from these wastes, are other considerable benefits. For 

instance, the amount of CO2 gas generated during calcination of natural 

limestone (CaCO3) is one mole of CO2 gas per mole of CaO, as seen in 

Eq.1. This corresponds to 780 kg of CO2 per ton of produced primary 

lime (CaO). 
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CaCO3 + energy  CaO + CO2 (Eq.1) 

 

Since these waste products from the pulp and paper industries 

also contains impurities such as sulphur (S), phosphorous (P) and alkali 

metals, the effects of applications of these secondary lime sources in 

steelmaking processes on the technical parameters and the final steel 

quality should be evaluated with respect to the distribution of S and P 

between slag and liquid steel. 

Lime mud consist of the excess chemicals from the recovery 

boiler, it comes from the unused boiling fluid in the preparation of white 

liquor, and it consists of a sludge of ~90% insoluble calcium carbonate 

(CaCO3) and calcium hydroxide (Ca(OH)2). The lime mud occurs in the 

sulphate process, where the purpose is to break down wood chips into 

pulp through the use of a mixture of different chemicals [12]. When 

CaCO3 is used as a source for CaO, it leads to an increased energy 

consumption, lowers the productivity, and increases the CO2 emissions, 

compared to the use of CaO.  

Calcined lime mud contains mostly CaO.  

Fly ash is formed by combustion of internal and external fuels 

(sludge, bark and biofuel) in the paper mill and it contains approximately 

60% of CaO. The chemical composition of the fly ash differs depending 

on the process used at the paper mill. Since the fly ash cannot be used 

again in the pulp and paper industries, it is commonly put to landfill. 

Today, 70% of the fly ash produced in pulp and paper mills in Sweden 

are kept in landfills areas [13], which is associated with a significant 

environmental impact and a cost for the paper mills, as was mentioned 

above. 

 

1.2 Byproducts from the steel industries 

Almost two million metric tons of residuals were produced by 

the iron and steel industries in Sweden in 2015. Metallurgical slags 

accounted for  ~70% of this (about 1 350 000 metric tons), and 6% (about 

120 000 metric tons) was AOD slags [14]. Slag is a non-metallic 

substance, a byproduct from production of iron and steel. Oxides are the 

primary contents of slags, such as lime (CaO) and silica (SiO2) but they 

often also contain low amounts of sulphur (S) and phosphorus (P). Blast 
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furnace slags include alumina (Al2O3) and magnesium oxide (MgO). 

Steelmaking slags contain iron oxide (FeO) and magnesium oxide 

(MgO). Auxiliary burnt lime may remain as undissolved free CaO. These 

components exist in natural rocks and minerals, and in the crust of the 

Earth [15]. The physical characteristics of iron and steel slags are similar 

to crushed sand and stone. The characteristics, composition and 

properties differ significantly in the metallurgical slags depending on the 

process they were produced in. It is possible to change the properties of 

the slags by changing the chemical compositions and cooling processes. 

To ensure an optimal use of waste products and thereby a reduced 

consumption of the required natural raw materials, the steel industry aim 

to substitute some of the traditional raw materials by wastes in various 

applications [14]. However, the re-use of steel slags depends on the 

influence of their chemical compositions on the properties. Slags from 

the blast furnace are utilized to almost 100%, mostly for road 

constructions, raw materials for cement production, and cement-like 

binders [16].  

Moreover, swelling and disintegrating properties or leaching of 

metals can limit the use of some slags.  Slags from the AOD converter 

typically have a ratio of lime and silica that promotes a formation of 

calcium silicates (2CaO·SiO2) during solidification. The β-form of this 

phase can expand during a phase inversion, when cooling through the 

temperature range of 400-500oC [17]. This, in turn, this leads to a 

volumetric expansion of the material, which will break and cause the 

solid to be converted into a fine powder. Therefore, the cooling rate of 

slags affects their textures, porosities and other physical properties [16]. 

This significantly reduces the utilization scope of these slags and causes 

environmental deteriorations during storage in the slag yard [18]. 

  Moreover, a larger proportion of AOD and EAF slags from the 

production of high-alloyed steels is put to landfill compared to slags 

from production of low-alloyed steels. One of the reasons why slags 

from stainless steel production, having higher contents of Cr oxides, are 

less used for road constructions and cement production is that it is 

necessary to consider harmful effects caused by chromium leaching [19], 

and the careful process control that has to be applied to eliminate the risk 

of chromium leaching to the environment. 
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1.3 Overview of the study 

The aim of this study was to find ways to effectively utilize waste 

products from pulp and paper industries that are usually kept in landfills 

and at the same time decrease the dependence on fossil materials in the 

iron and steel industry. An overview of this thesis work can be seen in 

Figure 2 and the work presented in this thesis can be seen in Table 1. The 

carbon-containing materials are being tested as carbon sources in the 

form of briquettes and powders injected for blast furnaces and cupola 

furnaces. Lime-rich wastes are tested for injection in electric arc furnaces 

and as a neutralizing agent for acidic waste water from steel mills. 

However, these results will not be further discussed in this thesis.  

In this thesis, CaO-rich wastes from pulp and paper industries, in 

the form of briquettes, were tested as lime sources in EAF and AOD 

converters, and the possibility to use AOD slag as a binding agent for the 

lime-rich wastes were evaluated. 

 

 

Figure 2 – An overview of identified possible applications of wastes from pulp and 

paper industries in metallurgical processes. The parts marked with red are not 

further discussed in this thesis. 
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Table 1 – Overview of the supplements (S) in this thesis. 

Study Objective Approach Parameters S 

Design and additional 

treatment of laboratory 

scale metallurgical 

briquettes using AOD 

converter slag as binders. 

Characterization of 

laboratory scale 

metallurgical briquettes. 

Decision of recipe. 

Method to produce 

metallurgical 

briquettes. 

Improvement of 

mechanical strength. 

Evaluate impact 

strength of 

metallurgical 

briquettes. 

Production of laboratory 

scale briquettes. 

Modification of chemical 

composition (% AOD 

slag). 

Storage time in air (days). 

Heat treatment T (oC). 

Drop tests. 

SEM-EDS evaluations. 

Chemical composition. 

Size of briquettes. 

Impact strength in drop 

tests. 

 Retained weight after 

drop testing, (RW). 

Phase changes, sintering. 

 

I 

Influence of using waste 

products as secondary raw 

CaO-containing material 

as slag formers in EAF. 

Chemical composition 

of metal and slag. 

Steel quality in the 

aspects of S and P. 

Impacts on the EAF 

process. 

The slag properties: 

amount, phosphorous 

capacity, basicity, 

fluidity. 

Pilot scale trials. 

Chemical analysis of 

metal, slag and dust. 

Mass balance calculations 

for main components 

SEM-EDS investigations. 

S capacity of slag. 

P capacity of slag. 

Viscosity of slag (by 

visual inspection). 

Amount of slag and dust. 

Dissolution of charged 

slag forming materials. 

 

II 

Influence of using waste 

products as secondary raw 

CaO-containing material 

as slag formers in AOD 

converter. 

Impacts on the AOD 

processes: 

Decarburization, 

reduction and 

desulphurization 

efficiency. 

 

 

Pilot scale trials. 

Chemical analysis of 

metal, slag and dust. 

Mass balance calculations 

for main components. 

 

Amount of slag. 

Carbon removal 

efficiency (CRE). 

Red efficiency. 

DeS efficiency. 

Chem. composition, with 

focus on S and P. 

 

III 
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2 METHODS 

 

2.1 Materials  

The secondary lime-containing materials, which are studied in 

this thesis, are; lime mud/mesa (M), calcined lime mud (L), fly ash (F) 

and AOD slag, as shown in Figure 3. 

 

(a) (b) (c) (d) 

    

Figure 3 – Lime-rich waste materials from pulp and paper mills and AOD slag used 

in this study: lime mud/mesa(a), calcined lime mud (b), fly ash (c), and milled AOD 

slag (d) . 

 

2.1.1 Briquetting of Wastes from Pulp and Paper Industries by Using 

AOD Converter Slags as Binders (Supplement 1) 

The chemical composition of the materials was made by ALS 

Scandinavia AB by using Thermo finnigan element 1 Inductively 

Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS) according 

to SS EN ISO 17294-1, 2 and the Environmental Protection Agency 

(EPA) method 200.8. The values from the analysis were recalculated to 

normalized values after subtracting the Lost On Ignition (LOI) value at 

1000oC, which is the mass of the volatiles lost during heating of the 

material up to 1000oC (organic matter, carbonates, moisture etc.). The 

main components can be seen in Table 2. In addition to the main 

components, lime mud and calcined lime mud contains MgO (<1%) and 

the fly ash contains around 9% Al2O3, 3% MgO and <1% Fe2O3 and TiO2. 
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Table 2 – Contents of main components (in wt %) after calcination at 1000oC of lime 

rich waste materials used in metallurgical briquettes. 

 

As the waste materials consists of fine powders, a briquetting 

operation is often required in order to facilitate handling, transportation 

and charging of these materials in the steel mills. Also, an AOD slag was 

used as a binding agent in the briquettes. The main components of AOD 

slags are CaO, SiO2, Al2O3, MgO, and FeO.   

 

2.1.2 Application of fly ash and calcined lime mud as slag formers in 

pilot EAF and AOD stainless steel production  

(Supplement 2 & 3) 

Primary lime from SMA minerals, fly ash from Stora Enso and 

calcined lime mud from SCA Obbola were used as slag formers, together 

with commercial grades of dolomite, ferrosilicon (FeSi75) and fluorspar. 

The chemical compositions of the slag forming materials that were used 

in the pilot trials are shown in Table 3. The primary lime refers to the 

commersial lime commonly used in the EAF and AOD processes. 

Therefore, it was used as the reference material in this study.  

 

Material CaO Na2O P SiO2 K2O S Balance 
LOI 

1000oC 

Lime 

mud/mesa 
95.9 1.5 0.4 0.2 0.2 0.1 1.7 40.6 

Calcined 

lime mud 
95.9 1.5 0.4 0.1 0.1 0.2 1.8 6.1 

Fly ash 63.2 0.6 0.1 21.0 0.5 0.4 14.2 6.6 
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Table 3 – Contents of main components in the lime-containing materials (wt%). 

 

X-ray powder diffraction (XRD) determinations of fly ash, 

calcined lime mud and primary lime are shown in Figure 4. The calcined 

lime mud contains 90.6% CaO, and CaO was identified as the main 

phase. The fly ash contains 61.5% of CaO, where CaO was one phase, 

but where also other CaO-containing phases were present. These results 

indicate that the free CaO content in the fly ash is less than 61.5%.  

 

 

Figure 4 - XRD determinations of the fly ash, waste lime (calcined lime mud) and 

primary lime used in the pilot trials. 

 

The briquetting of fly ash and calcined lime mud was carried out 

by using a roller press (Model Komarec B220B). Lime briquettes with 

the required cold strength were developed by mixing 50% primary lime 

powder (<0.5 mm), 50% secondary lime (fly ash or calcined lime mud, 

< 0.5 mm) and 0.5% calcium stearate as lubricant. The produced 

briquettes had an ellipsoidal shape with a volume of 13 cm3, as seen in 
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2θ / ˚
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2: Calcium sil icate (Ca2SiO4);
3: Gehlenite (Ca2Al2SiO7);

4: Coesite (SiO2). 

2
2
3 2

2

3
4

3
3

1 1 1
1 1

Waste lime

Fly ash

1

1

Primary lime

Materials CaO SiO2 Al2O3 Fe2O3 K2O Na2O MgO P2O5 S Others 

Fly ash 61.5 15.8 8.9 0.6 0.07 0.08 3.1 0.26 0.40 9.29 

Calcined 

lime mud 
90.6 0.18 0.07 0.04 0.1 0.48 1.05 0.75 0.11 6.62 

Primary 

lime 
95.2 1.0 0.5 0.2 0.04 0.04 1.7 0.01 0.08 1.23 

Dolomite 57.3 0.9 0.2 0.2 0.04 0 38.4 0.05 0.02 2.89 



12 

 

Figure 5. The briquettes (BR) were used to replace primary lime lumps 

as slag formers in EAF and AOD converter operations. Since the fly ash 

contains 61.5 % CaO and primary lime contains 95.2% CaO, briquettes 

with a 50/50 ratio of these two powders will contain 39% CaO from fly 

ash and 61% CaO from primary lime. The other materials used in the 

trials also include commercial grades of primary lime lumps (PL), 

dolomite (Dol), ferrosilicon (FeSi75) and fluorspar. 

 

 

Figure 5 – Photograph of fly ash briquettes used in the experimental trials in the 

pilot scale EAF and AOD converter trials. 
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2.2 Briquetting of Wastes from Pulp and Paper Industries by Using 

AOD Converter Slags as Binders (Supplement 1) 

In this study, three different rest products obtained from pulp and 

paper production and slag from a steel plant were combined to create 

metallurgical briquettes for stainless steelmaking. These CaO-rich 

wastes were used together with AOD slags as binding agents, as 

illustrated in Figure 6. For CaO materials, water-containing binders 

cannot be used, since it would make the CaO hydrated. 

 

 
Figure 6 – Combination of two waste/by-products to create metallurgical briquettes 

for iron and steelmaking; CaO-rich wastes from pulp and paper production with 

AOD slags as binding agents. 

 

(a) (b) (c) (d) 

    
Figure 7 – Primary lime: AOD lime lumps 3-15mm (a) and EAF lime lumps 15-40 

mm (b) and briquettes: laboratory scale (c) and industrial scale (d). 

The original lime materials used in steel making are shown in 

Figure 7a and b, and the laboratory scale briquettes can be seen in Figure 

7c. In Figure 7d, industrial scale briquettes are shown for comparison. 
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One of the three Ca-rich waste products (lime mud/mesa – M, 

calcined lime mud – L and fly ash – F) was used as base material and 

mixed with various amounts of AOD slag and thereafter pressed into 

briquettes consisting of: 

1) 100% base material (referred to as M100, L100 and F100) 

2) 90% base material and 10% AOD slag (referred to as M90, L90 and 

F90) 

3) 80% base material and 20% AOD slag (referred to as M80, L80 and 

F80).  

The powders were pressed into tablet shape briquettes, using 18 

MPa pressure. The dimensions of the briquettes are: 33 mm in diameter 

and 18 mm thick, as shown in Figure 8.  

 

 

Figure 8 – Dimensions of laboratory scale briquettes. 

To evaluate the effect of storage time in air on the impact strength 

of the briquettes, some of the briquettes were stored during 7, 20 and 35 

days before testing. The aim was to see if storage in air can be used as a 

curing method and to see how the briquettes can be stored for future 

industrial use.  

Also, some of the briquettes were heat treated at a 500oC or a 

850oC temperature to see if the impact strength of the briquettes can be 

improved. Totally, 90 briquettes were prepared and tested in this study, 

as shown in Table 4. 
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Table 4 – Compilation of produced briquettes for each set of test. 

 

The chosen testing method to evaluate the impact strength of the 

laboratory scale briquettes was drop testing. There are different methods 

that can be used for drop tests, one is described by Mousa et al. [20]. For 

the purpose of this study, another method was used as follows: 

  The briquettes were dropped, one at a time, with the flat face 

down, onto a steel plate. The drop distance was 1.0 m. After a completed 

test, the largest piece of the briquette was collected and the weight was 

recorded. After cleaning the steel plate, the largest piece of the briquette 

was dropped again, and the procedure was repeated for 15 times, or until 

less than 1% of the initial weight of the briquette retained. For industrial 

processes, it was assumed that the briquettes has to withstand 5-7 drops 

during loading, transportation and unloading without causing a fast 

destruction into powder. The numbers are based on the production routes 

for the briquettes as follows in Figure 9. 

 

Base 

material 

Comp. 

ref. 

Base 

material 

[%] 

AOD 

slag 

[%] 

Number of briquettes 

No add. 

treatment 

 

Stored 

[days] 

Heat treated 

[oC] 

7 20 35 500 850 

Lime mud/ 

Mesa 

M100 100 0 3     3 

M90 90 10 3   3 3 3 

M80 80 20 3     3 

Calcined 

lime mud 

L100 100 0 3     3 

L90 90 10 3   3 3 3 

L80 80 20 3     3 

Fly ash 

F100 100 0 3 3 3 3  4 

F90 90 10 3 3 3 3 3 4 

F80 80 20 3     4 
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Figure 9 – Routes of briquette [21] for EAF (a) and AOD converter (b). 

   

To evaluate the effect of chemical composition and heat 

treatment of the briquettes on their mechanical properties, detailed 

investigations of the main compounds of the base materials and 

briquettes were done by using scanning electron microscopy (SEM) in 

combination with energy dispersive spectroscopy (EDS). The SEM 

imaging was done using a 10-11mm working distance and a 15 kV 

acceleration voltage. The composition of each main compound in 

different materials was determined based on 5 to 8 measurements by 

using an "area" mode analysis and based on 10-15 measurements using 

point analyze in different zones of samples. 

 

(a) (b) 
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3
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5
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1
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2.3 Application of fly ash as slag formers in EAF stainless steel 

production (Supplement 2) 

In this study, the charge materials used in the EAF pilot trials 

include scrap (5-7 ton) of a 304 stainless steel grade, alloying materials 

(Fe-75%Si ferrosilicon and anthracite), and slag forming materials such 

as primary lime, dolomite and briquettes containing secondary lime, as 

seen in Figure 10. 

 

Figure 10 – Pilot trials using fly ash briquettes as slag formers in an EAF stainless 

steel making process. 

 

A schematic illustration of the EAF process and input and output 

materials are shown in Figure 11. Figure 12 shows a picture of the pilot 

EAF used for the trials in this study. The aim of the EAF melting was to 

reach a steel alloy content of up to 0.35% Si and 1.0-1.3% C, before the 

steel melt was transferred to the pilot AOD converter. The steel scrap, 

which was used for these pilot trials, contained 0.05% C, 0.40% Si, 18% 

Cr, 8% Ni, ~0.02% S and ~0.034% P.  
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Figure 11 – Schematic illustration of the EAF process, including input and output 

materials. 

 

Figure 12 – The pilot EAF used in the trials (Wang, C. 2019). 

 

Five pilot scale trials were carried out in a 10 ton EAF. It is used 

for melting of steel scrap and adjustment of composition. The first heat, 

(A) was a reference heat to obtain reference parameters of the specific 

experimental equipment used in these trials. There after four heats with 

gradually increased additions of briquettes as a replacement for primary 

lime were made. In these heats, the ratios of primary lime and fly ash, 

which were added as slag forming components, were 85/15 (B), 70/30 

(C), 60/40 (D) and 50/50 (E). The charge materials were steel scrap, 

ferrosilicon, anthracite and slag forming materials. When the charge 

materials were melted in the EAF, the temperature of the melt was 

measured. In addition, a steel sample and a slag sample were taken. 

Thereafter, the melt was heated up to 1650oC and the final samples of 
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liquid steel and slag were taken just before tapping from the EAF.  After 

that, about 0.25-0.48 t of slag was tapped from the slag door of the EAF 

and ~5 t of steel melt were tapped into a transfer ladle for the following 

decarburization process in the pilot AOD converter. Moreover, some 

amount of steel melt (about 2 t) and slag were kept after some pilot trial 

as hot-heal metal (HHMe) and slag (HHSl) in the EAF for the following 

heat (as from heats A, C and E) or tapped into a mold for scrap (as from 

heats B and D). Moreover, the off-gas dust from each heat was collected 

in a separate barrel and a sample was taken when the heat was finished.  

Moreover, added input (such as scrap, slag formers, ferrosilicon 

and anthracite) and output (such as metal, slag and dust) materials were 

weighted.  

Conventional mass balance calculations were performed for the 

following main components of slag and steel: CaO, MgO, Cr, Ni, Si, S 

and P, to estimate the effect of using fly ash as slag formers, on some 

parameter of the EAF pilot trials.  

 A mass balance for CaO (including CaF2 from added fluorspar) 

was used for determination of the weight of the hot-heal slag 

(HHSl) in the EAF, after tapping of steel into the transfer ladle.  

 A mass balance for MgO was used to evaluate the weight of the 

MgO refractory lining, which was dissolved during the EAF 

process to become part of the slag.  

 The weight of the hot-heal metal (HHMe) in the EAF furnace after 

each heat was calculated, based on the Cr and Ni mass balances.  

 The mass balance for Si was used for calculation of the weight of 

Si from the added FeSi, which was oxidized to SiO2 during EAF 

melting and ended up in the slag.  

 The mass balances for S and P were calculated to evaluate the 

effect of added briquettes with fly ash on the distributions of S and 

P, respectively, between metal and slag. 

 

To evaluate the dissolution of fly ash and primary lime from 

briquettes in the formed slag during the EAF pilot trials, slag samples 

were taken from heat A, (0% Fly ash), heat C, (30% fly ash), and heat E, 

(50% fly ash). A picture of some slag samples can be seen in Figure 13. 

The samples were prepared and analyzed more in depth using SEM in 
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combination with EDS to investigate the structures and compositions of 

the main components. 

 

 

Figure 13 – Picture of typical slag samples.  

 

2.4 Using fly ash and calcined lime mud as lime source in AOD 

converter (Supplement 3) 

Briquettes containing secondary lime materials such as calcined 

lime mud and fly ash were used as slag formers in AOD converter trials, 

as illustrated in Figure 14. 

 
Figure 14 – Pilot trials using fly ash and calcined lime mud as lime source in AOD 

converter stainless steel making process. 

The crude stainless steel used in these AOD converter pilot trials 

was melted in a pilot EAF before it was transported to the AOD converter.  

The target contents of C, Si, Cr and Ni from the EAF were 1.0%, 0.35%, 
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18% and 8%, respectively. When the steel and slag were melted, samples 

were taken from the steel and slag to determine the chemical 

compositions (C and S were determined by LECO combustion analysis 

and the other elements were determined by XRF (X-ray fluorescence) 

analysis).  When the target chemical composition was reached, the 

temperature was increased to 1650oC. The slag was tapped from the slag 

door, and the steel melt was tapped into a transfer ladle. About five tons 

of the steel melt was then charged into the AOD converter. An overview 

of the trial procedures is illustrated in Figure 15. 

 
 

Figure 15 – Overview of the pilot EAF-AOD trials: crude stainless steel melt 

preparation in the EAF, transfer of the steel melt and further processing of the steel 

melt in the AOD converter. 

In this study, six heats were conducted in a pilot universal 

converter, which was conditioned to be an AOD converter equipped with 

sidewall blowing. The first heat (H1) was conducted as a reference heat 

to get reference parameters of the specific experimental equipment used 

in these trials. In this experiment, only primary lime was used. The other 

five heats (H2-H6) represented the testing heats, in which the primary 

lime was gradually replaced by fly ash and calcined lime mud in the form 

of briquettes. The replacing ratios of CaO from the fly ash briquettes and 

calcined lime mud briquettes are listed in the detailed charge plan, as 

shown in Table 5.  

Electric arc furnace (EAF) Transfer ladel AOD converter

Steel scrap
(18% Cr, 8% Ni )

FeSi
Anthracite

Lime
Dolomite

Crude steel
&

carry-over slag

O2 and N2

FeSi

Fly ash briquettes
Waste lime briquettes

Offgas and AOD dust

Stainless Steel

AOD Slag

Primary lime

Dolomite
Fluorspar

Crude steel
&

carry-over slag
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Table 5 – Charge plan for the lime-containing materials in the AOD trials (FA, WL 

and PL refers to fly ash, waste lime (calcined lime mud) and primary lime, 

respectively). 

 

When the steel melt and slag were transferred into the AOD 

converter, the materials were charged at the three consecutive stages 

included in the AOD process, i.e. the decarburization, reduction and 

desulphurization stages, as shown in Table  6Table 6. It is seen that the 

secondary lime-containing materials (fly ash briquettes and calcined 

lime mud briquettes) were mainly charged into the AOD converter 

during the decarburization stage. Only during heat H4, 85 kg secondary 

lime-containing materials (calcined lime mud briquettes) were charged 

into the AOD converter during the reduction stage. 

Table 6 – Charged materials (in kg) during various stages of the AOD process (FA, 

WL and PL indicate fly ash, waste lime (calcined lime mud) and primary lime, 

respectively). 

*The slag was carried over from the EAF; the amount is estimated according to 

visual observations. 

 

Heat ID CaO % from FA CaO % from WL CaO % from PL 

H1 0.0 0.0 100.0 

H2 4.4 4.9 90.7 

H3 0.0 14.0 86.0 

H4 7.8 8.2 84.0 

H5 4.4 16.1 79.5 

H6 5.1 14.9 80.0 

Heat 

ID 

Transferred 

from EAF 

Decarburization 

stage 
Reduction stage 

Desulphurization 

stage 

Steel 

melt 

*Slag Dol. FA WL PL PL WL 
FeSi-

75 

Fluor–

spar 
PL 

Fluor–

spar 

H1 4951 20 85 – – 175 70 – 112 70 – – 

H2 5020 20 90 40 30 100 90 – 116 67 40 20 

H3 4900 30 85 – 60 100 45 – 103 60 – – 

H4 4960 30 85 70 50 60 – 85 110 65 40 20 

H5 4950 30 85 40 100 35 90 – 115 67 40 20 

H6 4955 20 85 50 100 50 90 – 100 73 40 20 
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The first stage was the decarburization stage, which started with 

the charging of lime-containing materials (calcined lime mud briquettes, 

fly ash briquettes and primary lime) and dolomite into the converter. In 

the next step, mixtures of O2 and an inert gas (N2 in this case) were 

injected through a submerged sidewall nozzle. For each heat, four 

decarburization steps with various O2 to N2 flow rate ratios (4:1, 1:1, 3:7 

and 2:9) were planned. However, according to the limitations in the 

process control system, one or two blowing steps were skipped during 

the decarburization stage. The decarburization stage lasted 

approximately 25-30 minutes when using a fixed gas blowing intensity 

(sum of O2 and N2 flow rate being 5 m3/min).  

The reduction stage started with a charging of FeSi75 together 

with lime (primary lime, and in H4 also calcined lime mud briquettes) 

and fluorspar into the converter. The purpose of the reduction stage was 

to reduce, especially the oxidized chromium and nickel in the slag back 

to the steel melt. The reduction stage lasted for approximately five 

minutes and N2 was injected at a flow rate of 5 m3/min. In the end of the 

reduction stage, the slag in the converter was removed.  

The final step was a desulphurization stage that was implemented 

in four selected heats by adding slag formers consisting of primary lime 

and fluorspar into the converter. The desulphurization stage took around 

three minutes and N2 was injected at a flow rate of 5 m3/min. After the 

desulphurization stage (or in two heats directly after the reduction stage), 

the slag and the steel melt were tapped into a sand box.  

The temperature of the steel melt was measured by using a non-

splash thermocouple during the trials. Also, samples of metal and slag 

were taken several times during the process, using an automatic 

sampling tool when the converter was in the upright position or by 

manual sampling when the converter was tilted.  

The chemical compositions of the samples were determined by 

using XRF analysis and LECO analysis. A mass spectrometer was used 

to analyze the CO and CO2 contents in the off gas continuously. The CO 

and CO2 contents, the flow rates of O2, N2 and off gas were measured 

and logged automatically in a computer at an interval of 10 seconds. All 

the other solid or liquid materials charged in the converter and tapped 

from the converter were logged manually.  
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3 RESULTS AND DISCUSSION 

 

3.1 Briquetting of Wastes from Pulp and Paper Industries by Using 

AOD Converter Slags as Binders (Supplement 1) 

It was revealed during this study, that most of the metallurgical 

briquettes cannot be transported and used in metallurgical processes 

without any additional treatment, due to their low impact strengths. The 

briquettes based on lime mud/mesa and calcined lime mud were almost 

completely destroyed after 2-6 drops in the drop tests. The fly ash 

briquettes without AOD slag (F100), with 10% AOD slag (F90) and with 

20% AOD slag (F80) retained 33, 17 and 3% of their initial weight after 

seven drops, respectively. 

Storage in air atmosphere during 7, 20 or 35 days did not improve 

the impact strength of the briquettes based on lime mud/mesa or calcined 

lime mud. The lime mud briquettes were destroyed during storage, while 

the lime mud/mesa briquettes were destroyed after six repeated drops in 

the drop tests. However, storage of fly ash briquettes without AOD slag 

(F100), and with 10% AOD slag (F90), in air during 20-35 days can 

significantly increase the impact strength. As an example, the retained 

weights of the largest briquette after seven drops in the drop tests are ~2–

3 times larger compared to those for F100 and F90 samples, which have 

not been stored before being tested (60–68% and 57–59% after holding 

during 20 and 35 days, respectively).  

It was found that a heat treatment of the calcium-containing 

briquettes can significantly increase their impact strength. Figure 16, and 

Table 7, shows the effect of heat treatment at a 500oC temperature (for 

10% AOD slag) and at an 850oC temperature (0-20% AOD slag) on the 

retained weight after seven drops in drop tests, as well as the effect of 7, 

20 and 35 days holding time for briquettes containing 10% AOD slag. 

It should be pointed out that values shown in Figure 16 and Table  

7 represent average values obtained from drop tests for three briquettes 

of each type of experimental briquette. 
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Figure 16 – The retained weight (in%) after seven drops in drop tests for briquettes 

containing lime mud/ mesa (a) calcined lime mud (b) and fly ash (c) as base 

material, and with different additional treatments.  

For lime mud/mesa briquettes, it can be seen that a heat treatment 

at a 500 and a 850oC temperature increased the retained weight of 

briquettes after the seventh drop test from 1-2% before heat treatment up 

to 28% for the M90-500 briquettes and up to 74%–91% for the M100-

850, M90-850 and M80-850 briquettes. The largest improvement of the 

impact strength for the lime mud/mesa briquettes was obtained for M90-

850 briquettes (RW ~ 91%) after heat-treatment at a 850oC temperature. 
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Table 7 - Compilation of retained weight (%RW) of metallurgical briquettes and 

original lime lumps, after seven drops in drop test.  

 

The impact strength of calcined lime mud briquettes cannot be 

improved by heat treatment at a 500°C temperature. However, when the 

heat treatment temperature was increased to 850°C, the impact strengths 

were improved. As an example, the retained weight of briquettes was 

increased from 0% (L90) up to 52% (L90-850), as seen in Figure 17b. 

Heat treatment at a 500°C temperature of fly ash briquettes can 

significantly increase the retained weight of the briquettes after seven 

drops in a drop test, namely from 17% before a heat treatment (F90) up 

to 47% for F90-500 briquettes. The heat treatment at an 850°C 

temperature of most fly ash briquettes increases the retained weight of 

the briquettes by up to 63% in F90-850 and 92% in F80-850 briquettes. 

However, the impact strength for the fly ash briquettes without AOD 

slag does not improve after a heat treatment at a 850°C temperature 

(F100-850 RW ~ 21%).  

Nevertheless, the impact strengths for the briquettes that are heat 

treated and contains 10% AOD slag can be significantly increased, as are 

the case for briquettes made based on lime mud/mesa and calcined lime 

mud. The largest improvement of the impact strength for the fly ash 

Composition 

reference 

No additional 

treatment 

Holding time in air  

[days] 

Heat treatment T 

[ oC] 

7 20 35 500 850 

M100 0 - - - - 74 

M90 2 - - 1 28 91 

M80 2 - - - - 76 

L100 0 - - - - 28 

L90 0 - - X 1 52 

L80 0 - - - - 11 

F100 33 60 68 57 - 21 

F90 17 17 60 59 47 63 

F80 3 - - - - 92 

EAF Lime 60      

AOD Lime 23      
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briquettes was obtained for F80-850 briquettes containing 20% of AOD 

slag (RW ~ 92%).  

The metallurgical briquettes with the best impact strengths are 

compared to typical lime lumps used for usual steelmaking operations in 

EAF and AOD in Figure 17. The retained weight of the briquettes after 

seven drops for M90-850 and F80-850 briquettes is much larger than that 

for AOD-lime and EAF-lime. Moreover, the L90-850 briquettes and 

EAF-lime lumps have similar mechanical properties. These results 

indicate that these metallurgical briquettes have a sufficient impact 

strength.  

 

 
 

Figure 17 – Comparison of drop test results for the best metallurgical briquettes of 

each base material (M90-850, L90-850 and F80-850) and lime lumps used in EAF 

and AOD converters. 

 

It should be pointed out that all the metallurgical briquettes based 

on lime mud/mesa (M100-850, M90-850 and M80-850) have 

significantly better impact strengths after heat treatment at a 850°C 

temperature, compared to the briquettes based on fly ash and calcined 

lime mud. This may be explained as follows: though no water was added 

during briquetting, the lime mud/mesa powder used for preparation of 

metallurgical briquettes contained slightly more moisture than the 

calcined lime mud and fly ash powders. Water promotes the formation 

https://www.mdpi.com/materials/materials-12-02888/article_deploy/html/images/materials-12-02888-g008.png
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of a calcium silicate hydrate glue (3CaO·2SiO2·3H2O), which gives a 

binding effect. Moreover, dicalcium silicate, 2CaO·SiO2, starts to form 

when CaO and SiO2 are heated up to temperatures of around 700°C in a 

strongly alkaline environment. This can also attribute to the binding 

effects. In this case, a better binding in the lime mud/mesa-based 

briquettes can be obtained during heat treatment of the briquettes at a 

850°C temperature, as was confirmed by the obtained results shown in 

Figure 16. As for in all dry chemical reactions, the reaction is promoted 

by a fine size and a close contact of particles in briquettes [22]. 

Detailed investigations by using SEM in combination with EDS 

were performed to connect the effect of chemical composition of recipes 

and heat treatments, with the mechanical properties of the briquettes.  

The compositions of main compounds and estimations of structures of 

powders of fly ash and AOD slag were analyzed, as well as briquettes 

based on fly ash before and after a heat treatment procedure. It was found 

that all investigated materials (powders and briquettes) contained small 

size particles (0.5–10 µm) and large size blocks having different sizes 

from 10 up to 500 µm, as shown in Figure 18.  

 

Figure 18 - Typical scanning electron microscopy (SEM) images of small particles 

(a) and large blocks (b) in investigated powders and briquettes. 

 

All compounds in the investigated materials were classified into 

three main types, based on the chemical compositions. All three types of 

compounds were observed in the base materials (fly ash and AOD slag 

(a) (b) 

 

https://www.mdpi.com/materials/materials-12-02888/article_deploy/html/images/materials-12-02888-g009.png
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powders) and in all investigated briquettes. Furthermore, different size 

blocks and small particles from the same compound types have similar 

compositions. No clear relationship between the chemical compositions 

and heat treatment could be found. However, visual investigations of 

small particles in briquettes after a heat treatment at a 850oC temperature 

showed that most of the separate particles were sintered despite their 

different compositions, as seen in Figure 19. This could explain the 

better drop test results for heat treated briquettes compared to the other 

briquettes. 

Figure 19 - Typical SEM images of small particles in fly ash powders (a) and in F80 

briquettes before (b) and after (c) a heat treatment at an 850°C temperature. 

 

3.2 Application of fly ash as slag formers in EAF stainless steel 

production (Supplement 2) 

Fly ash briquettes were used to replace primary lime lumps as 

slag formers in EAF operations. The main results from the mass balance 

calculations for the EAF trials are summarized in Table 8. The obtained 

data were used to evaluate the effect of additions of briquettes containing 

fly ash and primary lime on the output materials.  

 

(a) (b) (c) 

 

https://www.mdpi.com/materials/materials-12-02888/article_deploy/html/images/materials-12-02888-g010.png
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Table 8 – Material balance results of experimental trials in the EAF (in kg). 

*     – value obtained from mass balance calculations; 

** – % of fly ash used instead of primary lime in input materials (Eq.2) 

 

%𝐹𝐴 =  
𝑀(𝐹𝐴)

[𝑀(𝐹𝐴)+𝑀(𝑃𝐿)]
, (Eq.2) 

where M(FA) is the mass of fly ash and M(PL) is the mass of primary 

lime. 

 

The effect of replacing primary lime with fly ash on the slag 

forming as well as on process parameters used in EAF melting, 

according to the obtained results from the mass balance calculations, are 

shown in the figures below: the amount of charged slag formers (SF = 

PL + BR + Dol), per ton of steel scrap in Figure 20 and the effect of 

added fly ash (FA) charged in briquettes to replace primary lime (PL) on 

the total amount of charged slag formers per ton of steel in Figure 21. 

EAF heats  A  B C D E 

INPUT materials      

Hot-heal metal*  (HHMe) 0 2023 0 2126 0 

Hot-heal slag*  (HHSl) 0 86 0 91 0 

Scrap   7060 5460 7060 5460 6210 

Primary lime  (PL) 191 110 94 35 0 

Briquettes  

     (% of FA) ** 
(BR) 

0  

(0%) 

46  

(15%) 

118  

(30%) 

137 

(40%) 

204 

(50%) 

Dolomite  (Dol) 71 55 71 55 62 

FeSi   98 65 71 65 67 

Anthracite  (Ant) 186 130 150 150 180 

OUTPUT materials    

Metal  (Me) 5008 5015 4980 4960 4938 

Slag   484 440 446 403 253 

Dust   45.4 41.2 28.3 30.5 39.0 

Rest of metal*  (RMe) 2023 2390 2126 2571 1307 

Rest of slag*  (RSl) 86 74 91 67 106 
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Figure 20 – Effect of added fly ash (FA) charged in briquettes to replace primary 

lime (PL) on the total amount of charged slag formers per ton of steel scrap. 

 

Figure 21 – Effect of added fly ash (FA) charged in briquettes to replace primary 

lime (PL) on the total amount of slag  per ton of steel. 
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In these figures, and below, M(FA) is the mass of fly ash, or 

respective component, in the input and output materials. The use of fly 

ash to replace primary lime increases the amount of slag formers per ton 

of steel scrap from 37.1 kg in heat A (0% FA), to 42.8 kg in heat E (50% 

FA). On the other hand, the total amount of slag per ton of steel melt in 

EAF can be decreased from 81.1 kg in heat A, to 57.6 kg in heat E. Fly 

ash contains ~15.8% SiO2 and ~8.9% Al2O3, which can lower the 

melting temperature of the slag. This, in turn, will lead to a faster 

formation of a liquid slag. This could lead to a better protection of the 

steel melt from the surrounding air and a decreased oxidation and 

transfer of elements such as Fe, Mn and Si from the steel melt to the slag. 

Furthermore, the liquid slag decreases the amount of dust, as seen in 

Table 8. When the replacement ratio was 40% FA, the amount of dust 

was decreased by 33% compared to the reference heat (A). Furthermore, 

when the replacement ratio was 50% FA, the dust was decreased by 14% 

compared to the reference heat (A). Moreover, increased additions of fly 

ash resulted in increased amounts of produced steel, while the final slag 

amounts decreased in the EAF pilot trials. 

Ferro silicon (FeSi) is added in EAF steelmaking to enable a 

formation of an EAF slag with a proper concentration of SiO2, as well as 

for alloying of steel with Si. Fly ash consist of  ~15.8% SiO2, and the 

amount of FeSi added in the EAF pilot trials was decreased from 13.9 

kg/ton to 10.1 kg/ton of scrap with an increase of charged fly ash, as seen 

in Figure 22. Similar contents of Si in EAF steel can be obtained by 

different ratio of fly ash and FeSi, as seen in Figure 23. For instance, the 

similar contents of Si (0.48 and 0.42%) in the steels of heats A (0% FA), 

D (40% FA) and E (50% FA) were obtained when 13.9, 11.9 and 10.8 

kg of FeSi was added per ton of scrap, respectively. This means that, to 

reach the required concentrations of Si in the steel, and SiO2 in the slag, 

the amount of added FeSi can be decreased by almost 3 kg/ton of scrap 

when 50% fly ash is charged together with primary lime instead of 

charging only primary lime. 



33 

 

Figure 23 – Final concentration of Si in steel in different EAF pilot heats. 

 

 

 

Figure 22 – Amount of FeSi added per ton of scrap as a function of the 

fractions of fly ash in the added slag formers. 
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Fly ash contains ~0.40% of S, meaning that the addition of fly ash 

as a slag former can increase the amount of S in the slag forming materials. 

Therefore, the S distributions in input and output materials were 

determined. The results of the chemical composition determinations for 

different fly ash additions are given in Table 9. 

 

Table 9 – Frequency of S in input and output materials of experimental EAF trials. 

 

As can be seen, the fraction of S charged with slag formers in heat 

A (0% FA) corresponds to only 6%, while in heat E (50% of FA) 16% of 

S were charged with the slag formers of the total amount of S in input 

materials. In heat E, 13% was derived from the fly ash additions. 

Moreover, it was found that the percentage of S in the final slag of output 

materials can be increased from 19% (heat A) up to 58% (heat E) with an 

increased amount of charged fly ash, as shown in Figure 24. This means 

that the amount of S in the slag can be significantly increased with an 

increased amount of fly ash to replace primary lime. In heat A, the S 

content in the slag was 0.092%, while in heat E, the S content was 0.459%, 

which corresponds to a ~500% increase of the S content in the slag. The 

actual distribution coefficient of S in the slag and steel (L = (%S)/[%S]) 

EAF heats                                            A B C D E 

INPUT (in %)       

 S from metallic charge  SMeCh 54 55 48 51 40 

 S from anthracite  SAntr. 40 35 39 34 44 

 S from slag formers  

   (from added FA in 

briquettes) 

SSF 
6 

(0) 

10 

(3.2) 

13 

(8.0) 

15 

(8.1) 

16 

(13.0) 

OUTPUT (in %)       

 S in metal SMe 62 58 61 47 38 

 S in slag SSlag   19 24 28 42 58 

 S in dust SDust   19 18 11 11 4 

 LS=(%S)/[%S]  4.00 6.13 6.07 14.47 16.39 

 Basicity of slag     

(= %CaO/%SiO2) 
BSlag 1.44 1.53 1.62 1.69 1.81 

S content in slag,  % (%S) 0.092 0.098 0.170 0.275 0.459 
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is shown in Figure 25 as a function of added fly ash and basicity of slag 

(BSlag). As seen in the figure, the L value is four times larger for heat E 

than it is for heat A. Furthermore, it should be pointed out that the basicity 

of the slag  (BSlag = %CaO / %SiO2) increased from heat A (BSlag=1.4) to 

heat E (BSlag=1.8), and the FeO and MgO contents in the final slag 

decreased from 2.64 to 0.65% and from 1.80 to 0.42%, respectively with 

an increased amount of added fly ash. This indicates a significant 

improvement of desulphurization efficiency of the liquid steel in these 

EAF pilot trials. It can be explained by a faster formation of liquid slag 

during the EAF process with an increased amount of charged fly ash, as 

was mentioned above. As a result, the faster formation of liquid slag 

promotes a faster and more complete desulphurization process in the EAF. 

 

Figure 24 – Effect of replacing primary lime with fly ash in the EAF charge on the 

distribution of sulphur in the output slag and metal. 
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Figure 25 – Distribution coefficients of S in the slag and steel (L = (%S)/[%S]) in 

different EAF pilot heats as a function of the added fly ash content and basicity of 

slag (BSlag). 

 

Fly ash contains on average 0.26% of P, which is much higher compared 

to that in the primary lime (0.01%) and dolomite (0.05%). Thus, the use 

of fly ash as slag formers to replace primary lime can significantly 

increase the amount of P in the input materials. The frequency of P 

distributions in input and output materials are given in Table 10 for the 

EAF pilot trials with various amounts of fly ash added. 

 

0

5

10

15

20

0 10 20 30 40 50 60

L
 =

 (
%

S
) 

/ 
[%

S
]

Heat A

(B=1.4)

Heat B

(B=1.5)

Heat C

(B=1.6)

Heat D

(B=1.7)

Heat E

(B=1.8)

M(FA)/[M(FA)+M(PL)]x100%,   %



37 

 

Table 10 – Frequency of P in materials of experimental trials in the pilot EAF. 

 

As seen above, the fraction of P charged in heat A (0% fly ash) 

corresponds to only 1%, while in heat E (50% fly ash) it was 5.8% of the 

total P in the input materials. In heat E, the amount of P that originate from 

fly ash is 5%. Thus, the main source of P in the input material is the 

metallic charge for all EAF pilot trials (from 98.0% in heat A to 92.8% in 

heat E). However, it was found that the P fraction in the slag in the output 

materials decreased from 7.7 to 4.3% even though the contents of P2O5 in 

the final EAF slag are almost similar. This can be explained by the lower 

amounts of final slag per ton of steel, as discussed above. Furthermore, by 

the lower contents of FeO and MnO in the slag, which promotes a 

dephosphorisation of the steel melt. Moreover, the content of P in the final 

steel increased slightly with additions of fly ash, as seen in Table  10. 

Hence, replacing primary lime with fly ash only slightly increases the 

content of P, from 0.032% P in heat A (0% FA) to 0.033% in heat E (50% 

FA), in the final EAF steel.  

As was mentioned above, it is important to protect the steel melt 

from contact with the surrounding air to avoid reoxidation and to empower 

a desulphurization process of the liquid steel. This is facilitated by fast 

formation of liquid slags. Slag samples were taken at multiple times 

during the EAF process for all heats, and the samples from heat A, C and 

E, taken before tapping were investigated by using SEM in combination 

EAF heats  A B C D E 

INPUT (in %)       

  P from metallic charge PMeCh 98.0 96.3 95.4 94.6 92.7 

  P from anthracite PAntr. 1.0 1.0 1.1 1.0 1.5 

  P from slag formers 

   (from added FA in 

briquettes) 

PSF 
1.0 

(0) 

2.7 

(1.0) 

3.5 

(2.6) 

4.4 

(2.8) 

5.8 

(5.0) 

OUTPUT (in %)       

  P in metal PMe 91.3 93.3 93.8 94.2 95.5 

  P in slag PSlag   7.7 5.8 5.9 5.4 4.3 

  P in dust PDust 1.0 0.9 0.3 0.4 0.2 

LP=(%P)/[%P]  1.04 0.90 0.83 0.91 0.79 

Content of P in steel,   % [%P] 0.032 0.034 0.036 0.034 0.033 



38 

 

with EDS analysis to determinate to amounts of undissolved slag forming 

components as well as contents of S in different slag phases. The results 

from the investigations showed that the briquettes were completely 

dissolved in the molten slags in heats C and E. All slag samples contain 

the following main components: i) spherical metal droplets (Ø ~0.2-210 

µm), ii) irregular pieces of MgO refractory (~20-150 µm), iii) regular and 

irregular Cr2O3-MgO-Al2O3 particles (~4-35 µm) and iv) slag phases 

(Slag-1 and Slag-2) formed during a fast solidification of liquid slag 

samples.   

The metal droplets contained 0.06 to 3.23% of S. The fast-

solidified Slag-1 phase contained only low amounts of S (in the range 0-

0.16% in heat A and of 0-0.31% in heat E). At the end of the solidification, 

a Slag-2 phase is formed. This can contain larger amount of S, as shown 

in Table 11. 

Table 11 – Main elements in slag phases of investigated slag samples. 

 

In heat A, the S content in Slag-2 phase varies in the range of 0-

0.21%, while in heat E, it varies in the range of 0-2.01%. It is important 

to point out that the S content increased over time in Slag-2 phase during 

desulphurization. The sample of the first melted slag in heat E contained 

0.2-1.27% of S, while the sample taken just before tapping of the steel 

contained 0.56-2.01% of S.  

A faster formation of liquid slag in the EAF, and better slag 

parameters regarding sulphur refining of steel,  promotes a faster and more 

complete desulphurization process and this can explain the better 

desulphurization of the steel in heat E (50% fly ash) compared to that in 

heats A and C. 

 

Phase CaO SiO2 MgO Al2O3 S 

Metal droplets    0.06-3.23% 

Slag-1 47-55% 27-34% 9-13% 5-11% 0-0.31% 

Slag-2 39-45% 28-31% 5-10% 13-24% 0-2.01% 
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3.3 Using fly ash and calcined lime mud as lime source in AOD 

converter (Supplement 3) 

By considering the CaO amounts from the input materials (slag 

transferred from the EAF, the dolomite and the lime-containing materials) 

and the chemical compositions of slag after the reduction stage, the slag 

amount after the reduction stage can be calculated. The amount of steel 

after the reduction stage was calculated by considering the steel melt 

tapped into the AOD converter as well as the Cr and Ni balances before 

and after the reduction stage. The calculated amounts of the metal and slag 

after the reduction stage, as well as the slag/steel mass ratio for all the six 

AOD heats are shown in Table 12. 

Table 12 – Calculated amounts of metal and slag after the reduction stage as well as 

the slag/steel ratio. 

 

From the table above, it can be seen that there is an overall trend 

that an increased use of secondary lime result in an increased slag amount, 

especially when fly ash briquettes are used. This can be explained by the 

lower CaO content in the fly ash compared to that in primary lime, 

meaning that larger amounts of these materials are required to reach the 

desired basicity, which is ~1.5 in this study. Therefore, the acceptable slag 

amount in the AOD converter could limit the replacement ratio of calcined 

lime mud and fly ash.  

To characterize the speed of the decarburization process in the 

AOD converter, Carbon Removal Efficiency (CRE) defined in Eq. 3, was 

considered. The process time could be shortened, the use of injected gas 

decreased, and the oxidation of Cr lowered when the CRE value is high. 

Heat 

ID 

Steel amount after 

reduction [kg] 

Slag amount after 

reduction [kg] 

 

Kg slag /ton steel 

H1 4910 615 125 

H2 4925 682 138 

H3 4839 593 123 

H4 4910 666 136 

H5 4898 685 140 

H6 4886 726 149 



40 

 

Thus, this would improve the productivity and reduce the consumption of 

FeSi75 and lime [23], and vice versa.  

𝐶𝑅𝐸 = (
𝑚𝐶

𝑀𝐶
×

𝑉𝑚

2
)/𝑉𝑂2,             (Eq. 3) 

where mC is the amount of the carbon removed from the steel melt, 

which is equal to the sum of carbon in the emitted CO and CO2; MC is 

molar mass of carbon; Vm is molar volume of gas, being 22.4 L/mole at a 

standard temperature and pressure; VO2 is the volume of blown oxygen 

during the decarburization stage.  

 

The CRE value for each heat can be calculated by using the logged 

data for CO and CO2 gas and the accumulative injection volume of oxygen 

with time. To compare the CRE values among different heats with 

different replacement ratios of CaO from fly ash and calcined lime mud 

the heats H1, H3 and H4 were selected. The reason to select these heats 

for the comparison is that the initial conditions with respect to the silicon 

content, carbon contents and temperature are quite similar. Figure 26 

shows the comparison results. It is seen that that the change of the CRE 

value with time follows a similar trend in the given three heats; the 

discrepancy is attributed to the slight difference in the initial conditions. 

In Figure 26, the carbon content decreases and the steel melt temperature 

increases with an increased treatment time; they are attributed to the 

sequentially combustion and oxidation of Si, C and Cr in the steel melt. 

By taking the heat H1 as the reference, it can be concluded that the use of 

secondary lime does not have any negative effects on the decarburization 

process in heats H3 and H4. 
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Figure 26 – Comparison of the Carbon Removal Efficiency (CRE), carbon content 

and temperature among heats H1 (reference heat), H3 and H4 during the 

decarburization stage. 

 

The desulphurization efficiency can be defined as follows in Eq.4: 

 

η = 1 − (m × C[S])/m(S), (Eq. 4) 

where η is the desulphurization efficiency, m is the steel melt 

weight, C[S] is the sulphur content in the steel, and m(S) is the total input 

of sulphur from the materials charged into the AOD converter. 

 

The mass balance of the sulphur distribution in the metal, and the 

sum of the ingoing sulphur contents from all charged materials by the end 

of the reduction process can be used to calculate the desulphurization 

efficiency for all six heats in the AOD converter. The results from the 

calculations are shown in Figure 27, along with the basicity and silicon 

contents. The desulphurization of the steel, the basicity and the oxygen 

potential are closely related. The oxygen potential of the liquid steel is a 

function of the silicon content and temperature of the steel bath. It can be 

seen that the desulphurization efficiency follows a similar trend, as that of 

the silicon content and especially the slag basicity. 
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Figure 27 – Desulphurization efficiencies of different heats after the reduction stage. 

 

The desulphurization efficiency in the reference heat reached 87%. 

In the two heats with comparable slag basicities, H5 and H6, the 

desulphurization efficiency reached 85%. This illustrates that the 

desulphurization process is as efficient when these secondary lime 

materials are used, as it is when primary lime is used. For the other heats, 

H2, H3 and H4, the differences in desulphurization efficiency may be 

explained by inequalities in slag basicities and silicon contents in the steel 

melt.  

In this study, the S and P levels in the final steel are of particular 

importance. The input of S and P from the charge materials, as well as the 

S and P contents in the steel after the reduction stage sets the level for the 

final values of S and P. It is impractical to lower the levels of S and P after 

the desulphurization stage. This is why the levels are critical at this point.  

The final desulphurization stage was carried out after the reduction 

stage in selected heats, (H2, H4, H5 and H6) by deslagging the reduction 

slag and adding 40 kg of primary lime and 20 kg of fluorspar. As seen in 

Figure 28, the S levels in the steel were reduced to concentrations 20-40 

ppm. On the other hand, the P contents in the steel increased after the 

desulphurization stage, as can be seen in Figure 29. This can be due to the 

reversal of P from the left-over reduction slag [24]. 
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Figure 28 – S content in the steel after the reduction stage and after the 

desulphurization stage.  

 

 

Figure 29 – P content in the steel after the reduction stage and after the 

desulphurization stage. 
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4  CONCLUDING DISCUSSION 

The thesis focuses on the evaluation of possibilities to partly 

replace primary lime with secondary lime from pulp and paper production 

wastes in metallurgical processes: with an emphasis on the electric arc 

furnace and argon oxygen decarburization converter. However, in steel 

making processes, it is very important to control the chemical composition 

of the steel. High levels of phosphorus and sulphur lowers the corrosion 

resistance, decreases the weldability, and makes the final steel brittle. 

Especially, sulphur can successfully be refined in the process by using 

lime. A more sustainable solution than using primary lime would be to 

replace it with secondary lime. 

This thesis consists of three supplements, which focuses on the 

possibilities to make briquettes of the secondary lime-containing wastes 

from pulp and paper industries such as lime mud, calcined lime mud and 

fly ash, using AOD slags as binder (supplement I), as well as the effect of 

partly replacing primary lime with secondary lime in EAF (supplement II) 

and AOD converters (supplement III). The results and applications of the 

studies are summarized in Table 13. 

It was revealed in this study that is possible to use AOD slags (up 

to 20%) as binders in metallurgical briquettes if a heat treatment at a 

850oC temperature of the briquettes is applied. When primary lime is 

partly replaced with fly ash (up to 50%) as slag formers in EAF operations, 

a faster formation of liquid slag, a faster and full desulphurization is 

achieved, and less FeSi alloying additions are needed. As for the AOD 

converter trials, it can be concluded by referring to the S content in the 

steel after the reduction stage and the attainable S content in the steel after 

the desulphurization stage, that the S content in the steel can be controlled. 

In addition, the S content from the secondary lime is not a big issue in the 

present study. However, the P content in the steel increases gradually with 

an increased input of P from the secondary lime as well as from the 

subsequent processing stages. To meet specific requirement of P in the 

steel, the replacement ratio of secondary lime is limited by the acceptable 

P level in the steel due to high P content in the secondary lime. 

 However, in the respective supplement more detailed descriptions 

of the results can be found.  
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Table 13 – Overview of the results of the supplements (S). 

Study Results Main results S 

Design and 

additional 

treatment of 

laboratory scale 

metallurgical 

briquettes using 

AOD converter 

slag as binders. 

Characterization 

of laboratory 

scale 

metallurgical 

briquettes. 

 Determination of recipes 

for briquettes. 

Production of laboratory 

scale briquettes. 

Improved mechanical 

properties of metallurgical 

briquettes. 

 The determined chemical 

composition of different 

compounds before and after 

heat treatments do not 

reveal clear relationships 

between the chemical 

compositions and the heat 

treatment. 

An addition of AOD slag as a 

binding agent does not improve the 

impact strength of briquettes when 

no additional treatment is applied. 

An addition of 10-20% AOD slag 

in combination with heat treatment 

at a 850oC temperature can 

significantly improve the impact 

strength of metallurgical briquettes 

(from 0 up to 92% retained weight 

after seven drops). 

Small particles in the briquettes 

were sintered during heat treatment 

despite different chemical 

compositions. 

 

I 

Influence of using 

waste products as 

secondary raw 

material as slag 

formers in EAF.  

Chemical composition of 

metal and slag. 

Dissolution rate of 

briquettes/secondary lime. 

 

Slightly increased S and P contents 

in steel. 

Faster and more complete 

desulphurization process. 

Decreased need for FeSi alloying 

additions. 

Faster formation of liquid slag. 

Well dissolved lime material. 

 

II 

Influence of using 

lime mud and fly 

ash as secondary 

raw material as 

slag formers in 

AOD converter  

Chemical composition of 

metal and slag. 

Decarburization efficiency. 

Reduction efficiency. 

Desulphurization efficiency. 

Slag amount. 

Larger amount of slag. 

No negative effect on 

decarburization nor reduction in 

AOD converter. 

As efficient desulphurization 

agents as primary lime. 

Higher S and P content in steel. 

 

III 
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5 CONCLUSIONS 

 

5.1 Briquetting of Wastes from Pulp and Paper Industries by Using 

AOD Converter Slags as Binders (Supplement 1) 

Three different CaO-rich waste materials (lime mud/mesa, 

calcined lime mud and fly ash) from pulp and paper production, and 

pulverized AOD converter slag as a binding agent, were pressed into 

laboratory scale metallurgical briquettes. Drop testing were used to study 

the mechanical strength of briquettes with different chemical 

compositions, holding times in air and heat treatment conditions at a 500 

and a 850oC temperature. The mechanical strength of the metallurgical 

briquettes were compared to the mechanical strength of conventional lime 

lumps, used as slag formers in EAF and AOD operations. All results were 

evaluated as the retained average weight (RW) after seven drop tests. 

Based on the results of this study, the following specific conclusions can 

be made: 

 

 10-20% additions of AOD slag in briquettes containing any of 

the three types of base material, does not improve the impact 

strength if no additional heat-treatment was applied. 

 

 Lime mud/mesa briquettes containing 10% AOD slag, stored 

in open atmosphere for 35 days, were destroyed in the drop 

tests. Calcined lime mud briquettes containing 10% AOD 

slag, stored in open atmosphere, fell apart during storage and 

could not be tested. Fly ash briquettes containing 10% AOD 

slag, stored for 20 or 35 days in an open atmosphere, are up to 

3.5 times stronger than those briquettes, which did not get 

additional treatment. 

 

 Lime mud/mesa briquettes without addition of AOD slag 

showed an improved impact strength (from 0% up to 74% 

RW) after heat treatment at a 850oC temperature. Calcined 

lime mud briquettes without addition of AOD slag, showed an 

improved impact strength (from 0% up to 28% RW) after heat 
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treatment at an 850oC temperature. The impact strength of 

briquettes containing 100% fly ash was not improved after 

heat treatment at a 850oC temperature. 

 

 Lime mud/mesa briquettes containing 10% AOD slag showed 

an improved impact strength (from 2% up to 28% RW) after 

heat treatment at a 500oC temperature. Furthermore, 

briquettes heat treated in 850 oC showed a significant 

improvement (91% RW). Calcined lime mud briquettes 

containing 10% AOD slag did not show an improved impact 

strength after heat treatment at 500oC (0-1% RW), while 

briquettes heat treated at 850oC showed a significant 

improvement (52% RW). Fly ash briquettes containing 10% 

AOD slag showed an improved impact strength (from 17% up 

to 47% RW) after heat treatment at 500oC, while briquettes 

heat treated at 850 oC showed an even more improved impact 

strength (63% RW). A combination of adding 10-20% AOD 

converter slag and using a heat treatment at a 850oC 

temperature can improve the impact strength of the briquettes 

based on CaO-containing wastes from pulp and paper 

industries, from 0% up to 92% RW. 

 

    Lime mud/mesa briquettes containing 10% AOD slag, heat 

treated at a 850 oC temperature, and fly ash briquettes 

containing 20% AOD slag have much better (91-92% RW) 

mechanical properties than conventional lime lumps used in 

EAF and AOD converter processes. Lime mud briquettes 

containing 10% AOD slag, heat treated in 850 oC (52% RW), 

show similar mechanical properties compared to lime lumps 

for AOD operations (23% RW), and lime lumps for EAF 

operations (60% RW). 
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5.2 Application of fly ash as slag formers in EAF stainless steel 

production (Supplement 2) 

Experimental trials were carried out in a pilot EAF. Different 

amount of briquettes, which contained 50% of fly ash obtained from 

pulp/paper industry and 50% of primary lime, were added as a slag former. 

Some characteristics of slag forming during EAF melting, mass of 

required FeSi and distributions of S and P between metal and slag were 

investigated as a function of amount of fly ash added instead of part of 

primary lime. The obtained results can be summarized as follows: 

 

 An increased amount of fly ash in charge can decrease the total 

amount of slag per one ton of obtained EAF steel. It can be 

explained by the faster formation of liquid slag in EAF, since the 

added fly ash contains about 15.8% SiO2, 8.9% Al2O3 and some 

other components. This, in turn, can significantly decrease the 

melting temperature of the slag. Moreover, oxidation of Fe, Mn 

and Si in the steel melt and their transfer to slag decreases. 

 

 The amount of FeSi alloy added for getting the required 

concentrations of Si in the steel and SiO2 in the slag can be 

significantly decreased (~3 kg/t of scrap) by charging 50% FA 

instead of primary lime. 

 

 Though the addition of fly ash (containing 0.4% of S) can 

increase the content of sulphur in the charged slag former 

materials, the S content in the final EAF slag before tapping 

increases from 0.092% in heat A (0% FA) up to 0.459% in heat 

E (50% FA). It can be explained by a faster formation of liquid 

slag in the EAF, which promotes a faster and more complete 

desulphurization process at decreased amount of slag per ton of 

steel. 

 

 Since the fly ash contains on average 0.26% of P, an addition of 

fly ash in the EAF instead primary lime can increase the 

phosphorus content in charged materials.  However, the content 

of P in the final steel in the EAF pilot trials increased only 
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slightly with increased additions of fly ash, from 0.032% (0% fly 

ash) to 0.033% (50% fly ash). 

 

 Fly ash and primary lime added as briquettes in the EAF pilot 

trials were completely dissolved in the melted slag. The S 

content in some slag phases (Slag-2) can increase considerable 

(up to 0.6-2.0% of S) with an increased amount of fly ash 

instead of primary lime.  

 

5.3 Using fly ash and calcined lime mud as lime source in AOD 

converter (Supplement 3) 

Fly ash and calcined lime mud were pressed into briquettes and 

tested as slag formers in six heats in experimental trials in a pilot five-ton 

AOD converter for stainless steelmaking. The aim was to evaluate the 

feasible replacement ratio of primary lime with these secondary lime-rich 

materials. The main focus was on how the S and P distribution between 

the metal and slag was affected. Based on the results, the following main 

conclusions can be drawn: 

 

 Secondary lime contains a lower amount (61.5 to 90.6%) of CaO 

compared to primary lime (95.2% CaO). This would require the 

use of larger amounts of secondary lime compared to primary 

lime, to reach the required basicity of the slag. This would, in 

turn, lead to higher amounts of slag produced in the AOD 

converter. 

 

 Use of fly ash and calcined lime mud do not have negative 

effects on the decarburization process nor the reduction process 

in the AOD converter. 

 

 Fly ash and calcined lime mud are as efficient desulphurization 

agents as primary lime. 

 

 The S and P contents in steel when using fly ash and calcined 

lime mud are much higher (0.037 to 0.041% P and 0.005 to 

0.012% S after the reduction stage) then when using only 
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primary lime (0.036% P and 0.004% S after the reduction stage). 

The S content in the steel can be controlled and significantly 

decreased during the reduction and desulphurization stages. 

However, the P level in the steel increases with an increased use 

of secondary lime. 

 

 Compared to the reference heat, using only primary lime, there is 

no noticeable difference in oxidation of chromium and nickel 

when using secondary lime. 

 

 The replacement ratio of secondary lime in the AOD converter is 

limited by the accepted phosphorus level in the steel, and the 

amount of produced slag. 

 

 High amounts of alkali metals and variations in chemical 

composition in the secondary lime need to be considered in 

future when using these secondary lime materials in 

metallurgical processes. 
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6 FUTURE WORK 

More research on the possibilities to use secondary carbon-containing and 

lime-containing matererials from pulp and paper production wastes for 

injection in iron and steelmaking processes can give better understanding 

of the possibilities to use these wastes. Also, more research on briquetting 

techniques for mixed biosludge and fiber reject are needed. 

Research on how to use CaO-containing materials for neutralization of 

acidic wastewaters from steel mills could provide another way for 

efficient utilization of pulp and paper waste products .  

Industrial trials can provide a better understanding of the effect of 

addition of secondary lime-containing materials on different process 

parameters.  
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