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Abstract 

Today, a huge part of waste products from pulp and paper industries ends up in 
landfill which is both economically and environmentally adversely. This report 
examines the possibilities of using those products as a slag foamer and fuel in 
different furnaces in the metal industry. The waste products contain valuable 
elements, especially carbon. Therefore, there is an increased interest in finding 
possible use for the waste products in the metal industry. The reuse would contribute 
to preservation of energy as fossil fuel can be replaced. In the report, two waste 
materials called mixed biosludge and fiber reject are examined. The experiments are 
performed with the waste products pressed together with a base material and cement 
forming a briquette. The requirements examined are strength needed for both 
transportation and use in furnaces and ability to create a foaming slag. The results in 
strength were ambiguous, no waste material based briquettes met the set criteria. As 
of now, the briquettes are probably not strong enough to be transported. No foaming 
occurred during the experiment, but only one experiment was performed. Therefore, 
further experiments are needed before any conclusions can be drawn. The briquettes 
can possibly replace coke and coal in applications where strength is not as important. 
Nevertheless, it is uncertain if the briquettes affect the steel quality. 

Sammanfattning 

Idag läggs en stor del av restprodukter från pappers och massaindustrin på deponi, 
vilket innebär såväl ekonomiska som miljömässiga nackdelar. Den här rapporten 
undersöker möjligheterna att använda dessa restprodukter som slaggskummare och 
bränsle i de olika ugnarna inom metallindustrin. Restprodukterna innehåller värdefulla 
ämnen, framförallt kol. Därför finns det ett ökat intresse för att hitta möjliga 
användningsområden för restprodukterna inom metallindustrin. Denna 
återanvändning skulle bidra till energibevarande eftersom fossila bränslen kan 
ersättas. I den här rapporten undersöks två restmaterial, blandat biologiskt slam och 
fiberavfall. Experimenten utfördes med dessa restprodukter pressade samman med 
ett basmaterial och cement till en brikett. Kraven som undersöks är styrka för både 
transport och användning i ugnarna samt förmågan att skumma en slagg. Resultaten 
för briketternas styrka var tvetydiga, inga av briketterna innehållande restprodukter 
satisfierade det uppsatta kriteriet. Styrkan är troligtvis för låg för att transport ska vara 
möjlig. Ingen skumning skedde under experimentet, men endast ett experiment 
genomfördes. Därför behöver ytterligare experiment genomföras innan några 
slutsatser kan dras. Men briketterna tros kunna ersätta koks och kol där styrkan inte 
är viktig. Men det är osäkert om briketterna påverkar stålkvaliteten. 

 

Keywords: pulp and paper waste products, recycling, biosludge, fiber reject, drop 
test, slag foaming with briquettes, circular materials 
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1 Introduction 

This study is a part of a larger project which is a collaboration between the pulp and 
paper industry, steel and metal industry, automotive industry, forest industry, research 
institutes and universities. The name of the project is OSMet stage 2 and it is a 
VINNOVA project. Over the course of two years from 2017 to 2019, these industries 
and institutes are to examine and develop a method for putting pulp and paper waste 
products to use in steel-making industries [1]. The project has the goal to replace the 
amount of virgin material needed by 5% in the production of steels. This is done by 
reusing waste products from the pulp and paper industry and thereby reducing the 
carbon dioxide footprint by decreasing the amount of virgin material introduced to the 
carbon life-cycle. The virgin materials referred to are coke, coal and limestone [1, 2]. 

Sustainable solutions are a key part of today’s industry for both economic and 
environmental reasons. Thus, if this project succeeds the Swedish industry can annually 
reduce the waste products put in landfills with up to 350 kilotons, the carbon dioxide 
emissions up to 270 kilotons and at the same time it would reduce the need for virgin 
materials [2]. Nevertheless, a problem is that the waste products contain too high levels 
of the undesired elements sulphur and phosphorus. These elements generally lower the 
quality of the steel, making it more brittle, less weldable and more susceptible to cracks 
[3, 4, 5]. 

The aim of the project is to reduce the need for virgin materials while reducing 
greenhouse gases and waste put in landfills. Thus, creating a more sustainable 
society when saving resources that could then be used for other applications. The 
production of coal, which is used in the production of steels today, generate lots of 
different pollutions, some include mercury, sulfide dioxide, particles and nitrogen 
oxides. These compounds can be linked to acidifying of water systems, negative 
effects on the human health and the increase of global warming [6]. In conclusion, it 
is great that the demand for recycled materials is increasing. 

This specific project is only a part of the OSMet stage 2 project and focuses solely on 
the waste products called mixed biosludge and fiber reject. These waste products 
mainly contain carbon and are only a possible replacement for coal and coke. 
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2 Background 

2.1 Pulp and Paper Production 

In 2016 alone, the world produced 181 million tons of pulp [7]. 25% of those 181 million 
tons were produced in Europe. Furthermore, Sweden produced 3.9 million tons of pulp 
[8]. USA is the largest producer with close to 50 million tons, China comes second with 
16.2 million tons produced. Updated sources now state that the production of pulp in 
Sweden in 2017 has increased to 4.3 million tons, owing to an increase in production 
capacity during 2016-2017 [8].  

In 2016 a total of 411 million tons of paper were produced in the world. 26% which 
corresponds to 107 million tons of the paper produced were European made and 
Sweden produced 10.1 of those 107 million tons [7,8]. China stands for the largest part 
of the paper production with a total of 111 million tons yearly. In 2017, Sweden’s paper 
production increased to 10.3 million tons [8]. 

The production of pulp and paper generates solid waste, generally termed sludge, both 
organic and inorganic. It is due to the amount of valuable elements like carbon in the 
sludges, that they could be useful in the steel industry as a replacement for virgin 
materials in the metallurgical furnaces. A study from 1995 concludes that 1.5-6.5 kg per 
100 kg produced pulp turns into solid waste [9]. However, newer studies conclude that 
generally 1 kg of sludge is produced per 100 kg of pulp [10, 11]. In the year 2002, it 
was estimated that 22% of the waste products were put in landfills, meaning a 
decrease of almost 50% from 1990 when the figure was 43% [12]. Some possible 
adaptations for the carbon-rich sludges are: 

● Fuel [11] 

● Substitute for coal and coke [1] 

● Slag foaming [13] 

2.2 Organic Sludge 

There are different kinds of waste products formed in the pulp and paper mills. Below 
are some of the solid waste products listed. 

● Fiber rejects 

● Green liquor sludge, dregs and lime mud 

● Wastewater treatment sludge 

● Chemical flocculation sludge 

● Deinking sludge 

● Primary sludge 

● Secondary sludge 
[14] 
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The waste products differ in composition and arise in separate steps in the pulp and 
paper making. The solid waste contains different elements which could be classified 
as hazardous, this would mean regulations when handling and transporting. This 
report focuses on two kinds of solid wastes; fiber reject and mixed biosludge. These 
solid wastes have a high carbon content, and could therefore be used as a substitute 
for coke and coal. The problem with utilizing these in the metal industry is the high 
phosphorus and sulphur content. 

2.2.1 Fiber Reject 

Fiber reject is derived from recycled paper [14, 15]. It mainly consists of fibers and 
impurities from stamps, fillers and other chemicals, the nature of fiber reject can be 
seen in figure 1. It is filtered off and usually incinerated in the bark boiler [15] and 
used as an energy resource, due to its significant heating value of 22-24 MJ/kg [14]. If 
incinerated, fossil fuels can be replaced [16] in the pulp and paper mills [17]. The fiber 
reject generally contains about 30% carbon [18].  

 

The moisture content of the fiber reject is generally relatively low, which means that it 
is easy to dewater [14]. The ability to dewater the fiber reject is of great importance 
for the environmental impact. Because when dewatered, the total weight of the fiber 
reject decrease and less waste have to be transported to landfills or other 
applications, which also affects the cost in a positive matter [19]. 

2.2.2 Biosludge 

Biosludge is generated from treatment of wastewater. Mixed biosludge contain both 
primary sludge and biosludge/secondary sludge [14, 15]. The primary sludge is 
recovered from the primary clarifier, often consisting of sedimentation, filler and fines. 
The clarified water moves along to the secondary clarifier where the secondary sludge 
is produced, microorganisms are used to convert waste to water and carbon dioxide 
while consuming oxygen [9]. The primary sludge is easy to dewater whereas the 
secondary sludge is difficult to dewater due to the fact that the water is contained within 
the cell walls of the microorganism which also makes it hard to dry [14, 15]. This is why 

Figure 1. Dewatered fiber reject. 
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the secondary and primary sludge are often blended together, as can be seen in figure 
2 and this allows for sufficient dewatering before landfilling [14]. 

 

Figure 2. A general flowchart over the wastewater treatment in pulp and paper mills, where the biosludge is 
generated as a mixture of primary and secondary sludge [9]. 

The secondary sludge could undergo hydrothermal carbonization (HTC)-treatment. 
HTC-treatment allows for a change in structure of the sludge by removing bound 
oxygen and hydrogen as well as intracellular water, meaning that water trapped 
inside the cell walls of the microorganism can leave, resulting in a higher amount of 
carbon compared to the remaining elements [20]. The HTC-treatment is 
accomplished under a fixed temperature and pressure and under these 
circumstances gases, such as carbon dioxide and carbon monoxide are generated 
together with water and biocoal. 

The secondary sludge could be landfilled right away, but the risk of contaminating the 
surrounding area and groundwater would be high due to the risk of soluble compounds 
leaking. It could also be used for improving organic fertilizer if no halogens are present in 
the sludge [14]. Biosludge has a heating value of 1-3 MJ/kg [21], making energy 
recovery from combustion non-beneficial. The mixed biosludge contains up to 45% 
carbon [15]. Figure 3 shows moist mixed biosludge with some amount of ash. 

  Figure 3. Moist mixed biosludge with ash. 
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The mixed biosludge is referred to as biosludge throughout this report and thus consist 
of both primary and secondary sludge/biosludge. 

2.3 Briquetting 

After the dewatering and drying of the organic sludge, a dry material or powder is 
obtained. Those are a non-beneficial form due to the fact they are complicated to 
operate and would result in large material losses. To avoid this problem, the powder or 
material can be pressed into briquettes and their mechanical strength can be increased 
by adding different binders. By this procedure, the briquettes should be able to 
withstand the stress from loading, unloading, transportation and charging of furnaces. 
As a result, material loss will be evaded and more material can be transported at the 
same time. 

When briquetting, a recipe needs to be determined, i.e. amount of binder, water, waste 
material and possibly other chemicals or elements for future applications. The briquettes 
are pressed and could then be cured, dried or used directly, depending on the nature of 
the components in the briquette [18]. The briquettes have two main requirements; they 
need to be able to withstand the transportation, while at the same time decompose 
easily without needing too much excess energy in the steel-making furnaces. Each 
furnace has its own specific requirements on the input materials, as seen in table 1. 

Table 1.  Requirements for the carbon-containing materials in the respective furnaces and converter 
[15, 22, 23]. 

Blast Furnace Electric Arc Furnace Cupola Furnace Converters 

Permeable to gas flow Foaming slag Energy Release Few impurities 

Low moisture Few impurities Few impurities  

Few impurities High carbon content Metal is less sensitive 
to sulphur and alkali 
metals 

 

Low alkali metals High density Permeable to gas flow  

  High compression 
strength 

 

 

2.4 Transportation of Hazardous Cargo 

In Sweden, the restrictions of transportation of hazardous cargo on road and by train are 
managed by the Swedish Civil Contingencies Agency (MSB, Myndigheten för 
samhällsskydd och beredskap) [24]. The basis of the regulation is described in the law 
(2006:263) and constitution (2006:311) [25]. MSB provides a regulation called ADR-S 
with information about classification of hazardous cargo and requirements that need to 
be fulfilled before transportation [26]. Nine different classes are defined as hazardous 
cargo. 
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● Class 1 Explosive elements and objects 
● Class 2 Gases 
● Class 3 Flammable liquids 
● Class 4.1 Flammable solid elements, self-reactive elements and solid 

desensitized explosives. 
● Class 4.2 Self-igniting elements 
● Class 4.3 Elements that develop flammable gas upon contact with water 
● Class 5.1 Oxidizing elements 
● Class 5.2 Organic peroxides 
● Class 6.1 Toxic elements 
● Class 6.2 Infectious elements 
● Class 7 Radioactive elements 
● Class 8 Caustic elements 
● Class 9 Other hazardous elements and objects 

The classification of a mixture of different hazardous elements, as the case with 
organic sludge briquettes, is done by giving the mixture the class of the element 
included corresponding to the dominating danger, according to the following order: 

● Elements in class 7 

● Elements in class 1 

● Elements in class 2 

● Desensitized liquid explosives in class 3 

● Self-reactive elements and solid desensitized explosives in class 4.1 

● Pyrophoric elements in class 4.2 

● Elements of class 5.2 

● Elements in class 6.1 that fulfills the requirements of inhalation toxicity 

● Infectious elements in class 6.2 

The briquettes will possibly be classified as hazardous cargo, meaning that regulations 
of transportation apply. All information about limiting amounts, transportation classes, 
packaging instructions and amount per package, labelling, and other special provisions 
concerning transportation, loading, unloading, management, tanks, vehicle for tanks are 
stated in table A in ADR-S, page 311 [27]. There are also regulations stated in ADR-S 
for the total amount allowed per transportation unit. The information in the table is given 
as a code, letter or number, and their meaning are described in paragraphs following 
table A. If the briquettes will classify as hazardous cargo, there will probably be special 
requirements on packaging concerning amounts of hazardous elements in both inner 
and outer packaging. 

2.5 Slag Foaming in the Electric Arc Furnace 

The electric arc furnace is used for melting scrap metal. During the process of melting, 
the refractories are exposed to high temperatures and radiation. In order to extend the 
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durability of the refractories, a foaming slag is desired. A foaming slag also decreases 
the energy loss and therefore a higher productivity is achieved. The slag needs to have 
certain foaming properties. These properties are determined by the viscosity, surface 
tension and density [27]. The foaming is achieved by injecting oxygen into the melt and 
carbon into the slag. When injecting oxygen, metals in the melt oxidizes and ends up in 
the slag i.e. metal oxides are produced. Carbon can reduce these metal oxides and 
thereby droplets of metal will be regenerated into the melt and a foaming slag is 
generated by carbon monoxide gas. The reduction of metal oxides takes place 
according to reaction 1.  

→ 																					 	       (1) 

However, some metal oxides are too stable to be reduced by carbon, for example, 
Al2O3, CaO and MgO. These compounds will therefore remain in the slag and go to 
waste, resulting in both economic and environmental disadvantages [28]. The 
injection of oxygen also contributes to the foaming by reaction 2. 

2 	 	 	 	→ 2  (2) 

One possibility to avoid the loss of elements from the melt is to use briquettes instead 
of gas injection. The briquettes would contain high amounts of carbon and reducible 
metal oxides (e.g. FeOx, MnO, CrOx) and would be dropped from the top of the electric 
arc furnace. The briquettes would descend to the interface between steel melt and 
slag where the desired reduction temperature is reached resulting in that metal oxides 
react with carbon and CO-gas is generated and therefore a foaming slag is developed, 
as reaction 3 demonstrates. By using this method, less metal from the melt will oxidize 
and go to waste in the slag. 

	 	 	 	 →  (3) 

The density of the briquettes has to be high enough for them to descend through the 
slag, to achieve an effective slag foaming [13]. Depending on the characteristics of the 
slag, the reduced metal either ends up in the melt or remains in the slag. If the slag has 
a high viscosity, the reduced metal cannot make its way into the melt and will remain in 
the slag. On the other hand, with lower viscosity the droplets descend into the melt. The 
composition of the melt will not be affected considerably by the additional metal droplets 
due to the fact that the amount of reduced metal is insignificant in comparison to the 
batch size. The problem with this technique is related to the high temperatures in the 
electric arc furnace. Different metal oxides are reduced at different temperatures and if 
the reducing temperature is reached before the briquettes descend into the slag no 
foaming will occur. In table 2, reduction temperatures for different metal oxides are 
presented. 
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Table 2. Reduction temperatures for common metal oxides [29]. 

Metal oxide Fe2O3 Fe3O4 FeO NiO Cr2O3 MnO 

Reduction 
temperature (°C) 

270 650 700 470 1220 1420 
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3 Experimental Procedures 

The strength of the briquettes was evaluated with a drop test and performed by dropping 
the briquettes from a preset height of one meter. The foaming ability was evaluated with a 
foaming experiment by adding a carbon containing briquette to a steel melt and observe if 
any foaming occurred.  

3.1 Preparation of Briquettes and Drop Test 

Three different types of briquettes were produced, resulting in three series. All series 
contained a briquetting material (BM), cement as a binder and some amount of water. The 
first series contained only BM, binder and water, the second contained different amount of 
biosludge and the third contained different amount of fiber reject. Table 3 displays number 
of briquettes produced in the different series. In total a number of 17 briquettes were 
produced, these were treated at different temperatures and durations and then drop tested. 

Table 3. Total number of briquettes produced in the different briquette series. 

Series Briquetting material 
Bx 

Biosludge based 
BIOx 

Fiber reject based 
FIBx 

Number of briquettes 10 4 3 

 

3.1.1 Preparation of Briquettes 

The briquetting material (BM) was used as a base material for homogeneity and to bind 
waste products and cement together. BM mainly contains carbon, iron oxides and other 
reducible metal oxides. The BM was first screened to get rid of larger particles which 
would have impaired the briquette. The final size of the particles was in the range of 
0.25 and 0.71 mm. Thereafter, the screened material was mixed with 8% cement into 
one homogenous powder, meaning a ratio of 92:8. One briquette was set to weight 20 
g, plus an additional splash of deionized water. The water was added to activate the 
cement before the forming. 

A mold with a diameter of 33 mm was chosen and by using a manual hydraulic press 
the mixed powders were pressed together under the pressure of 17 MPa. A total of ten 
briquettes were produced, creating the BM based briquettes (Bx-series). See 
Appendix A for exact weights. Both the used mold and a briquette can be seen in 
figure 4. 
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After forming, the briquettes underwent different treatments to evaluate which 
generated the strongest briquette. Table 4 displays which briquette in the Bx-series 
corresponds to which treatment. 

Table 4. Treatment of briquettes in the Bx-series, briquetting material based briquettes. 

Treatment Without 
HT 

Without 
HT (7 d) 

HT 80 °C
(24 h) 

HT 110 °C
(24 h) 

HT 200 °C
(1 h) 

HT 200 °C 
(1 h) and 
500 °C (1 h) 

HT 200 °C
(20 h) 

Briquette B1, B2 B5 B3 B4 B6, B8, B9 B7 B10 

 

The heat treatments were performed in standard atmosphere and the briquettes were 
heated with a rate of 10 °C per minute up to the designated temperature. When the 
treatments were finished, the briquettes cooled off in air, to room temperature. 

Firstly, seven briquettes (B1-B7) were produced to evaluate the best treatment to 
generate a strong briquette. Secondly, the briquette that produced the best result, were 
reproduced to evaluate the accuracy of the result, meaning that B8 and B9 were used 
for control tests. Moreover, B10 was used to evaluate the impact of treatment time. 

The amount of carbon-containing waste material in the briquettes is based on the 
reduction reactions 4 and 5 that occur in the metallurgical furnaces and the amount of 
carbon needed for these reactions to reach equilibrium. The calculations are derived 
with respect taken to an approximate carbon content in the BM, as well as the amount 
of carbon in the respective waste materials. The biosludge used was mixed with some 
amount of ash and the fiber reject was pure. The calculations of amount of biosludge 
were performed for pure biosludge. 

Briquette 

Figure 4. Mold used when briquetting, and a produced briquette 
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	 	 →  (4) 

	3 	 → 2Fe 3  (5) 

The calculation showed that 28.84 g biosludge and 34.77 g fiber reject were the minimum 
amounts required per 100 g FeO to achieve the equilibrium amount of carbon. See 
Appendix B for complete calculations. 

Reaction 4 provides the minimum and reaction 5 provides the maximum amount of 
carbon needed. The maximum amount of waste products per 100g FeO are 44.50 g 
and 53.64g for biosludge and fiber reject respectively. The calculation for the 
equilibrium amount for reaction 5 was performed in an equivalent manner as for the 
amount for reaction 4. In Appendix B, also the calculations of the amount of both 
phosphorus and sulphur from the respective minimum amount of biosludge and fiber 
reject is found. This is for further examinations regarding if the amounts are to affect 
the steel quality. 

For the biosludge based briquettes (BIOx-series) three different recipes were used, still 
keeping the ratio between BM+biosludge and cement (92:8). BIO1 had the calculated 
minimum equilibrium amount of 28.84% biosludge. In BIO2, 10% extra biosludge was 
added and in the third briquette, BIO3, an additional 10% biosludge was added 
meaning that BIO3 had 48.84% biosludge. The BIOx-series were manufactured and 
tested as the Bx-series, though only with the treatment that gave the best results 
meaning the highest strength. The used biosludge was moist and therefore a fourth 
briquette was produced (BIO4) with dried biosludge (dried in 100°C for 19h) and the 
same composition as BIO3. See Appendix C for exact compositions. 

The same method was used for the fiber reject based briquettes (FIBx-series). Similar 
to the BIOx-series, one was with the minimum equilibrium amount of 34.77% (FIB1), 
one with 10% extra fiber reject (FIB2), and one with additional 10% extra fiber reject 
(FIB3). The exact compositions of each briquette in the FIBx-series are stated in 
Appendix D. 

3.1.2 Drop test 

After preparation, the briquettes were drop tested. A drop test is a simple method to 
estimate the mechanical strength of an object and is performed by dropping the object from 
a preset height. The height is an important parameter, it affects the force the object 
experiences when hitting the ground. The strength of the briquettes is of great importance 
for the transportation ability, mainly the stages concerning the loading, unloading and 
charging of furnaces where drops are a fact. The briquettes were released from the height 
of one meter and dropped on to a metal surface. When breakage occurred, the largest 
piece was collected, weighed and then dropped again. The procedure would continue until 
one of the two following criteria was reached: a maximum of 15 drops or that the largest 
piece weighed less than 10% of the starting weight. The first criteria were chosen from data 
from limestone used in the electric arc furnace and AOD converter that showed that 
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normally 5-7 drops occur during transportation and charging [15]. The use of carbon-
containing materials was assumed to then experience approximately the same number of 
drops and it was also assumed that the number of drops were about the same for handling 
in the blast furnace and the cupola furnace. The maximum of 15 drops were set to exceed 
this actual number of drops. The second criteria were set as a decision that less than 10 
weight% means too small pieces. 

3.2 Foaming Experiment 

The purpose of this experiment was to examine if the briquettes could be used for foaming 
of slag. 194 g of stainless steel of the kind 304 was washed in methanol and then placed in 
a crucible for melting in an induction furnace. The waste material based briquette with the 
best result from the drop test was chosen for the foaming. The briquette was crushed to fit 
in a quartz glass tube of 6 mm in diameter. The briquette was supposed to be 5% of the 
steel mass, meaning 9.725 g. However, the glass tube only fitted 6.7 g of the briquette. The 
tube was used for transferring the crushed briquette into the steel melt for the foaming 
experiment. Argon gas was added to the atmosphere to protect the graphite crucible from 
oxidizing and also to create an inert atmosphere to avoid any undesired reactions with the 
surrounding air. 

After the steel had melted completely it was held at this temperature (approximately 
1600°C) for an additional 15 minutes before the briquette was added. This was to reassure 
that the melt was homogenous in composition, temperature and stability of temperature. 
Thereafter, the briquette was added. After the addition, three samples were to be taken 
after 5, 10 and 15 minutes, as seen in figure 5. After sampling, the experiment was finished 
and the induction furnace turned off and the melt cooled in room temperature. 

 

Figure 5. Visualized timeline for the foaming experiment. 
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4 Results 

4.1 Drop Test 

In table 5 and 6 the weight of each briquette in the briquetting material (BM) based series 
(Bx-series) is displayed. B1 accidentally broke into pieces directly after pressing, therefore, 
the biggest and second biggest piece was both used in the drop test. For B1, B2 and B5 no 
heat treatment was performed. B1 and B2 were tested right after the forming, and B5 was 
kept for seven days before drop tested. B5 experienced some weight loss from 20.40 g to 
19.05 g after the storage. The rest of the briquettes, B3 and B4-B6 as well as B8-B10 were 
all heat treated at different temperatures and durations. In table 6, the weights before and 
after heat treatment are stated and as can be seen, all experienced a decrease in weight. 
B7 is left out of tables and figures due to error. 

Table 5. Weight of the briquettes without heat treatment in the Bx-series. 

Briquette B1 Biggest B1 Second 
biggest 

B2 B5 

Weight (g) 9.18 7.73 20.54 19.05 (20.40
initial weight) 

 
 
Table 6. Weight before and after heat treatment in the Bx-series. 

Briquette B3 B4 B6 B8 B9 B10 

Weight 
before HT 
(g) 

20.71 20.71 20.24 20.26 20.40 20.11 

Weight 
after HT (g) 

19.35 19.25 19.00 19.09 18.97 18.94 

 

In figure 6 and 7, the results from the drop test are displayed. The graphs display remaining 
weight percent (y-axis) versus number of drops (x-axis). Starting at 100 weight percent, the 
graph shows the loss in weight for every drop. As seen in figures 6 and 7, B6 produced the 
best result. Specifically, figure 6 displays drop test results for the briquettes that passed less 
than 5 drops, note that the x-axis only shows up to 5 drops in this figure. Figure 7 displays 
the briquettes which were treated at the same temperature as B6. B8 and B9 was both 
heat-treated at 200 °C for 1 hour, and B10 at 200 °C for 20 hours. 
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Figure 6. Displays the result of the drop test for the first 5 briquettes in the Bx-series, none of these met 
the criteria of passing 15 drops. B1 is represented by two pieces due to breakage before the drop test, 
the largest and second largest piece were used for the drop test. The graph displays remaining weight 
% of the largest piece vs. number of drops.  

 
Figure 7. Displays the result of the drop test for the briquette showing the best results in the Bx-series, 
B6 (treated at 200 °C for 1 h), together with B8 and B9 treated as B6 to evaluate the accuracy of B6 
results and B10 which were treated for 20h. The graph displays remaining weight % of the largest piece 
vs. number of drops. 
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In table 7, the weight of the biosludge based briquettes (BIOx-series) is given, displaying 
both the weight before and after heat treatment. All BIOx-briquettes were treated at 200 °C 
for 1 hour. BIO1-BIO3 contained non-dried biosludge and BIO4 contained dried biosludge. 

Table7. Weight before and after heat treatment of the BIOx-series. 

Briquette BIO1 BIO2 BIO3 BIO4 

Weight 
before HT 
(g) 

17.94 17.40 16.24 21.08 

Weight 
after HT 
(g) 

16.22 15.49 14.27 18.57 

 

In figure 8, the result of the drop test of the BIOx-series is displayed as a graph showing 
remaining weight percent (y-axis) versus number of drops (x-axis). For the BIOx-series 
BIO3 showed best results, passing eleven drops before the minimum limit weight of 10% of 
initial was reached. 

 
Figure 8. Displays the result for the biosludge based briquettes, the BIOx-series. BIO4 were tested to 
evaluate the effect on the result of using dried biosludge. The graph displays remaining weight % of 
the largest piece vs. number of drops. 
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Table 8 displays weight of the fiber reject based briquettes (FIBx-series) before and after 
heat treatment. FIBx-series were treated at 200 °C for 1 hour. 

Table 8. Weight before and after heat treatment of the FIBx-series. 

Briquette FIB1 FIB2 FIB3 

Weight before 
HT (g) 

17.54 17.46 17.30 

Weight after 
HT (g) 

15.79 15.16 14.13 

 

Result of the drop test for FIBx-series is shown in figure 9. The graph displays remaining 
weight percent (y-axis) versus number of drops (x-axis). FIB2 passed eight drops with a 
remaining weight more than 10 % of initial. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Displays the results of the fiber reject based briquettes, the FIBx-series, in remaining 
weight % of the largest piece vs. number of drops. 

 

  



 
 

17 

The biosludge is of smaller particle size compared to the briquetting material (BM), and the 
fiber reject contained fibers that created a tangible network. The effect of this on the 
briquettes can be seen in the following pictures. Figures 10, 11 and 12 show the fracture 
surfaces of one briquette in each series where figure 10 displays a briquette from the Bx-
series containing BM. Figure 11, a briquette from the BIOx- series containing both BM and 
biosludge and figure 12 a briquette from the FIBx- series containing BM and fiber reject. 

    Figure 10. The fracture surfaces of a briquette in the Bx-series after drop test. 

   Figure 11. The fracture surfaces of a briquette in the BIOx-series after drop test. 

   Figure 12. The fracture surfaces of a briquette in the FIBx-series after drop test. 
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4.2 Foaming Experiment 

The waste material based briquette that showed best results from the drop test was used 
for this experiment, meaning BIO3. The addition was problematic, resulting in that the 
briquette was dropped on the surface of the melt, and not directly into the melt. The surface 
solidified, making sampling impossible and the planned timeline was not performed. 
Instead, two samples were taken of the steel melt both 18.5 minutes and 28.5 minutes after 
the briquette was added, these can be seen in figure 13. Also, there were residues in the 
crucible after the experiment, this can be seen in figure 14. Visually no foaming process 
could be observed during the experiment. 

 

 

 

 

Figure 13. Picture of the crucible with the 
solidified steel after the experiment was 
terminated. The picture also shows the two 
samples taken of the steel melt during 
experiment. Sample 1 (left) was taken 18.5 min 
after addition of briquette, sample 2 (right) was 
taken 28.5 min after the addition of the briquette.

Figure 14. Shows the crucible broken in to 
pieces after the experiment, the darker parts on 
the sides shows some kind of residues left. The 
round part is the bottom of the crucible, 
containing the solidified steel, as can also be 
seen in the previous picture 
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5 Discussion 

The aim of the project is to reduce the greenhouse gases and waste products put in landfills 
by reusing the waste materials from the pulp and paper industry in the steel industry. This 
aim is not reached due to the fact that all aspects are not yet examined. To accomplish this, 
both the impact of the waste material based briquettes on the steel composition as well as 
the strength for transportation and use in furnaces need to be examined. In this specific part 
of the project, the transportation ability of the carbon-containing waste briquettes was 
examined. The criteria of 15 drops were set to evaluate the strength and thereby the 
transportation ability. None of the carbon-containing waste products briquettes met this 
criteria, meaning that improvements in the manufacturing techniques and possibly a change 
of other parameters for example, composition, shape, heat-treatment time and temperature, 
are needed. In addition, the foaming ability was examined, but without success. Optimal 
conditions in manufacturing to reach a desired strength needs to be found, moreover, the 
impact on steel composition needs to be analyzed before the aim of reducing greenhouse 
gases, need of virgin material and decreased amount of waste material put in landfill can be 
reached.   

5.1 Environmental and Ethical Aspects 

If the recycling of pulp and paper waste products is possible it would both be environmental 
and socially beneficial. The need for coke and coal will decrease, meaning less 
transportation of coke and coal from the mines, a decreased use of virgin material and as 
well a reduction of the pollution from the production of coal. In addition, it would hopefully 
mean a decrease of landfills, which affects both the cost and the size of the landfills and the 
contamination risk of soluble compounds leaking when landfilled. Landfills are areas with no 
actual use, meaning that if waste materials continue to get deposited to landfills, the areas 
will increase making a larger area non-utilizable for other applications, which is hard to 
defend by any ethical means. On the contrary, if the landfills do not increase as fast or even 
decrease, less nature will be affected. 

The waste material in forms of briquettes will have an actual value, as it will be transported 
to further use in the steel production and not just put in landfill. This makes the 
transportation more ethically defensible. In addition, the transportation may also decrease 
due to material processed into briquettes is taking up less volume.  

If the aim of the project is reached it would thus mean environmental gain in means of 
recycling of a waste products and a decreased use of virgin material, together with fewer 
pollutants from coal production and a decrease of the carbon dioxide emissions, which will 
have a positive effect on both the nature and the human health. Also, the cost will decrease 
both for the steel industry and the pulp and paper industry by a decreased need for mining 
of virgin materials and decreased coal production as well as decreased amount of waste 
material put in landfills. Ethically the transportation of waste materials will be more 
defensible due to the fact that the waste material has an actual value when transported as 
briquettes to the steel industry. The landfills will not increase as much, meaning less nature 
will be affected, which also has an ethical aspect to it.  
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If the possibility to decrease the demand for virgin coke and coal arise in the steel industry, 
those virgin products can be used in other applications where no other materials can be 
used as replacement. In conclusion, the nature’s resources can last longer when recycling 
is possible. One social aspect is that this new field of recycling can possibly create new job 
opportunities together with the manufacturing of briquettes.  

If the briquettes can be used for foaming of slag in the electric arc furnace this would mean 
a decreased loss of elements from the steel melt to the slag. This affects both the cost and 
the environmental impact because less valuable elements will go to waste. 

5.2 Drop Test 

The briquette showing the highest impact strength was B6 and it was the only briquette in 
the Bx-series that met the criteria of passing 15 drops. Furthermore, B6 broke into larger 
and more equally sized pieces than some of the other briquettes tested, meaning a greater 
initial weight loss. One possible explanation is that internal cracks were present in the 
briquette. These could have formed when water evaporated during heat treatment. When 
water turns from liquid to gas it expands and cracks can develop. This explains why the 
weight loss in the first two drops of B6 was more extensive than in some of the briquettes in 
the same series, as seen in figure 6 and 7. However, after the first two drops, no substantial 
weight loss appeared, in contrast to most of the other briquettes in the series which were 
completely obliterated after the first four drops and turned to dust and small pieces. 

To examine the reliability of B6’s result, B8 and B9 were produced with the same 
composition and heat treatment (200 °C for 1 h). The results were ambiguous as can be 
seen in figure 7, but owing to the similar tendency of B6 and B8, the waste material based 
briquettes (BIOx and FIBx series) were heat treated as B6, even though B9 stands for one-
third of the results. B10 was produced to examine the impact of heat treatment time, and 
therefore it was heat treated at 200 °C, but for 20 h instead of 1 h. The results worsened 
and it was assumed that heat treatment time at least do not improve the results, this can 
also be seen in figure 7. 

By comparing B5 (stored in air for 7 days) with B1 and B2 (tested without any storage or 
treatment) in figure 6, it is concluded that the storage time does not affect the results 
considerably. 

One unforeseen problem occurred during the heat treatment of B7, the briquette was first 
heated up to 200 °C and kept for one hour, then the furnace was set to further increase up 
to 500 °C. Though, somewhere in the range of 400-500 °C an exothermic reaction 
developed. As a result, the temperature in the furnace increased up to 650 °C leading to 
furnace error. Consequently, the heat treatment had to be terminated. This is the reason 
why B7 is not displayed in any graphs or tables in the results. One explanation for the 
temperature rise is that carbon in the briquetting material (BM), could have reacted with the 
oxygen in the furnace atmosphere. To get a better insight on what might have occurred, a 
thermogravimetric analysis should be performed. This could give an understanding of what 
reaction developed and at what temperature. 
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When heat treating the briquettes (all series) the weight of the briquettes decreased (see 
table 6,7,8), this is most likely due to water evaporating, leaving the briquette drier than 
before heat treatment. Even B5, which was not heat treated but kept in open air for seven 
days, experienced a weight loss which is probably also due to evaporation. 

The weight of the biosludge based briquettes (BIOx) was lower than the briquetting material 
briquettes (Bx), compare table 7 with table 5 and table 6. This is due to the fact that the 
biosludge used was not dried for briquettes BIO1-BIO3. When pressing these biosludge 
briquettes this extra water leaves, resulting in a lower weight than the planned. This water 
was not taken into account when deciding the recipe, resulting in a lower percentage of 
carbon than calculated. This means that BIO1 does not contain the calculated equilibrium 
amount of carbon. This is why BIO4 was made, to test and evaluate the consequences of 
this mistake in order to obtain more reliable results. As seen in figure 8, the result of BIO4 
was worse, but further tests need to be performed before any conclusions can be drawn 
about a decrease in strength. 

The biosludge used was not hydrothermal carbonization (HTC) treated and therefore 
contained water within the cell walls if this affected the results are difficult to evaluate, but it 
could possibly have contributed to some extent to the ill results in the BIOx- series in 
comparison to B6. 

As seen in figure 8, BIO3 provided the best results of the BIOx-series. Among the briquettes 
with moist biosludge (BIO1-BIO3) it contained the highest amount of biosludge and 
therefore the least number of pores, due to a predominance of small particles from 
biosludge in comparison to the BM, compare the surfaces in figure 10 and 11. Small 
particles are compressed tighter, resulting in fewer pores and a more compact briquette. 
Fewer pores mean less crack initiation points and therefore contribute to a stronger 
briquette. Another explanation of the results for BIO3 could be connected to the weight. The 
BIOx-series differed more in weight (approximately 1 g per extra 10% biosludge) than the 
briquetting material based briquettes (Bx-series) and fiber reject based briquettes (FIBx-
series) and BIO3 was the lightest briquette in the BIOx-series and therefore it experienced 
the lowest force when dropped in comparison to BIO1, BIO2 and BIO4. BIO4 contained 
dried biosludge and consequently a higher amount of biosludge compared to BIO3 but still 
performed worse, this might be due to the high weight of BIO4. In general, the biosludge 
based briquettes displayed better results than most briquettes in the Bx-series (the 
briquettes in figure 6), this is probably due to BIOx briquettes being more compact and that 
it only used the best heat treatment. 

The heavy weight of BIO4 compared to rest of the series (see table 7), is explained by the 
fact that the biosludge were dried in this briquette, meaning that BIO4 did not contain as 
much water as the briquettes with moist biosludge when weighing the different components 
of the briquette before pressing. This results in a briquette with an approximate weight of 20 
g without the addition of deionized water. In comparison, BIO1, BIO2 and BIO3 contained 
non-dried biosludge, resulting in a weight of approximately 20 g with water present in the 
biosludge which was then pushed out when pressing the briquette. The water should have 
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been accounted for when weighing the different components for more equally weighed 
briquettes. The low weight of the FIBx-series (table 8) is described the same way as the 
non-dried biosludge briquettes (BIO1-BIO3). 

An approach for possible improvement of the results is changing the shape of the 
briquettes. Both the Bx and BIOx-series broke vertically into pieces, as seen in figure 10 
and 11. A suggested modification of the shape is to increase the height to a similar 
dimension as the diameter of the briquette. This could possibly enhance the results due to 
the fact that internal cracks would be retained by more material in front of the tip of the 
crack, forcing the crack to grow through more material. 

The fiber reject based briquettes, FIBx-series, broke in the other direction. This most likely 
depends on the nature of the fiber reject, these fibers created a tangible network as can be 
seen in figure 12. The internal cracks probably found a critical path through the briquette, 
adapting to the fibers and the briquettes was rather sliced horizontally at first and when too 
thin they broke vertically, i.e. at first it broke in the opposite direction to Bx and BIOx, see 
figure 12. An improved shape for the FIBx- series could then instead be a decreased height 
compared to the diameter because it could mean less possible paths for breakage to occur. 
The fiber reject came in lumps of fibers which was tried to be separated. Though, they did 
not separate as well as hoped and as a result, the briquette did not become as 
homogenous as in the other two series, which might have affected the strength. 

The FIBx briquettes stayed intact for a longer time and did not experience the same 
extensive weight loss in the first drops, compare figure 9 with figure 7 and 8, this is probably 
also due to the nature of the fiber reject. The tangible network held the briquettes together 
for more drops, even if it only were by a low number of fibers, see figure 12. By comparing 
the briquettes within the FIBx-series, with FIB2, which had the middle amount of fiber reject, 
showing the best results, the amount of fiber reject does not seem to determine the results. 
Also, the FIBx-series had a low weight in general and therefore did not experience the 
same force when hitting the ground. 

If the briquettes will be classified as hazardous cargo and thereby require strict packaging, 
the drop test would be a tough testing method because it is unlikely that the packaged 
briquettes would experience several drops from one-meter height when transported, then 
instead vibrations are to worry for. On the other hand, when loading and unloading a truck 
and charging a furnace, the briquettes probably will experience more of a dropping process, 
rather than vibrations. It is too early in the studies to conclude if the briquettes can stay 
intact during the different stages of transportation. None of the briquettes were compression 
strength tested, meaning that use in the blast furnace or the cupola furnace is not yet 
possible to conclude, because both furnaces require high compression strength of input 
material. The briquettes have a chance of fulfilling their purposes as a coke and coal 
replacement in applications where strength is not as important. However, it is crucial to 
keep in mind that the sulphur and phosphorus content from the briquettes may affect the 
steel quality. 
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It is not yet possible to state which class the briquettes would belong to if classified as 
hazardous, due to the recipes and composition of briquettes for industrial use is not 
determined. The class determines the regulations, therefore the regulations cannot be 
stated. 

It is uncertain if the briquettes can be transported or not, none of the waste material based 
briquettes met the criteria of passing 15 drops. 

The briquettes developed cracks easily and were brittle. This could depend on the binder. 
Cement is both inorganic and quite brittle and might not be the most suitable binder for 
organic waste material briquettes.  

5.3 Foaming Experiment 

The crushed briquette stuck in the glass tube and the addition was not possible to be 
performed as planned. Therefore, the addition was made by adding the briquette on the 
steel melt surface and not directly into the melt. When the first sample was to be taken, 5 
minutes after the addition of the briquette, the surface was too hard to be able to reach the 
melt. Therefore, the first sample was taken 18.5 minutes after the addition of the briquette, 
and sample 2 was taken 28.5 minutes after the addition of the briquette when the surface 
had softened. 

The foaming experiment was evaluated visually and no foam developed, this could depend 
on problems with adding the BIO3 briquette. The plan was to add the briquettes through a 
quartz glass pipe directly into the melt but due to problems with this method, the addition of 
BIO3 was executed by dropping the crushed briquette on the surface of the steel melt. The 
briquettes probably never descended into the melt. This means that CO-gas might have 
been generated due to a reduction of iron oxides and other metal oxides present in the 
briquette (contained in the BM), but no foam could develop since the CO-gas was then 
generated above the surface of the melt. 

Among the briquettes with moist biosludge (BIO1-BIO3), the most intensive foaming is 
expected of BIO3 due to it containing highest amount of carbon, but possibly BIO1 would 
descend into the melt due to it being heavier. In addition, the briquette was supposed to be 
added into the melt but due to the addition problems meaning that it instead was released 
on the surface of the steel melt, not every of the 6.7 g hit the melt, it is uncertain how many 
grams actually reached the melt. Nevertheless, this probably did not affect the outcome 
because the predominant amount ended up in the crucible. 

The biosludge used was not pure biosludge, it contained some amount of ash and it was 
not completely dry when preparing the briquette. This affects the calculated equilibrium 
amount needed for the desired carbon content, both because the water was not accounted 
for and because it contained some amount of ash. BIO3 was supposed to contain 20% 
more biosludge than the equilibrium amount, but due to this additional water and ash, it 
contains less biosludge and therefore less carbon. This could affect the foaming ability, due 
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to the lower amount of carbon that can react with the metal oxides in the briquetting 
material. 

The residues on the crucible in figure 14 could have developed from the briquette being 
incinerated or from some kind of reaction due to high temperature. 

The low weight of the FIBx-series could be a problem. Using fiber reject based briquettes 
for foaming in the electric arc furnace could be limited due to the low density. It is 
consequently indefinite if the briquette would sink into the slag. 

The biosludge and fiber reject have different heating values, this could affect the foaming 
owing to that the reduction reactions, responsible for the foaming, consume energy. 
Meaning that fiber reject, with a high heating value, has more energy contributing to this 
reaction. 
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6 Conclusions 

The experimental methods are of possible use to evaluate the strength and the foaming 
ability, although the foaming experiment needs some improved techniques. The treatment 
of the briquettes is concluded to have an impact on the strength, the duration and 
temperature has an impact as well. Also, the strength is affected by the type of waste 
material, biosludge or fiber reject. Further testing needs to be performed to make 
conclusions of preferable processing and preparations of the biosludge and fiber reject 
before the manufacturing of the briquettes. The used binder is not compatible with the 
waste material.   

 Heat treatment generates stronger briquettes compared to non-heat treated 
briquettes. The heat-treatment time and temperature affect the strength. Among the 
heat treatment tested in this study, 200°C for 1 h provided the strongest briquette. 

 Temperatures between 400-500 °C cannot be utilized because it results in an 
undesired exothermic reaction. 

 Storage time does not improve the strength substantially. 

 Dried biosludge does not improve the strength.  

 Biosludge and fiber reject generates strong briquettes in different ways. 

 Cement is not a compatible binder for the waste material based briquettes. 

 The drop test is a good method to estimate strength of the waste material based 
briquettes and can provide information about both the best amount of waste product 
as well as the preferred type of waste product. 

 The foaming experiment could be used to evaluate the foaming ability of the waste 
product based briquettes if improved experimental techniques are used. 
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7 Recommendations 

Different heat treatment temperatures could be evaluated to examine if there is a 
temperature providing even better results than 200 °C. This has to be done with the error 
temperature for briquette B7 in mind which was somewhere between 400 and 500 °C. To 
make further conclusions about usable temperatures, the error temperature of B7 could be 
established at a more exact value. 

The pressure when forming the briquettes can also be examined to see if the result of the 
drop test will be affected. 

The results of the drop test would possibly improve by using another binder, for example, 
lignin or glue. The use of this would potentially improve the strength and the toughness of 
the briquettes. The impact of different amounts of binder could also be examined. 

Another interesting approach to examine is to process the fiber reject before briquetting to 
get a more homogenous briquette with similar particle size to the briquetting material (BM). 
A suggestion is to cut the fibers in a blender or comparable equipment. In addition, 
separating the fibers without cutting them is also one suggestion, because the network in 
the briquette will not be lost with this technique. 

Different shapes of briquettes could be tested to hopefully find an optimal one, or to 
conclude that shape does not have an effect on the strength. 

The foaming possibilities should be further examined with different based briquettes, and 
also with different amount of carbon. The executed foaming experiment should be 
reproduced with improved techniques. This mainly concerns the adding technique, the 
briquette needs to end up in the melt. This could be done with putting the briquette in a 
capsule and force it into the melt or by using a tube with a wider diameter. With improved 
techniques, the steel composition can be analyzed and the impact of phosphorus and 
sulphur can be evaluated.  

 

  



 
 

27 

8 Acknowledgement 

The report was written with reason of trying to decrease the landfills of the pulp and paper 
industry. It was written at the Royal Institute of Technology situated in Stockholm. The 
authors would like to thank our supervisors Docent Andrey Karasev and Ph.D candidate 
Tova Jarnerud at the Department of Material Science and Engineering (MSE), Division of 
applied process metallurgy, for exceptional help and great enthusiasm. The authors also 
hope that this report can inspire to further studies about the landfill problem. 

  



 
 

28 

9 References 

[1] “Utnyttjande av organiskt slam i metallindustri -OSMet S2”, Vinnova, [Online] 
https://www.vinnova.se/en/p/utnyttjande-av-organiskt-slam-i-metallindustri--osmet-s2/ [Accessed: 03-20- 
18]  
 
[2] S. Matthis, “Så kan massaindustrins restprodukter bli nya råvaror”, Papperochmassa, 05-26-17, [Online] 
http://www.papperochmassa.se/20170529/1470/sa-kan-massaindustrins-restprodukter-bli-nya-ravaror 
[Accessed: 02-13-18] 
 
[3] “Effect of chemical elements on the mechanical properties of steel”, Tubecon, [Online] 
http://www.tubecon.co.za/en/technical-info/tubecon-wiki/effect-of-chemical-elements-on-the-mechanical- 
properties-of-steel.html [Accessed: 03-20-18] 
 

[4] S. K. Sarna, ISPATGURU, “Sulphur in Steels”, 09-23-14, [Online] 
http://ispatguru.com/sulphur-in-steels/ [Accessed: 05-03-18] 
 

[5] S. K. Sarna, ISPATGURU, “Phosphorus in Steels”, 09-18-14, [Online] http://ispatguru.com/phosphorus-in- 
steels/ [Accessed: 05-03-18] 
 

[6] “Coal and air pollution”, Union of Concerned Scientists, 12-19-17, [Online] https://www.ucsusa.org/clean- 
energy/coal-and-other-fossil-fuels/coal-air-pollution#.WrDTnWrwbDA 
[Accessed: 03-20-18] 
 
[7] K. Heinsoo, “statistik - Internationellt”, Skogsindustrierna, 201, [Online] 
http://www.skogsindustrierna.se/skogsindustrin/branschstatistik/internationellt/ 
[Accessed: 02-13-18] 
 
[8] K. Heinsoo, “Statistik - pappers och massaindustrin”, Skogsindustrierna, 2017, [Online] 
http://www.skogsindustrierna.se/skogsindustrin/branschstatistik/massa--pappersindustrin/ 
[Accessed: 05-03-18] 
 
[9]  Gary M. Scott, A. Smith, S. Abubakr, “SLUDGE CHARACTERISTICS AND DISPOSAL ALTERNATIVES FOR 
THE PULP AND PAPER INDUSTRY”, 1995 International environmental conference, 1995 May 7-10; Atlanta, GA. 
USDA Forest Service, 1995. https://www.fpl.fs.fed.us/documnts/pdf1995/scott95g.pdf [Accessed: 03-20-18] 
 

[10] M. Jansson, B. Backlund, R. Fornell, T. Köhnke, “Roadmap 2015-2025 the pulp mill biorefinery”, RISE.se, 
Publication: 2015 
https://www.ri.se/sites/default/files/files/docs/roadmap_the_pulp_mill_biorefinery.pdf [Accessed: 03-21-18] 
 

[11] M. Suhr et. Al, “Best Available Techniques (BAT) Reference Document for the Production of Pulp”, Paper 
and Board, Luxembourg: Publications Office of the European Union, 2015 
http://eippcb.jrc.ec.europa.eu/reference/BREF/PP_revised_BREF_2015.pdf [Accessed: 03-20-18] 
 

[12] “Discovering the high potential of Pulp and Paper Production Residues”, CEPI, Brussels, 2004, 
http://www.cepi.org/system/files/public/documents/publications/environment/2003/2003Discovering%20the%20Hi 
gh%20Potential%20of%20Pulp%20and%20Paper%20Production%20Residues.pdf [Accessed: 02-13-18] 
 

[13] A. Davydenko, S. Mostafaee, A. Karasev, P. Jönsson, “Characterization of Briquettes Used for Slag Foaming 
in the EAF During Stainless Steel Production”, Steel-research, Vol. 86, 2, p. 137-138, 02-15 
 
[14] P. Bajpai, “Generation of Waste in Pulp and Paper Mills” in Management of Pulp and Paper Mills Waste. 
Switzerland: Springer Cham, 2015, 9-15 

 

 



 
 

29 

[15] T. Jarnerud, Interwiewee. ”Carbon containing waste materials and furnace requirements”, [Personal contact, interwiew 
and email], 05-08-18 
 
[16] P. Bajpai, Environmentally Friendly Production of Pulp and Paper. Hoboken: John Wiley & Sons, 2011, 211. 

 
[17] M. Suhr et. Al, “General information” in Best Available Techniques (BAT) Reference Document for the 
Production of Pulp, Paper and Board. Luxembourg: Publications Office of the European Union, 2015, 31 
 
[18] Dr. C. Wang et. Al, “Utilization of organic sludge in metal industry (OSMet): Vinnova UDI stage 1”, 
Unpublished report, 19 
 
[19] M. Suhr et. Al, “Common processes and techniques for the whole pulp and paper sector” in Best Available 
Techniques (BAT) Reference Document for the Production of Pulp, Paper and Board. Luxembourg: Publications 
Office of the European Union, 2015, 132 
 
[20] Valmet,” Hydrothermal carbonization,” Valmet. Available: https://www.valmet.com/more- 
industries/bio/hyrdrothermal-carbonization/ [Accessed: 03-19-18]. 
 
[21] T. Schiffer, “State-of-the-Art Reject Treatment Systems for recycled Fiber Lines,” Available: 
https://www.gzs.si/Portals/183/vsebine/dokumenti/2013/7-Thomas-Schiffer-Andritz-State-of-the-Art-Reject- 
Treatment.pdf [accessed: 03-21-18] 
 

[22] M. Andersson, T. Sjökvist, "Processmetallurgins Grunder", Institutionen för Materialvetenskap, Stockholm, 
08-03-02 
 
[23] Bharati Vidyapeeth University, “Furnaces can also be classified according to the molten metal” [Online]. 
[Accessed: 03-29-18)] 
 
[24] MSB, “Myndighetsansvar för transport av farligt gods,” Myndigheten för samhällsskydd och beredskap, 
11/05/09. [Online] Available: https://www.msb.se/sv/Forebyggande/Transport-av-farligt-gods/Myndighetsansvar- 
for-transport-av-farligt-gods/ [Accessed: 03-29-18 ] 
 

[25] MSB, “Lag, förordning och föreskrifter,” Myndigheten för samhällsskydd och beredskap, 07-01-11. [Online] 
Available: https://www.msb.se/sv/Forebyggande/Transport-av-farligt-gods/Lag-forordning-och-foreskrifter/ 
[Accessed: 03-29-18] 
 
[26] MSB, “ADR-S,” Myndigheten för samhällsskydd och beredskap, 05-28-15. [Online] Available: 
https://www.msb.se/sv/Forebyggande/Transport-av-farligt-gods/Lag-forordning-och-foreskrifter/MSBs- 
foreskrifter/ADR-S/ [Accessed: 03-29-18] 
 

[27] MSB, “ADR-S”, Key Hedström, Myndigheten för samhällsskydd och beredskap, 2017 
 

[28] H, Matsuura and R.J Fruehan,”Slag Foaming in an Electric Arc Furnace”, ISIJ International, Vol. 49, 10, 
1530–1535, 2009 
 
[29] ELLINGHAM DIAGRAM, Massachusetts Institute of Technology. [Online] Available: 
http://web.mit.edu/2.813/www/readings/Ellingham_diagrams.pdf [Accessed: 03-19-18] 



   
30 

Appendices 

Appendix A: Exact weights of the briquetting material series (Bx-series) in different parts of the manufacturing. 

Briquette B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

Weight 
without 
water 
(g) 

20.01 19.98 20.13 20.04 20.07 19.98 20.03 20.02 19.98 20.05

Weight 
with 
water (g) 

20.9 21.08 20.93 20.84 22.62 21.75 22.02 21.52 21.12 21.13

Weight 
when 
pressed 
(g) 

20.6 20.6 20.83 20.67 20.40 20.46 20.55 20.32 20.40 20.42

 

Appendix B: Calculation of the equilibrium amount of carbon for reaction 4 and amount of biosludge and 
fiber reject for the needed amount of carbon. As well as calculation of amounts of phosphorus and sulphur. 

 

	 	 	 	 	 	 	 	 	 	 	 	 	
 

	 	 	 : 46.3%		
	

	 →   (1) 
	

	 : 55.845 																		 : 15.999 																	 : 71.844 	

	
	
	

	 : 46.3	
71.844
55.845

59.564	%	 	 	 	

	
------------------------------------------------------------------------------------------------------------------------- 

	

	 → 	   (2) 
 
	

	 	 :	71.844	 								 	 	 : 59.564	%		

	

	 	 	 :	
100

71.844
1.392	  

	

	 	 :	12.0107 	

	
	 	 	1: 1		

	
⇒ 12.0107 1.392 16.718	 	

	
⇒ need	16.718	g	C	to	reach	equilibrium	of	reaction	 2  
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-------------------------------------------------------------------------------------------------------------------------	

	 	 	 :
100

0.59564
167.887	 	 	 	 	 ,			 	 	~3%	 	

	
⇒ 167.887 0.03 5.037  g C in BM	

	
⇒ 	 	 	16.718 5.037 11.681	 	 	 	 	 	   

-------------------------------------------------------------------------------------------------------------------------	
: 	~40.5	%	 	

	
: 11.681	 	 	

	

⇒
11.681
0.405

28.842 	  

	
28.842	 	 	 	 	 	 	 	 	11.681	 	 	

 
-------------------------------------------------------------------------------------------------------------------------	

	 : 	~33.6%	 	
	

: 11.681	 	 	
	

⇒
11.681
0.336

34.765	 	 	 	

34.765	 	 	 	 	 	 	 	 	 	 	 	11.681	 	 		
 
-------------------------------------------------------------------------------------------------------------------------	

	
	 	 	 	 	 	 	 	 	 	   

 
	

	
	

	 	 : 0.694	%	 	 	
													0.035%	 	 	

	
	 :	0.00694 28.842 0.200 	
	 :	0.00035 167.887 0.0586 	

: 0.200 0.0586 0.2586	 	 	
	

	 	 : 0.800%	 	 	
														0.28%	 	  

	
	 :	0.008 28.842 0.231	 	

	 : 0.0028 167.887 0.47	 	
: 0.231 0.47 0.701	 	 	
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	 	 : 0.016%	 	 	 											 
	0.035%	 	 	

	
	 	 :	0.00016 34.765 0.00556 	

	 :	0.00035 167.887 0.0586 	
:	0.00556 0.0586 0.06416 	 	

	
	 	 : 0.08%	 	 	 	

														0.28%	 	 		
	 	 :	0.0008 34.765 0.0278	 	

	 : 0.0028 167.887 0.47	 	
: 0.0278 0.47 0.498	 	  

	

Appendix C: Exact weights of the different components and parts of manufacturing for the biosludge based 
series (BIOx- series). 

Briquette, BIOx BIO1 BIO2 BIO3 BIO4 

Biosludge (g) 5.30 7.18 9.01 8.99 

Briquetting material 
(BM) (g) 

13.14 11.23 9.40 9.40 

Cement (g) 1.6 1.64 1.6 1.65 

Weight without 
added water (g) 

20.04 20.05 20.01 20.04 

Weight with water 
(g) 

21.64 21.83 21.73 27.23 

Weight of briquette 
after pressing (g) 

17.94 17.40 16.24 21.54 
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Appendix D: Exact weights of the different components and parts of manufacturing for the fiber based series 
(FIBx-series). 

Briquette, FIBx FIB1 FIB2 FIB3 

Fiber reject (g) 6.34 8.29 10.14 

BM (g) 12.03 10.13 8.33 

Cement (g) 1.67 1.59 1.64 

Weight without water 
(g) 

20.04 20.01 20.11 

Weight with water (g) 23.81 22.99 25.27 

Weight of briquette 
after pressing (g) 

17.89 17.79 17.66 
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