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Abstract 

NOx is a harmful gas emitted primarily by the transport industry, agriculture and petroleum 

industry. The emissions contribute to acid rain and global warming. The gas also has certain 

health risks; when exposed to NO-based pollution there can be higher risk of lung-cancer 

and the pollution gives an asthmatic reaction for asthmatics.  As a consequence of the 

Gothenburg protocol, there has been established a ceiling for the emissions of NOx; Europe 

is to cut emissions by 41 %. As a result of this protocol the industry in Norway has joined 

forces creating the “NOx-fund”, which is an association providing support for research 

regarding reducing emissions. In Norway the silicon industry has the highest emissions yearly 

of the onshore industry, which means they have to contribute. In this project the 

mechanisms for formation of NO is investigated in an industrial silicon furnace and also in a 

pilot scale furnace.  

In the silicon furnace, NO is primarily formed by the combustion of SiO gas, which is a by-

product of the reaction in the crater of the furnace. Following, the combustion of SiO 

produces oxygen radicals and energy. In a combination of a high local temperature, oxygen 

radicals and air, NO will be formed. A lot of parameters can reduce the production of SiO gas 

and also control the temperature. Examples of these parameters can be the routines of 

tapping, charging and stoking, raw materials and access to oxygen.  

One parameter contributing to the formation of NO is the raw materials. To study the effect 

of raw materials, a pilot-scale experiment has been done by the Norwegian research 

organization SINTEF together with the silicon industry in Norway. In this experiment the 

effect of the carbon materials is studied by varying the carbon source between coal and coke. 

The purpose was to create cases with a wet charge and a dry charge. In the dry charge the 

humidity and volatile content is low and in the dry charge the carbon is coal consisting of a 

high volatile and humidity content. The results of this experiment show that the amount of 

NOx is reduced during charging due to an evaporation of water and combustion of volatiles 

on the charge surface. This effect was larger for the periods with the wet charge because of 

a larger amount of volatiles and water. 

From the pilot-scale experiment there was a relationship between the reduction in NOx and 

charging due to the fresh raw materials. At the silicon producing plant Elkem Thamshavn, 

the furnace is continuously charged automatically. The effect of the charging frequency was 

studied in an industrial scale experiment by changing the charging frequency from 400 

seconds to 2000 seconds. The results of this experiment show that there is an indication that 

less frequent charging increases the amount of NOx. In addition to the charging frequency 

the effect of water was also studied. The result of this study is the same as for the pilot scale 

experiment, and the conclusion remains that water is an important parameter regarding the 

reduction of NO during charging.  
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Sammendrag 

I hovedsak er arbeidet som har blitt gjennomført i denne oppgaven relatert til NOx-utslipp i 

silisiumsindustrien. Relatert til dette emnet har det blitt gjennomført to experimenter og i 

begge forsøkene har det vært fokus på effekten av råmaterialer og charging av ovnen. 

Mekanismen for NOx-dannelse er tilknyttet forbrenning av SiO som danner oksygen-radikaler. 

Disse oksygen-radikalene kommer i kontakt med nitrogen fra luft og ved en høy lokal 

temperatur vil det dannes termisk NOx 

Pilot-skala forsøket ble gjort i samarbeid med norsk silisiumsindustri og 

forskningsorganisasjonen SINTEF. I forsøket er driftstilstanden på ovnen en konstant, mens 

parameterne som varieres er karbon og posisjonen for innslipp av luft. Karbon kilden 

varierer mellom koks og kull. Formålet med å variere karbonkilden er å undersøke hvilken 

effekt de ulike egenskapene til karbon har på utslipp av NOx. Resultatene viser at 

vannmengden og innholdet av flyktige materialer øker under charging samtidig som at 

utslippet reduseres. Når koks blir brukt som karbon kilde er utslippet større i forhold til om 

kull er brukt. Denne forskjellen er mest sannsynlig grunnet en mindre mengde med flyktige 

materialer og vann.  En konklusjon som kan dras fra disse resultatene er at vann og flyktige 

materialer bidrar til å redusere temperaturen på charge-overflaten og dette vil bidra til et 

mindre utslipp. I tillegg vil flyktige materialer reagere med oksygen under forbrenning, noe 

som betyr at forbrenningen av SiO gass må konkurrere med forbrenningen av flyktige. Vann 

kan også inngå i en reaksjon med SiO gass og redusere mengden oksygen radikaler som blir 

brukt til å danne NO.  

I det industrielle forsøket er råmaterialsammensetningen konstant, og variabelen i dette 

tilfellet var hyppigheten av charging. Bakgrunnen for dette forsøket er å undersøke om en 

hyppigere charge-frekvens bidrar positivt i forhold til utslipp av NOx. Når ovnen blir charget 

sjeldnere vil ovnen få tid til å varmes opp og brenne ned charge-nivået. Ved en generelt 

høyere temperatur er det forventet at det gjennomsnittlige utslippet vil bli større. Basert på 

resultatene har det blitt et høyere gjennomsnitt i når ovnen ble charget ved en lavere 

frekvens, det ble også produsert mer NOx per støvmengde noe som tilsier at kontinuerlig 

charging medvirker positivt til utslipp. Et annet resultat fra dette forsøket er at det er 

observert høye utslipptall ved et lavt vann-nivå, noe som tilsier at vann er relevant med 

tanke på å redusere utslipp. Dette samsvarer med resultatene fra pilot-skala forsøket. 
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1 Introduction 
In 2010 the Gothenburg Protocol set an emission ceiling for NOx; Europe is going to cut 

its emissions by 41 % (UNECE). As a consequence of the protocol made in 1999, the 

Norwegian Climate and Pollution Agency (KLIF) have been cooperating with Norwegian 

industry with the goal of reducing NOx. Emissions based on data from the industry 

have been estimated, and it has been reported that Silicon producers have the highest 

NOx-emissions amongst the onshore industry in Norway (Klif).  

The term NOx is a common notion for the two gases NO and NO2.These gases are 

formed by the transport industry because of the combustion of fuel. The transport 

industry has the highest reported emissions of the gas per year (Norske Utslipp, 2012). 

Other large contributors to the emissions of NOx are the offshore industry and also 

agriculture.  

When NOx is emitted to the atmosphere along with SOx, formation of acid rain might 

occur. Acid rain is formed when these oxides react with other compounds in the 

atmosphere like water or oxygen. This reaction in combination with sunlight can form 

HNO3, which means that a strong acid can be found in fog or rain (WHO).The acid rain 

could again lead to a change of pH in water, and disrupt the natural buffer capacity of 

water. Water could get contaminated with dissolved metals.  

With an increase of nitrates in water, eutrophication may occur. A consequence of this 

is depletion of oxygen in water, which will lead to a reduction of the animals living in 

water. 

Oxidation of NO will form the greenhouse gas N2O. Along with the other greenhouse 

gases, N2O will contribute to global warming (Bireswar & Amitava, 2008). 

Another effect of NOx-emissions is the decomposition of NO2 producing an oxygen 

radical in contact with sunlight. This radical will react with oxygen and produce ozone. 

Also, the decomposition of NO2 can react and become air particulate matter PM2.5, 

which are particles found in the air (WHO). These particles can be both organic and 

inorganic. Ozone on ground level is harmful for the health because it can cause asthma 

attacks 

Known health issues because of exposure of the gas can be divided into long-term 

exposure or short-term exposure (WHO) (Bireswar & Amitava, 2008): 

Long-term exposure: People induced to long-term exposure of NO2 can decrease lung-

function. Studies have shown that NOx also increases the risk for lung cancer in areas 

where the air pollution is high (Raaschou-Nielsen & Andersen, 2000). 
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Short-term exposure: As previously mentioned short-term exposure can cause asthma 

attacks.  

Research focusing on the mechanisms of formation of NOx has been carried out in the 

PhD work of Nils Eivind Kamfjord, where he looked into the correlation between silica-

dust and emission of the gas. He also investigated the effect of furnace design.  

Although, he has done a lot of work indicating the effect of other parameters such as 

the effect of raw materials, experiments with raw materials have not been done.  

The aim of this study is to investigate how the raw material mixture and charging 

contributes to NOx-formation in a silicon furnace. The effect of volatiles and water has 

been studied in a pilot scale furnace. The charging and the charging frequency are the 

relevant parameters for the industrial scale experiment. 
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2 Terminology related to the silicon process 
The report includes terminology from the silicon process. A list of important keywords 

used about the silicon process is given in bullet points below (Schei, Tuset, & H.Tveit, 

1998): 

 Arc furnace is the name of the furnace used to produce metallurgical grade silicon. 

In an industrial furnace there are normally three electrodes providing heat, and the 

power load of the electrodes are normally from 20-40MW.  

 Charging is commonly used for when the furnace is filled with raw materials. In a 

modern furnace this happens through an automatic feeding system that fills up 

raw materials in the center of the feeder and around the electrodes. The charging 

can be done frequently in small batches or one time per hour in bigger batches.  

 Stoking is an operation done by the process operators. In this task the raw 

materials are distributed throughout the furnace. The purpose of stoking is to fill 

the gas channels created from consumption of raw materials around the electrode 

and the the formation of SiO in the crater. This is done by that the operators use a 

lance to move the raw materials to the wanted location in the furnace. 

 Crater is used to describe where the silicon producing reactions happen. This area 

consists of molten metal and is found at the tip of the electrodes. 

 Charge is the area of the furnace that consists of raw materials. This area stretches 

from the top of the furnace to the crater. 

 Raw materials are the materials feed to the furnace. The materials used are quartz 

that provides the silicon and different carbon materials like woodchips, coke and 

coal that is used as a reductant.  

 “Process parameters” is often used to describe the different factors that can 

contribute to that the furnace is operated preferably. By changing raw materials, 

temperature, stoking pattern, charging or the current of the electrodes the 

condition of the furnace can change drastically.  

 “Blows” on the charge surface is when the SiO(g) reaches the top of the charge by 

going through gas channels from the crater. The reacts with oxygen creating silica 

fume, and the combustion is exothermic creating high temperatures. This is 

observed as a white light by operators. 

 SiO/SiO2 is used to describe the silica fume that is produced from the process. The 

structure of this fume is close to the structure of SiO2, however in reports and 

calculations both terms are used. 
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3 Theory 
 

3.1  The Silicon process 

Since this project is focused on the silicon industry and more specifically the conditions 

of the furnaces at Elkem Thamshavn it is natural to go into the silicon process. Fig. 1 

describes the different unit processes of the silicon process.  

 

Fig. 3.1: The parameters of the silicon process (Schei, Tuset, & H.Tveit, 1998). 

Primarily silicon is produced in a submerged arc furnace as it is shown in Fig. 3.1. 

Normally in an arc furnace, raw materials (quartz and carbon materials) are charged 

from the top and the furnace is heated with the help of three graphite electrodes. In a 

normal medium-sized furnace it is common with a power load of 20-40 MW. Current 

passes through the electrodes and heats up the crater due to an electrical resistance. 

The position of the electrode in the furnace is important because it will influence the 

distribution of the heat. The electrodes heat up the crater to a temperature of about 

2000°C. At that temperature the silicon dioxide is reduced to silicon. Carbon materials 

are used to reduce the silicon dioxide. This overall carbothermic reaction is described 

by reaction (3.1) below. 

SiO2 + 2C = Si (l) + 2CO      (3.1) 
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Further the pure silicon will be tapped from a tap hole, which is at the bottom on the 

furnace. After the molten metal is tapped it will be refined, solidified and then crushed 

into the final product. Silicon is used in several different products. It is used as an 

alloying element for the aluminum industry, and the Al-Si alloys are commonly used in 

the automobile industry. Ferrosilicon is used as an alloying element in the steel 

industry. In computers and other electrical devices, silicon is often used in 

semiconductors or circuits that can be found in computer-chips.  

As seen from Fig. 3.1 the silicon process produces silica as a by-product. Silica fume is 

condensed silicon dioxide and it is commonly used as a binder for fiber cement. In the 

fiber cement the silica will work as a binder that will increase the packing density and 

make the cement stronger (Elkem). 

The modified chemical reaction, which includes the losses of Si units as SiO gas, is 

given as equation (3.2). As the overall reaction (3.2) shows, the products are molten 

silicon, silicon oxide gas and carbon oxide gas. A further oxidation of the silicon oxide 

gas produces silica fume, and this reaction is described later on in the chapter.  

SiO2(s) + (1+x)C(s)  =xSi(l) + (1-x)SiO(g) + (1+x)CO(g)   (3.2) 

 For the overall reaction, x is the silicon recovery. The silicon recovery is how much 

silicon that can be recovered from the process based on how much silicon goes into 

the furnace and how much silicon goes out of the furnace. 

The process can be described by dividing the furnace into two parts: the inner zone 

and the outer zone. The equilibrium assumptions for these zones the pressure is set as 

1 bar. The pressure ratio in the inner zone is pSiO/pco ≈ 2. The reactions and equilibrium 

temperatures for the inner and outer zone is given in reaction (3.3) and (3.4) below. 

3SiO2 + 2SiC = Si + 4SiO + 2CO, Teq = 1811°C    (3.3) 

2SiO2 + 6C = 2SiC + 6CO, Teq= 1512°C    (3.4) 

 Based on these equilibrium assumptions it is needed 5 SiO2 to produce 1 Si, this gives a 

silicon recovery of only 20 %.  

In an industrial furnace it is common with a silicon recovery of 80-90 percent. This 

means in practice that there is a difference between the silicon recovery that is 

obtained in the industry and that is found by equilibrium conditions. A conclusion of 

this is that the silicon process is a non-equilibrium process and the result of this is it is 

not likely to get a silicon yield of 100 % purely based on assuming equilibrium 

conditions. Primarily, the silicon recovery is so low because SiO(g) produced from the 

crater evaporates and goes off in the off-gas system. To increase the silicon recovery 
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the SiO(g) has to react with carbon in the charge, this property of the carbon is called 

the reactivity of carbon. Including the capture of SiO(g), non-equilibrium assumptions 

have to be made regarding pressure and temperature to achieve a high silicon 

recovery.  

In fig. 3 a model used to analyze the furnace reactions is shown. The model divides the 

furnace into two zones: The outer reaction zone and the inner reaction zone. In the 

outer reaction zone the pre-reactions involving silicon oxide gas is shown. In the inner 

reaction zone the reaction producing silicon, silicon oxide gas and carbon monoxide is 

given. The purpose of this model is to get an understanding of the mass- and gas flows 

that are important in understanding the process.  In Fig. 3.2 a silicon recovery of 100 

percent is assumed and a mass balance is made so that no SiO(g) goes out of the 

furnace. This means that all of the SiO(g) is recovered by reacting with carbon and 

condensation of SiO(g). 

By increasing the temperature in the inner zone of the furnace, a lower SiO(g) content 

of the gas is required to produce silicon. At equilibrium conditions the reaction rate of 

the SiO(g) producing reactions is low although they are endothermic reactions, which 

means that the temperature will rise. At 1980°C silicon can be produced at a lower 

content of SiO(g) in the gas.  
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Fig. 3.2: (Schei, Tuset, & H.Tveit, 1998) The process model assuming 100 % silicon yield. 

A sketch of the material- and gas flows in a furnace is given by Fig. 3.2. The red arrows 

in Fig. 3.2 are assumed to be the gas flow of SiO(g), and they go up from the high 

pressure carbon zone. These gas flows creates channels that can be found along the 

electrodes and in the between the electrodes. When the SiO(g) comes to the crater it 

can be seen on the surface as “blows”, which is basically a brighter light.  
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Fig. 3.3: Cross section of the silicon furnace showing the material and gas flow (Tveit & 

Kadkhodabeigi). 

The white arrows in Fig. 3.3 show how the furnace is charged with raw materials. The 

raw materials in the furnace are commonly called the “charge” of the furnace. 

3.1.1  Changing process parameters 

Later in the experimental part there will be a description of two experiments. The first 

experiment is a pilot-scale experiment and the second experiment is an industrial 

experiment. In both of these experiments there has been a change in process 

parameters. In later parts of the theory it is described how NOx can relate to a change 

in raw materials, charging and stoking. However, it is relevant to see what kind of 

effect these parameters generally have on the process. 

Raw Materials 

As previously mentioned, the two raw materials that are essential for the silicon 

production is quartz and different carbon materials.  

Quartz is the raw material that brings silicon to the process. By changing the 

siliconoxide source, the final product of the process will be influenced. This is because 

of the quartz contains elements that are more noble than silicon, there will be a 

reduction of these elements and it will end up in the final product. The thermal 

properties of quartz could influence the SiO(g) formation, hence influence formation of 

NOx. However, the quartz has not been studied in this thesis. The particle size of the 

quartz might change the gas flow in the charge if the quartz-particles are fines. This is 

because SiO(g) will go up to the charge from the crater, and by having small particles 
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the density of the charge will increase and make it difficult for the SiO(g) to get up to 

the charge. The consequence of this could be that the silicon yield can be affected.  

Carbon materials like coke, coal and woodchips will be thoroughly described under the 

chapter about how the raw materials influence the NO formation. Changing the carbon 

materials is a more critical change in the silicon process regarding NO formation 

because it does influence the silicon yield.  Both the carbon reactivity and the particle 

size of the carbon are important parameters in this case. The reactivity of carbon is 

given as how well the carbon reacts with SiO(g) from the crater. The particle size is 

important because if the particles are too small they will be taken by the gases with 

high velocity above the crater and go off in the off-gas system. In this case there will be 

low control of how much carbon is in the system. The carbon amount in the furnace is 

might also change the position of the electrodes, which could change the heat 

distribution. As a conclusion the carbon can change the whole process. 

Charging 

Charging mainly has the purpose of feeding the furnace with raw materials. This 

parameter does not change the process directly, but rather influences the top of the 

charge surface. When the new raw materials are fed to the furnace, the temperature 

of the materials is around 25°C. This will decrease the temperature of the top of the 

charge. Heating up the fresh raw materials will also demand some energy, although 

this depends on the frequency of the charging. If the carbon contains water or other 

elements that easily evaporates, the first reactions that happens on the charge is that 

these elements will evaporate.  

In the industry there are two ways to charge the furnace: “Continuous” or “Batch”. 

When the furnace is charged continuous it is normally done by feeding the furnace 

around every minute.  However, the amount of raw materials per feeding is small. This 

provides a charge surface with an even temperature. This way of charging also 

prevents the charge from burning down, which creates a high temperature in the 

charge and also the combustion of SiO(g) to silica fume. 

In batch charging the raw materials are fed to the furnace normally one time per hour. 

In this case the mass of every charging is large, because the furnace needs to be filled 

with raw materials for another hour of furnace operation. In this case the temperature 

on top of the charge will be high because the charge is fully heated up and burned 

down by the time of the next charge-period.  
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Stoking 

During the stoking of the furnace the purpose is to even out the raw materials on top 

of the charge. Another reason for stoking the furnace is to cover the gas channels that 

lead to losses of SiO(g). By stoking the furnace often, it is likely that blows to a certain 

extent will be prevented. The most important effect of stoking is in this case that the 

gas channels get covered with raw materials because it hinders the combustion of 

SiO(g). 

3.2 NOx formation mechanisms 

In processes where combustion takes place, NOx can be formed by these three 

mechanisms: Thermal, Fuel and Prompt (De Nevers, 2000). 

When there is fuel NOx, the gas has been formed by combustion of the nitrogen in fuel. 

Prompt NOx is formed by an interaction between oxygen and nitrogen in an 

environment with active hydrocarbons. In a silicon furnace the NOx will mainly be 

formed with a combination of high temperature and the presence of nitrogen and 

oxygen in the air.  

 

Fig. 3.4: The formation mechanisms and their dependency of temperature (Zeldovich). 

Zeldovich mechanism 

The principle of thermal NOx was described by Zeldovich (Zeldovich). This principle 

states that at high temperatures NO will be formed by radicals of nitrogen and oxygen. 

As seen from Fig. 3.4, this mechanism is highly dependent on the temperatures 

reached in the mixture of oxygen and nitrogen in the air.  

The Zeldovich mechanism is essentially given by two reactions: 

O + N2 = N + NO       (3.5) 
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N + O2 = O + NO       (3.6) 

In addition to these two reactions there is an extra reaction called the extended 

Zeldovich mechanism: 

N + OH = NO + H       (3.7) 

 This correlation is stated further by Turns (Turns), which has given the reaction rate 

coefficients in the Table 3.1 below (Kamfjord).These coefficients show that the 

reactions are strongly dependent on temperature.  

 

Table 3.1: Given for reactions 3.5, 3.6, 3.7, hence K3.5, K3.6, K3.7. These are the reaction 

rate coefficients given in [m
3
/kmol*s] 

Forward rate Backward rate 

K3.5 = 1,8*1011exp(-38370/T) K3.5 = 3,1*1010exp(-425/T) 

K3.6 = 1,8*107exp(-4680/T) K3.6 = 3,8*106exp(-20820/T) 

K3.7= 7,1*1010exp(-450/T) K3.7 = 1,7*1011exp(-24560/T) 

 

O2 = 2O        (3.8) 

Looking at the rate of the reactions producing NOx, the slowest reaction is given by 

reaction 3.5. Reaction 3.8 is faster than all of the reactions included in the formation of 

the gas. Kamfjord (Kamfjord) has chosen to use the assumptions by Turns (Turns) in his 

thesis and as a result of this it has been created en equation to describe the formation 

of NO given in equation 3.9. 

Equation 3.9 states that NO is dependent on temperature in the gas, nitrogen 

concentration, oxygen concentration and pressure. If NO is to be calculated by this 

equation the terms has to be defined. First, the reverse equations can be neglected. If 

the goal is to look at what produces NO gas it can be assumed that the concentration 

of nitrogen oxide is small, hence the reaction will go forward. The concentrations of 

nitrogen and oxygen have to be found as well to be included in the equation. [N] is 

found by assuming steady state, following dN/dt=0. The oxygen reaction (3.8) is 

defined to be in equilibrium, and as a consequence of this definition the oxygen 

radicals’ concentration can be found.   

     

  
             

     

 
  

        

  
              (3.9) 

Keq is given as the equilibrium constant for expression 3.9. P is given as the pressure of 

air, at a value of 1 atm. R is the gas constant (8.3145kJ/mol). The temperature is T. The 
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concentrations of oxygen and nitrogen are [O2] and [N2]. There is also a reaction rate 

coefficient, which is in this expression given as 2*K3= 3.6*1011 [m3/kmol*s]. 

Following, expression 3.9 can be transformed into an equation looking into the NO 

formation as a function of time. As previously mentioned, the concentrations of 

oxygen and nitrogen can be considered as steady-state, which means that the content 

does not change as a function of time. By integrating the equation on the terms of 

[NO] =0 at t=0, the expression will look like equation 3.10: 

                  
     

 
  

        

  
              (3.10) 

3.3  How does the formation of NO take place in a Silicon furnace? 

3.3.1 SiO(g) and O 

As previously mentioned, the formation of NO is seen to be dependent on the amount 

of oxygen radicals at a given temperature. This amount is given when equilibrium 

between O and O2 is obtained. However, in the temperature range that is relevant 

(1133-1563K (Kamfjord)), the Gibbs free energy is positive for reaction (3.10). The 

consequence of this is that there has to be another source providing oxygen radicals.  

Common for both the furnace surface and the tapping area is that silica is produced in 

both of these areas of the furnace. Silica is produced as a consequence of the 

combustion of SiO gas. The reaction producing SiO gas takes place in the crater zone 

and flows up to the surface reacting with carbon or making silica. Further in Kamfjord’s 

work it has been shown that there is coupling between silica fume and formation of 

NO in Fig. 3.5. Fig. 3.5 is taken from an industrial silicon furnace on the surface.  
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Fig. 3.5: NO and the coherence with silica fume (Kamfjord). 

Kamfjord (Kamfjord) used assumptions based on the work of Jachimowski and MacLain 

(Jachimowski & McLain, 1983) and also Britten and Tong (Britten, Tong, & Westbrook, 

1990). In their theories the combustion of silanes is investigated. These studies has 

shown an estimation of reaction rates primarily for silanes combusted by H2, but the 

SiO2 reactions has been included in the work.  

These reactions are given as equation 3.11, 3.12 and 3.13: 

SiO + O + M = SiO2 + M      (3.11) 

 SiO + OH = SiO2 + H       (3.12) 

SiO + O2 = SiO2 + O (radical)      (3.13) 

In reaction 3.11 the M stands for a third body molecule. 

With these three reactions on hand, it is natural to look at reaction (3.13) as a source 

for oxygen radicals. In industrial furnaces this means that SiO(g) combustion is the 

primary source generating NOx. When more SiO(g) is produced, there will be more 

combustion, which will further lead to more NO. Also the SiO(g) combustion reaction is 

exothermic, which means it gives off heat. Temperature is also a parameter, which has 

to be considered in the formation theory.  
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3.3.2 Formation of NO on the surface of the furnace 

As previously mentioned in the chapter about the silicon furnace, silicon monoxide is a 

product of the reaction that takes place in the crater of the furnace. This gas will flow 

up to the surface of the furnace and make a gas path either along the crater wall or 

close to the electrodes (Tranell, Ringdalen, Ostrovski, & Steinmo). When the gas 

reaches the surface combustion of silicon monoxide and carbon oxide will take place.  

The surface of the furnace is defined as the top of the charge, which is the where the 

furnace is fed with raw materials. The raw materials will include a variation of chemical 

components in both the quartz and the carbon materials. Volatile materials in the 

coal/coke will combust, and if there is any water it will evaporate.  

Different chemical components with nitrogen content in the raw materials might react 

to form NO. However, this will not be thermal NOx, but rather fuel NOx or prompt NOx. 

These reactions will take place when nitrogen reacts with hydrocarbons. Coals that 

have volatile matters will have amounts of hydrocarbon. 

Since there is a correlation between the fume and the NO formation, it is likely that NO 

is primarily formed thermally. As mentioned the combustion with SiO(g) will give a 

high temperature needed to form NO, because the reaction is exothermic.  

Kamfjord gives a description of what happens after stoking and charging and divides it 

into two three different stages as given in Fig. 3.6. 

At first there is the primary formation mechanism: 

 The temperature of the charge will decrease as can be seen in the chapter 

about charging.  

 The decrease in temperature will make the SiO gas condensate and will 

hinder the SiO(g) from combusting at the furnace surface 

 After a while the new materials will heat up and eventually there will be 

combustion of SiO(g), volatiles and evaporations of water. These reactions 

will compete for oxygen.  

 This phase will primarily have fuel and prompt NOx formation mechanisms.  

 There will be a permeability of raw materials, which will lead to an increase 

in fume formation. 

The second phase is known as the transient time phase: 

 Some of the water would have evaporated and some of the volatiles have 

combusted. This leads to that more of the SiO gas will flow up from the 

crater and combust. NO formation will in this time will be a mixture 

between the different formation mechanisms. 
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The third stage will be the secondary formation: 

 When all of the water has evaporated and all of the volatiles have 

combusted the primary NO formation mechanism will be because of the SiO 

gas. 

 

 

Fig. 3.6: Reactions at the furnace surface by Kamfjord (Kamfjord). 

 

 

3.3.3 Formation of NO in the tapping area 

In comparison to the furnace surface, there are no raw materials potentially 

contributing to NO formation in the tapping. This means that the only way to form NO 

is by combustion of SiO(g).  

Gases from the crater close to the tapping channel might combust and produce NOx. 

During tapping the main purpose is to get the metal to flow easily. Gases, like SiO(g) 

will escape, combust and create oxygen radical. This radical will react with air and give 

NO. However, the furnace surface is open, and will have access to unlimited amounts 

of oxygen. The tapping channel is only open during tapping. If there is produced any 

NO gas it is not likely to be the main source of emissions in the silicon furnace.   

Kamfjord (Kamfjord) has indicated in his work that tapping might be of importance 

when it comes to the formation of NO because if the metal is not tapped regularly, but 
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instead creates a pool of metal beneath the electrodes, this molten metal might react 

and give an increase in SiO(g). The increase in SiO(g) might give an increase in fume, 

and produce more NO.  

3.4 Parameters in the silicon process contributing to NO formation 

 

3.4.1 Charging 

Charging is the term for when the furnace surface is fed with new raw materials. The 

temperature of the raw materials before they are fed to the furnace is around room 

temperature (25°C).  This means that a cold layer of materials will be on top of the 

charge and will thereby reduce the temperature of the charge. This temperature 

reduction is described by Kamfjord to drop from 800°C to 400°C. After the reduction 

the temperature will gradually increase again.  

There are two ways to charge; either the furnace can be charged continuously or the 

furnace can be charged in batches once an hour.  When the furnace is charged 

continuously the charge gets a constant flow of cold raw materials. This is likely to 

have an effect of the temperature on the charge. When the furnace is charges once an 

hour, the temperature would have increased and created a higher temperature on the 

surface. As previously mentioned a local high temperature will have an effect on the 

formation of NO, and hence there will be a peak in the emissions trends when the 

furnace has not been charged in a while.  

Fig. 3.7 shows what happens when the feeding stopped for about an hour at the plant 

Elkem Thamshavn. The graph shows a text saying “Peak”, and that peak represents an 

increase in the emissions of NOx because the charge level was burned down when 

there was a lack of new materials on the surface. This plant produces MG-Silicon and 

micro silica. Normally the feeder in the centre of the furnace has a frequency of 

around 9 min at Elkem Thamshavn, where as the other feeders around the electrodes 

has a frequency of 7 minutes. In this case the furnace was not charged, and there was 

a peak in the emissions measured at the pipe.  

.  
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Fig. 3.7: Increase in NO emissions during lack of charging based on data from the system 

at Elkem Thamshavn. 

The same trends has been shown when the charge drops to the crater of the furnace 

or during batch charging.  

3.4.2 Stoking 

When the furnace has been fed with new raw materials it is natural to try to even out 

the raw materials through the furnace, especially if some of the raw materials have 

aggregated by the furnace walls. The purpose of this is to try reducing SiO(g) losses by 

filling gas channels of SiO(g) going up from the crater of the furnace, and to get as 

much of the materials to take place in the reaction to SiC.  

The frequency of stoking will have an effect on the formation of NO gas mainly 

because it will fill the gas channels, such that it hinders the combustion of SiO(g) on 

the surface of the furnace. Instead of combusting on the surface there will be a 

condensation of SiO(g) further down in the charge. In addition it can keep the 

temperature of the surface even. As seen in the chapter about charging the 

temperature will drop when new raw materials are charged on the surface. Stoking will 

also contribute to this effect when raw materials are distributed throughout the 

furnace.  

Peak 
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Fig. 3.8: Stoking, charging and the NO emissions from "furnace 2" at Elkem Thamshavn 

(ELKEM (Åslaug Grøvlen)). 

Fig. 3.8 is made from data taken at Elkem Thamshavn made by Åslaug Grøvlen (ELKEM 

(Åslaug Grøvlen)). This shows the frequency of the feeder in the center of the furnace, 

and also what happens during stoking. As can be seen from the figure the stoking 

tends to decrease the emissions of NO, likely because it fills up the gas channels. The 

graph for the feeders are marked with green and shows that if the frequency is higher, 

the measured NO tends to be low and there is an increase in emissions when there is a 

longer period between the feeders. 

3.4.3 Raw Materials 

Quartz and carbon materials like coke, coal, charcoal and woodchips are used in the 

production of metallurgical grade silicon. It is natural to investigate the effect the raw 

material/reductant mix has on the emissions, primarily because it has an effect on the 

yield of the silicon, which means it is also likely to have an effect on the fume produced.  

The carbonaceous raw materials can contain volatiles, which are CxHy materials. Also, 

the raw materials may include water, which means that water will also evaporate on 

the surface. Kamfjord (Kamfjord) has mentioned that the surface has a different 

environment than the tapping area primarily because of these additional matters. 

Combustion of volatiles and water will compete with the combustion reaction of SiO(g) 

at the surface, and thereby reduce the emissions of NO.  
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However, this will again depend on the carbon materials. There is a difference in how 

much water and volatiles the carbon materials will contain. The reactivity of the 

carbon materials is also highly important for the process seeing that it is the ability the 

carbon has to react with SiO gas from the crater and hence the amount of SiO(g) that 

will pass un-reacted through the furnace. 

There have been several studies on the effect of humidity on emissions. Stuart Neill 

and Guo (Guo, Neill, & Smallwood, 2008) investigated the effect of addition of water 

regarding NO formation in a counter flow CH4/air premixed flames. This was done by a 

numerical simulation using a chemical reaction mechanism by GRI-Mech 3.0. The 

conclusion to this work was that an addition of water reduces the temperature of the 

flame and following there will be a reduction of NO formation.  The study also shows 

that the NO formation can be reduced by a chemical effect that is due to that the 

water addition increases the production of OH-radicals instead of O and H. 

A study done by Bhargava and Colket (Bhargava, Sowa, Casleton, & Maloney, 2000) has 

showed the effect of humidity when looking at the combustion of air in premixed 

flames in a humid air turbine. They found that the steam tends to lower the 

concentration of oxygen atoms and instead found an increase in the OH-atom 

concentration. Also, the equilibrium temperature decreased. All of these factors will 

decrease the formation of NO.  

Another parameter that can contribute to a change in silicon yield is the size of the raw 

materials. The carbon material particle size varies from 1mm to 30mm. It is important 

to notice that the specific surface decreases when the particle size increases. Also if 

the particles are too small they may be carried out of the process by high velocity gas 

flows. This might change the carbon content of the process. Particle size can also 

change the density of the charge. The process is dependent on the gas flow of SiO to 

react with carbon in the charge, and the gas must be able to flow through the charge 

to avoid an increase in pressure below the charge surface.  

3.4.3.1 Properties of different carbon materials (Schei, Tuset, & H.Tveit, 1998). 

Charcoal is characterized by having a high carbon reactivity and high moisture content 

because it is made out of wood. Charcoal also has a high fixed carbon content of 

around 46 %, which is lower than for coal and coke. Another property is the low 

volatile content. Volatiles give the process extra chemical energy and will increase the 

energy in the off-gas system because the volatiles will be burned at the surface. 

Coke is made out of coal pyrolysed under CO. This is done so that the coal will lose its 

volatiles and give a high amount of fixed carbon (around 75 %) that is important in the 

process. Coal has a fixed carbon content of around 51 %, and has a high amount of 

volatiles. The moisture and ash level is low for both these materials. 
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Woodchips has a low fixed carbon content of around 12 %. However these particles are 

used to segregate the carbon and quartz in the furnace. Without the woodchips there 

might be a dense charge, and it is preferred that the charge gives possibilities of gas 

flow. The woodchips also have a high volatile content and moisture content. Moisture 

has to be evaporated when fed in the charge. 

The particle size of the carbon material is important. Air is used to cool down gases 

above the furnace surface, and this air is also important in making the gases combust. 

Because of inlet of air there will be high gas velocities carrying away carbon particles to 

the gas outlet. The result of this will be a reduction of carbon in the charge.  

3.4.4 Design 

Another important parameter is the design of the furnace and the off-gas system. As 

seen before in the chapter about formation mechanisms the inlet of air and the 

temperature is of importance when NO is formed.  

Kamfjord (Kamfjord) did experiments in his work investigating the supply of air and the 

air flow with a pilot scale furnace. His conclusions of these experiments were that if 

the inlet of air is close to the charge surface, there will be higher NO emissions than if 

the inlet of air would be closer to the off-gas channels. Kamfjord also concluded that if 

the amount of air was decreased there was more NO produced, because there will be 

less cooling effect from the oxygen. This indicates that also the velocity of the gas in 

the hood of the furnace will have an impact on the formation of NO.  Further it can be 

stated that a low velocity of the gases in the hood of the furnace will increase the time 

where the gases can be heated. It will be a general increase in temperature in the 

furnace, which will give an environment more likely to produce NO. 

3.5 Parameters important in this study 

Now there has been a general overview of the different parameters in the silicon 

furnace contributing to the formation of NO gas. In this study the parameters raw 

materials and design will be investigated. Elkem Thamshavn had a design change in 

furnace 2 in 2010, and the effect of this design change could have changed the gas 

flow velocities on the surface. This change in gas flow on the surface could have 

decreased the temperature in the specific region of the furnace, and could have had an 

effect. The study regarding the raw materials is due to a change in the carbon 

materials and could have affected both of the furnaces. 

The parameters that could affect the NOx formation mechanisms are summarized 

below: 

 Temperature change at the surface of the furnace due to a change in gas 

flow velocities because of the openings in the wall. 
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 The effect of coal fines in the carbon mixture. 

 The effect of change in coal particle size on the emissions. 

Elkem Thamshavn 

 At the plant they have two furnaces: Furnace 1 and Furnace 2. Furnace 2 is the biggest 

furnace and produces around 80 tons of metal per day. Furnace 1 is somewhat smaller 

with a production of around 50 tons per day. Another difference is that furnace 1 has a 

smaller geometry than furnace 2. There is also a design difference, where furnace 2 

has two gas outlets and furnace 1 has one gas outlet. Normally furnace 2 is used for 

combined operations, where it produces both silicon and the fine micro silica. Furnace 

1 is primarily used for production of silicon and normally has a higher silicon yield than 

furnace. 
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4 Experimental 
 

There are two experiments studied in this report. The first study is done based on the 

results of a pilot-scale experiment administrated by SINTEF, which is a Norwegian 

research organization. The other experiment is done at the silicon production plant 

Elkem Thamshavn. This experiment is done to relate results from the pilot-scale 

experiment and those from an industrial plant. Both of the experiments will be 

described in this chapter. 

4.1 Measurement equipment and design on a pilot scale furnace 

(SINTEF). 

In order to do controlled experiments, NO was also investigated in a 440 kVA pilot 

scale furnace as an experiment done by SINTEF cooperating with the industrial silicon 

producers. This furnace is set up such that inlet of air can be controlled and also 

controlled variations of raw materials (Olsen, Solheim, Panjwani, & Andersson, 2013). 

4.1.1 The pilot-scale furnace.  

Fig. 4.1 shows a sketch of the pilot scale furnace from Kamfjords thesis (Kamfjord). The 

hood of the furnace is made with two rings; upper and lower. The purpose of these 

rings is to control the inlet of air and also where the air comes from.  These rings are 

adjustable and contain fifty holes on the lower part and fifty holes on the upper part. 

The meaning of this is that the gas flows on the charge furnace can be controlled. The 

diameter of these rings is 3.5 cm. 

 

Fig. 4.1: Pilot scale furnace (Kamfjord). 
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The lower opening is close to the charge and is approximately 15 cm above the charge, 

where as the upper ring is 65 cm above the charge. There are also hatches placed on 

each side of the hood so that there is a possibility to stoke and charge the furnace.  

4.1.2 Hypothesis 

The goal of this experiment is to investigate the effect of charging and stoking. More 

specific the furnace is charged with carbon materials where the amount of volatiles 

and water is varying. Listed below are some hypotheses that will be investigated 

further. 

 Carbon materials with volatiles will have an effect on the formation of NO. 

 Water will slow down the formation of NO. 

4.1.3 Experimental set-up 

The furnace started Monday 23.10, and after two days the furnace was ready to tap 

metal on Wednesday 25.10. The experimental set-up is given below in Table 4.1. It is 

important to notice that the furnace was stoked and charged between tapping based 

on operational matters like temperature and gas blows from the crater.  
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Table 4.1: The experimental matrix. Tap nr is given as how many times the furnace was 

tapped. Sats is given as the combination of raw materials put into the furnace during 

charging. The meaning of wet/dry is whether or not the carbon materials contain 

volatiles/humidity. V is for volatiles and T stands for dry carbon materials. The term 

upper/lower is based on which of the rings in the hood that is kept open. 

Tapp Run Sats Wet/dry 

False Air inlet 

Upper/Lower 

nr 

  

(Carbonmaterials) Open 

1 1 7 V U 

2 2 8+9 V L 

3 3 5+6 T L 

4 4 6+10 T U 

5 5 11 V L 

6 6 10 T L 

7 7 13 V U 

8 8 14 T U 

9 9 15 V U 

10 10 16 T U 

11 11 17 V L 

12 12 18 T L 

13 13 19 V U 

 

As Table 4.1 shows the furnace was tapped thirteen times. After every tapping the 

furnace was charged with a new type of carbon material. This means that the amount 

and composition of quartz was kept constant. As can be seen from the table the 

composition of the carbon materials varied between wet and dry. With wet and dry it 

is referred to the amount of humidity and volatiles that can be found in the carbon.  

The terms “wet” and “dry” carbon will be explained further in the experimental 

chapter. 

Because a part of this study was to examine the effect of the inlet of air on the 

emissions, the rings described earlier in the chapter varied between upper and lower. 
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As an example in tap 1 the upper rings were kept open. The effect of the rings will not 

be studied in detail in this thesis, because the raw materials and the charging will have 

the primary focus.  

In Table 4.2 the experimental set-up is given based on the composition of the raw 

materials compared to table 1 that gave the general set-up. Here it can be seen that 

the silicon yield, the fix carbon and the quartz composition is expected to be constant 

during the experiment. The variation in carbon is whether or not coal or coke is fed to 

the furnace.  

Table 4.2: Experimental set-up based on composition of raw materials. 

 

Following, in Fig. 4.2 the composition of the carbon material is shown. For the dry 

carbon, coke and woodchips with a low humidity and volatile content is used. As for 

the wet carbon, coal and woodchips have a higher content of volatiles and humidity. 
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Fig. 4.2: The composition of dry and wet carbon. 

4.1.4 Measurement in the off-gas system. 

 

 

Fig. 4.3 The off-gas system. This figure shows where the measurement devices are places. 

The most important devices for my thesis are FTIR (FTIR), TESTO (TESTO, 2012) and 

NEO (NEO MONITORS). 

 

Fig. 4.3 shows the off-gas system of the furnace and where all the measurement 

devices are placed. The devices that are relevant for this purpose are the devices 

related to the gas and emissions. However, process parameters and also the 
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temperature give information about how the furnace is operated, which is needed to 

understand the results.  

Measurements done regarding the operational factors of the furnace were done 

manually by the operators where they wrote the information down or logged it 

directly from the furnace. Examples of operational factors could be the time when the 

furnace was charged, stoked, tapped or general comments about how the furnace is 

running.   

Primarily the NO in the off-gas system was measured by the TESTO 350XL (TESTO, 

2012)(see Appendix A.3). This equipment measures NOx as a sum of NO and NO2. Also 

measurements for temperatures and CO can be done with the TESTO 350XL. NO is 

given as ppm and has a range from 0 ppm to 39.9 ppm. If the value if higher than this 

given range only 5 % of the measured value is given until the levels of NO reaches 300 

ppm. The TESTO 350XL has an electrochemical cell for NO with a chosen ppm range 

that is put into the equipment. If the range is higher the cell can be changed to a cell 

with a different range.  

The dust was measured by weighing the dust after each tapping, and also with the 

NEO LASERDUST MP Monitors (NEO MONITORS) (See Appendix A.2). The NEO 

LASERDUST is a device measuring the fume by sending a light through the channel and 

the monitor measures the percentage of light that is lost. The device is logging data 

every second, but this can be adjusted to a different scale. The NEO LASERDUST 

measured either as percentage of light that is lost or mg/Nm3. 

The FTIR (FTIR) (see Appendix A.4) is used for measuring water, CO, H2O, SO2 and other 

gases. This equipment works in such a way that air is sucked in through a filter, gets 

analyzed and then the air get blown out after the analysis. During the analysis of the 

gases a beam of infra-red light is sent toward the gas-sample. Based on how the 

different gases absorb this light a value for the different gases is given. The device is 

connected to a computer used for logging the data from the analysis. The data is 

analyzed every 55 seconds, but might have certain delays that will give a variation in 

time.  

Tapped metal from the furnace was also weighed and a silicon yield is calculated based 

on silicon that goes into the furnace and silicon that goes out of the furnace.  

4.1.5 Silica particles 

During each tapping, silica powder was collected and the weight of the powder was 

measured. In addition a sample of the powder from each tap was taken. There was a 

change in carbon materials in every other tap, where the furnace was charged with 

either charcoal or coke. Because of the different characteristics of the carbon materials 
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it is likely that it would have had an impact on the silica produced. In order to study 

this powder the particle size and the type of impurities must be studied in detail.  

BET-method 

Samples from each tap were measured with the BET-method. The BET-method is a 

short name for the Brunauer-Emmett-Teller-method and is a theory found first by the 

authors Brunauer, Emmett and Teller (Fagerlund). The method is in this case is used to 

find the specific surface area of silica particles taken from the pilot-scale furnace.  

The theory behind this method is based on the absorption of gases from the surface of 

the particle. When the particle is in an environment with a gas under equilibrium 

conditions, a certain temperature and at a relative vapor pressure, the particle will 

absorb some of the gas. How much the particle absorbs depends on the relative vapor 

pressure and also the surface of the particle. An absorption isotherm is therefore the 

correlation between relative vapor pressure and the amount of gas that the particle 

has absorbed at a constant temperature. 

These absorption isotherms are the key for finding the specific surface area of the 

particle. By using a dynamic BET-device the isotherms will be found and thus the 

surface area will be given. Before the isotherms can be measured the particles are 

placed in a measurement bulb. The bulb has to be weighed before and after the 

sample is filled up in the glass bulb. After the weighing the sample, the sample has to 

be dried for a day to remove any moisture from the sample. The sample is dried for 

almost a day at a temperature of 250°C.  After the sample is dried it is weighed again 

so that the accurate sample weight can be found. Following, the sample is placed on 

the device where it degassed to remove any gas the surface of the particles and the 

sample is filled with nitrogen. Isotherms are calculated based on the amount of gas 

that is absorbed by the silica particles. Based on the weight of the sample and also the 

relative vapor pressure the specific surface area is calculated. An example of the 

results and the software used to get the surface area is given in Appendix 5. 

4.1.6 Data processing 

Because of the different equipment that is used for the pilot-scale furnace, most of the 

work is in analyzing and processing the data. In this process there are certain factors 

that can be crucial to the results.  Dmitry Slizovskiy, a NTNU postdoctoral student has 

done most of the data processing. He also worked with validating the data. In such a 

complex process there were some periods in the experiment that was influenced by 

the open tapping hood or problems with the measurement devices.  

As mentioned before devices such as the FTIR and TESTO were used for measuring 

several parameters such as NO, water, CO and SO2.  The NEO LASERDUST was used for 
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measuring the silica fume. However, these devices were logging at different times. The 

consequence of this is that the data has been difficult to compare for further studies. 

Some bullet points are given below to show what has been the case: 

 The TESTO measured data every five seconds measuring in ppm. 

 The FTIR measured data every fiftyfive seconds, however sometimes the time 

difference would be fiftytwo or fiftythree. These data have been interpolated so 

that it gives data every five seconds based on the linear interpolation. FTIR 

measures gas in volume percent or in ppm. 

 The NEO LASERDUST logged data also every five seconds and measures the dust as 

mg/Nm3.  Further the data was transformed into volume percent. These 

measurements give the amount of silica going through the off-gas system. The 

amount of silica was also weighed between every tap. Comparing these values the 

amount of dust was different for every tap and to get the correct data the dust 

concentration was normalized based on the weight of the dust. 

When the time scale was corrected the data was put together. Further the data was 

ready to be analyzed.  

A parameter that has to be taken into consideration when looking at the results is the 

open tapping hood. The hood is supposed to be open during tapping, but then close 

then the furnace runs normally. The mechanism did not work correctly and at some 

points during the experiment the tapping hood was actually open. False air coming 

from this opening could have influenced the results.  Fig. 4.4 shows how the tapping 

hood with 50 mm during the experiment 

 

Fig. 4.4: Open tapping hood 

 

As a conclusion of the data processing, Fig. 4.5 shows the data that is valid to use in a 

further analysis. The dust measurements were only working between 22 hours into the 
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experiment until 32 hours into the experiment. During the time the dust was being 

measured there was also a time when the tapping hood was partly open.  

 

Fig. 4.5: The complete data set and the time that is valid for analysis. 

From Fig. 4.5 there are some conclusions to which tapping runs/periods that can be 

used as results: 

 Tap 2, 4, 5, 6, 7, 8, 11 and 12 are good periods to use for further analysis 

 Tap 1, 3, 9, 10 and 13 are not good to use for analysis because the results might 

have been influence by false air from the open tapping hood. 

4.2 Industrial Scale Experiment at Elkem Thamshavn. 

As a result of the pilot scale experiment, an industrial scale experiment was planned. 

The pilot scale experiment is going to give information about the effect of raw 

materials, inlet of oxygen and the effect of water. However, the experiment does not 

take account for another important parameter which is the charging of the furnace.  By 

doing an experiment where the frequency of the feeders is decreased, the effect of 

batch-charging versus continuous charging can be studied on behalf of the emissions. 

As mentioned in the theoretical part of the thesis, the furnace is charged every 9 

minutes. However, the frequency can be changed and set to other values. During these 

experiments the furnace will be set to around 7 minutes.  The meaning of the term 

cycle time is that the feeder goes through 6 positions in 7 minutes, which means that 

the center feeder actually will charge every minute. If the cycle time is 15 minutes, the 

center will be charged every 2.5 minutes.  
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By provoking the furnace with a change in charging frequency there is a possibility of 

getting a reaction from the furnace that can change the NOx emissions. The feeder in 

the center of the furnace will most likely have the biggest impact on the emissions and 

is therefore important concerning the experimental set-up; if the furnace does not 

respond to a less frequent charging pattern, then the other feeders will most certainly 

not influence the emissions.  

As a summary, the goal of this experiment is to answer the questions below: 

 Will a small change in the frequency of the feeders have an impact on the 

emissions? 

 If the feeders have an effect, how much will the continuous charging improve the 

formation of NO in a furnace? 

The experimental set-up will therefore consist of changing the charging-rate to 3000 

seconds instead of 400 seconds, and to take certain conditions to account the furnace 

will be charged at this rate for 2-4 hours depending on how the furnace can tolerate 

the change. Every batch is approximately 150 kg, and it is assumed the furnace can 

tolerate five times bigger batch than this, which will give a cycle time of 2000 seconds. 

Table 4.3 below summarizes the cycle times. 

Table 4.3: This table gives the cycle time and the charging rate. The cycle time is the time 

the feeder needs to get from one position to the same position at the new cycle. Charging 

rate is how often the furnace is charged from one feeder. 

Cycle time (s) Charging rate (s) 

400 (normal) 67 
1000 167 
2000 333 
3000 500 
4000 667 

 

Following, there will be done experiments with the other feeders if the center feeder 

has an effect on the results. Also, if a trend can’t be found, this experiment has to be 

done over several days to see if the furnace conditions might have impacted the 

results. This experiment will be summarized later on in this chapter; however a quick 

explanation of the feeders is needed to understand the experiment.  

Fig. 4.6 shows the feeders have been divided into where they are placed in the furnace. 

Electrode 1, 2 and 3 each is surrounded by two feeders. Then there is a feeder in the 

middle, which is the most dominating feeder.  
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Fig. 4.6: This figure shows the electrodes and the feeders surrounding the electrodes. The 

feeder in the center is marked as 1, and is the feeder with most impact. 

4.2.1 Experimental Set-Up 

The consequences of having a low frequency of the feeders can be fatal for the furnace 

because of a massive temperature increase and the furnace is not charged with large 

batches of raw materials. The plan for this experiment is put up in Table 4.4. From this 

table it is shown three experiments. The first experiment is when both the center 

feeder and the other feeders have a cycle time of 2000 seconds. In the second 

experiment the center feeder will have a higher cycle time whereas the cycle time of 

the other feeders are kept normal. As for the third experiment the cycle time of the 

center feeder will be kept normal and the other feeders will have a higher frequency.  
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Table 4.4: Experimental set-up summarized in this table. Position gives the area where the 

feeder is, column two is the description of the values and the value-column gives the values 

of how the furnace is charges. Cycle time is how long the feeder used to go from one 

position to the same position of the cycle. Seeing there are six positions it takes the feeder 

400 seconds to go from one position to the same position in the cycle. 

Position Description Value (seconds) 

Center Cycle time center 2000 

 Feeding time 10 

Feeders around electrodes Cycle time other feeders 2000 

Electrode 1 Feeding time electrode 1 10 

Electrode 2 Feeding time electrode 2 10 

Electrode 3 Feeding time electrode 3 10 

 

By changing the cycle time, there must also be a change in how long the feeders will 

charge. Normally the feeding time is around 3 seconds, but since the cycle time is five 

times bigger the feeding time will also have to be 5 times bigger. 

4.2.2 Equipment 

Measurements that are relevant for this report are; the temperature of the off-gas, the 
gas flow, NO gas and the power of the furnace. The fume is registered before the filter. 
The weight of the fume will be registered at the filter if such data is to be used.  
 
The volume of the gas is done by calculations that are based on the gas velocity and 

temperature at a certain location in the system. In this case that is also measured in 

the chimney at the same location as the NEO LASERGAS II SP. To summarize where the 

equipment is found look at Table 4.5. 

Table 4.5: The measurement devices at Elkem Thamshavn. 
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4.2.2.1  NEO LASERDUST/NEO LASERGAS 

Elkem Thamshavn already has installed both the NEO LASERDUST (NEO MONITORS) 

and the NEO LASERGAS (NEO MONITORS) (see appendix). Both of these devices log 

every second at the plant. The principle of this equipment is that is sends a laser-beam 

through the pipe, where it gets absorbed and gives the values of the gas. The data 

from the NEO LASERGAS is gives as mg/Nm3 and the data given from the NEO 

LASERDUST is given as the percent of light transmitted. The inverse values from the 

NEO LASERDUST give the percent of dust. Fig. 4.7 shows where the measurement 

devices are located. 

 

Fig. 4.7: This shows an overview of the furnace and where the measurement devices are 

located. 

4.2.2.2  FTIR (FTIR) 

There was placed a FTIR-device before the filter (appendix A.4). This location is close to 

the flow measurement and also the dust measurement. The FTIR is described earlier in 

the part about the pilot-scale experiment. In this area of the off-gas system the 

temperature is around 180°C, which is within the temperature range that the FTIR can 

tolerate.  

The lance placed in the off-gas system has a diameter of around 4 cm, and as Fig..4.8 

and Fig..4.9 shows from the pictures the diameter of the opening was around 9 cm. 
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Fig..4.8:  This figure shows the opening in the off-gas system where the FTIR was placed 

before the filter. The diameter needed for placing the FTIR in the off-gas system is 4cm. 

This opening is 9cm and is actually too big for the FTIR. Wool was used to cover the FTIR 

so that false air will not influence the results. 

 

Fig..4.9: The diameter of the opening is around 9 cm. 

This diameter difference was solved by putting some isolation to covering the lance 

and as can be seen from Fig. 4.10 and Fig. 4.11 the isolation was again covered with 

duck-tape to make sure there were no movements. By covering the opening with 

isolation there will be no influence of false air. 
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Fig. 4.10: The NEO LASERDUST and the FTIR is shown in this figure. 

 

Fig. 4.11: This figure shows that the measurements were done close to each other. 
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4.2.3 Data processing 

Also, in this experiment different equipment for measuring gas and dust was used. The 

FTIR is logging with a time difference between fifty and fifty-five seconds, where as the 

devices from NEO LASERGAS/LASERDUST was logging every second.  

Having data from every second during 26 hours gives a lot of data and a huge amount 

of data make it difficult to make graphs in excel. The variation in time difference from 

the FTIR also makes it difficult to compare results from the NEO-devices. Given below 

is a summary of what has been done to the data regarding the time: 

 Data from Elkem Thamshavn logging system logs every second. Flow, dust, NO, 

power and temperature has been collected from this system.  

 The data from Elkem Thamshavn have been extrapolated. This means that we have 

transformed time difference from one second until five. This was done by taking 

the average values from the five last values for every five value.  

 Because the feeders are charging the furnace every 400 seconds, the data from 

Elkem Thamshavn was also extrapolated to a time difference of 400 seconds. This 

was done by the same principle as for the 5 second values.  

 The data from the FTIR was linearly interpolated in the same way as for the pilot-

scale furnace. The variation in time difference ranged from 50-55 seconds and had 

to be transformed into 5 second values.  To compare with the 400 second values 

from the Elkem Thamshavn data the FTIR-data was also transformed into values 

with a time difference of 400 seconds.  
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5 Results and discussion: Pilot-Scale Experiment 

5.1 Results 

In the pilot-scale experiment the focus of the experiment is looking into the effect of 

the raw material mixture. In practice this is done by varying the carbon source 

between coal and coke. These two carbon materials are different when it comes to 

moisture content and amount of volatiles creating a wet or dry charge. The results 

from the pilot scale experiment will be presented in this chapter. 

Fig. 5.1 is a scheme showing which parameters can form NO and can be related to this 

report. Raw materials are added to the furnace by the charging process. Since charging 

and raw materials are related to each other, the two parameters are studied in this 

thesis. In the pilot-scale experiment the carbon materials have been studied. From the 

theory part it is implied that the two properties of carbon that could influence the 

formation of NO are water and volatiles since the fixed carbon in this case is kept 

constant to create a constant silicon yield. 

 

Fig. 5.1: This scheme shows how raw materials are charged to the furnace with primarily 

a silicon source and carbon source used to reduce the quartz. Following the important 

parameters of the carbon is the content of volatiles and water. For the charging process 

the frequency of the charging is assumed to be important for the amount of NO that is 

formed. 

Because the open tapping hood influenced the results with false air, there was found 

one valid time-period for each of the four periods “Dry Charge + Lower openings”, “Dry 

Charge + Upper openings”, “Wet Charge + Lower openings” and “Wet Charge + Upper 

openings”. These four cases will be repeated throughout the results, and the dynamics 

of the periods can be found in the appendix (A.7). 
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In this experiment, huge amounts of data is collected and analyzed. Detailed reports 

and publications will be made from this experiment. Since the focus will be on the 

industrial experiment there will only be relevant results regarding the raw materials 

will be included and it is natural to divide the results into a part about the water 

content and the effect of the volatiles. First, there will be a part about the data 

measurements and the dynamics of the gases. 

5.1.1 General Results: Measurements & Dynamics. 

 

Fig. 5.2: The graph shows an overview of the important parameters that have been 

measured during the experiment. 

Fig. 5.2 is showing an overview of the important parameters that have been measured 

during the experiment. The FTIR measurement device measures water, NO and other 

relevant gases like CO and SO2. TESTO is another measurement device that is used to 

measure NOx. The measurements from the TESTO device are more frequent than the 

measurement from the FTIR. From the figure the NOx from the FTIR is compared to the 

NOx from the TESTO. The NOx plot made by data from TESTO show a higher resolution 

compared with the data from the FTIR. The data from TESTO have a higher resolution 

because the device measures more frequent.  

Included in the plot is also the charging and stoking. These data are collected based on 

observations when running the furnace. One operator is in charge of writing down the 

times when the furnace is charged or stoked. The tapping process is also registered in 

the same document by observation. The tapping process can also be observed by 

looking at the measurements of temperature and power.   
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Silica (dust) is another parameter that is necessary to measure for the understanding 

of the formation of NO. The silica fume is measured by NEO LASERDUST and the fume 

is also collected into bags that are weighed during every tapping.  

Most importantly, the graph shows the dynamics of the measurements. The dynamics 

are used to look at the response of NO and water during charging and stoking. Also, 

the dynamics are used to validate the data to see that they fit with time and scale. 

5.1.2 H2O-content of carbon 

These graphs in Fig. 5.3 and Fig. 5.4 show an overview of the different cases while 

keeping the position of the inlet of air constant. For both figures the NOx is marked as 

red and green.  The variation in water can be seen as the blue line. 

 

 

Fig. 5.3: a) In this case the carbon materials are dry, which means that the carbon is low 

on humidity and volatiles. b) With a wet charge there is a high content of humidity and 

volatiles. 
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Fig. 5.4: a) In this case the carbon materials are dry, which means that the carbon is low 

on humidity and volatiles. b) With a wet charge there is a high content of humidity and 

volatiles. 

In Fig. 5.5 the overview figures has been zoomed in to look at the effect of water. From 

the figures the axes show negative values. This is related to the program used to 

normalize the data. The data is normalized to be on the same scale. The software is 

called “Eureqa” and can be downloaded for free to normalize data. 

The figure (Fig. 5.5) shows that the NOx varies more for the process with a dry charge 

in contrary to the wet charge. For the wet charge there are almost no larger peaks in 

NO. In the graph to the left there is a peak of NO and this is because of the tapping. 

In Fig. 5.5 and Fig. 5.6 the stoking (marked as red) is included to show how the stoking 

relates to water.  The stoking for the pilot furnace is a combination between adding 

raw materials and create an even charge and for such a small furnace this can be 

compared to charging for an industrial furnace. Observed from these figures is that 

there is a reduction in NOx when the furnace is stoked/charged. This can be related to 

theory and could be due to a reduction of the overall temperature at the charge 

surface. 

For the lower openings in Fig. 5.6 the wet charge seems to have a larger effect on the 

formation of NO. This will be further explained in the discussion part. 
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Fig. 5.5: Left - Dry charge. Right - Wet charge. The position of the inlet of air is kept 

constant. 

 

Fig. 5.6: Left - Dry charge. Right - Wet charge. The position of the inlet of air is kept 

constant. 

To see the clear effect of the water content, NOx versus silica fume was plotted based 

on all the data. Basically the graph in Fig. 5.7 illustrates a trend of that at most of the 

low emissions can be found when the silica-fume concentration is low.  
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Fig. 5.7: This figure shows the NOx versus the silica fume. 

The same plot as above is given for different concentrations of water and these plots 

are given in Fig. 5.8 to Fig. 5.10. The following graphs indicates that the variation of NO 

is higher and more spread if the concentration of water is low. As the water content 

increased the NO is gradually decreasing and hence more concentrated around a low 

dust concentration and low values for NO. The emissions are more spread when the 

water content is above 0.3 vol% in comparison to if the water content is above 0.4 

vol%. The same trend can be found when the H2O concentration is above 0.8 vol%. 

Plots for H2O over 0.5 vol% and 0.6 vol% can be found in the appendix. 
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Fig. 5.8:  NOx vs. SiO: H20 concentration from 0.3 vol% and over. 

 

Fig. 5.9: NOx vs. SiO: H20 concentration from 0.4 vol% and over. 
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Fig. 5.10: NOx vs. SiO: H20 concentration from 0.8 vol% and over. 

Fig. 5.11 below shows the phenomenon of that higher water content give lower values 

of NOx. In this case the water is plotted against the silica fume. The graph also shows 

that for a low water content and a high fume concentration give a high NOx. From this 

figure the trend is that for a low fume concentration and high water content most of 

the emissions are less than 150 ppm. When the water content is low and the silica 

concentration is high there can be observed emissions over 150 ppm.  

 

Fig. 5.11: Water versus Silica fume with NOx plotted for values below and over 50 ppm. 
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5.1.4 Volatile content of carbon 

From Fig. 5.12 to Fig. 5.15 the four cases are shown with CH4. These four graphs show 

the dynamics and variation of the volatiles. The volatile content of the dry charge is 

low compared to the wet charge, and is can be seen from the graphs where the peaks 

are higher for CH4 in the graphs showing the wet charge. 

 

Fig. 5.12: This figure is for the dry charge with lower openings. The CH4 concentration is 

marked as the blue line. 

 

Fig. 5.13: This graphs shows the wet charge when the inlet of air was close to the charge. 
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Fig. 5.14: This graph shows the data from the wet charge then the openings are in the 

upper position. 

 

Fig. 5.15: This graph shows the wet charge with the upper openings. Peaks of CH4 can be 

seen from this figure. 

The volatile content of the dry carbon is generally lower than for the wet charge. 

Because of this the effect on the NO formation will be found for the wet charge. From 

Fig. 5.16 it can be seen that for CH4 less than 2 ppm a high concentration of NOx can be 
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found. For CH4 over 2 ppm the concentration of NOx is low even though the 

concentration of silica fume is high. 

 

Fig. 5.16: Effect of CH4. 
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5.2 Discussion 

In this experiment the yield is set to be constant. The formation of NO correlates with 

the silica fume, and it can be assumed that the variation in NOx will be affected by 

other parameters rather than the silicon yield. The combustion of SiO(g) happens on 

the top of the charge surface, and the following discussion will include how the raw 

materials influence this combustion. 

It is important to notice that these experiments have been done in conditions where 

there are many parameters that can contribute to the formation of NO. It is difficult to 

assume what is the most important parameter. The type of NOx that is produced in 

such a system is classified as “thermal” NOx and is dependent on temperature, oxygen 

radicals and nitrogen present in the system.  

The oxygen radicals are created by the combustion of SiO(g) given by reaction (5.1). 

This reaction is exothermic and creates heat, which is found in the furnace as blows.  

SiO(g) + O2 = SiO2 + O (radical)     (5.1) 

In this case, the charge can influence the reactions in two ways. The fresh charge 

materials can reduce the temperature that is created by the combustion of SiO(g) on 

the charge surface. Also, water and volatiles, from the raw materials, could react with 

oxygen and slow down both the fume production and the NO formation. 

5.1.1 Comparison of the wet charge and dry charge. 

It is natural to start this discussion with the difference between the wet and dry charge.  

Charging the furnace will have an impact on the NO formation even though the 

characteristics of the charge materials are different. In the pilot-scale experiment, the 

charging process is a combination between feeding the furnace with fresh materials 

and making sure the charge surface is even (stoking). In the industrial scale furnace, 

the raw materials are fed to the furnace continuously and during stoking, which is less 

frequent, the raw materials get distributed.  

The consequence of charging is that the furnace could “rinse” itself, which means that 

the charge materials, from the surface, fall down to the crater and take place in the 

silicon producing reaction. The “rinsing” could give blows of SiO(g) and following 

create peaks of fume and NOx.  

Throughout the results there have also been peaks in NOx, which cannot be explained 

by charging, stoking or stops. These peaks can be related to blows, which can be seen 

by looking at the temperature measurements or by observing the furnace. However, in 

this discussion the focus will be on the charging. 
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Primarily the difference between the wet and dry charge can be found by looking at 

the water content and the volatile content. It is observed high peaks of water and 

volatiles during charging while the raw materials are classified as wet.  

5.2.2 Wet Charge 

The wet charge consists of coal and woodchips. The coal has a humidity of 8.9 % and a 

volatile content of 38.9 %. The woodchips have 42.1 % humidity and 72.9 % volatiles. 

In this case the quartz is kept constant, hence the properties of the quartz that can be 

related to the formation of NO is not a parameter that is studied in this case. 

5.2.2.1 Effect of Water and volatiles 

A conclusion from the scatter plots in the results is that the concentration of NOx 

decreases with an increasing content of water and volatiles.  This can be related to the 

theory seeing that the charging of raw materials itself reduces the overall surface 

temperature. The system has to heat up the new layer of charge materials and uses 

some energy to heat up the system. Also, the water needs to be evaporated, a process 

that also takes energy. The volatiles can contribute to a reduction of volatiles by 

reacting with oxygen and stealing some of the oxygen used in the combustion of SiO 

gas. However, these mechanisms will be described in chapter seven when the 

industrial experiment and the pilot scale experiment are compared to each other. In 

this chapter the focus will be the difference between the wet charge and the dry 

charge, because the trend is easier to see in a controlled furnace operation. 

Fig. 5.17 is a plot showing the effect of water and volatiles. The trend of the dynamics 

is the most important part of the figure. The axes and lines are not clear to see, so they 

are added to the appendix for a clearer view (appendix A.7). This figure show the 

typical behavior of water and volatiles (CH4) during charging, which is the process of 

feeding fresh raw materials to the furnace. During the charging process there is an 

increase in the content of water and volatiles. This increase is due to evaporation of 

moisture and combustion of volatiles. At the same time of the evaporation of water 

and combustion of volatiles, the emissions decrease.  
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Fig. 5.17: This figure shows the effect of the water and volatiles (marked in blue). 

Fig. 5.18 is a plot where volatiles and water are plotted in the same figure. Basically the 

figure states that both the silica fume and emissions decrease during charging.  

Another interesting observation from this figure is that the evaporation of water 

happens at a quicker rate than the combustion of volatiles. The evaporation of water 

will happen fast because water evaporates at 100°C. The raw material will reach this 

temperature quickly and the condensation will begin.   

 

Fig. 5.18: The effect of charging on the silica formation and NO emissions. 
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For the wet charge it is likely that both the volatiles and the water have an effect on 

the emissions. The background for this assumption is because the dynamics show a 

clearer reduction of NO during the wet charge compared to the dry charge.  

It is also worth mentioning that the inlet of air is close to the charge. The same graph is 

plotted for the dry charge, and that period is also characterized by an air flow close to 

the charge surface. The graphs are taken from this position so that the results can be 

compared. 

5.2.3 Dry charge 

In the dry charge the fixed carbon is the same as for the wet charge and is constant 

through the experiment. The coke contains 0.97 % humidity and 5.91 % volatiles. The 

woodchips has a humidity of 5.6 % and a volatile content of 72.9 %.  

5.2.3.1 Water content and volatiles 

Fig. 5.19 is an example of the dynamics when the charge is dry. In this case there is also 

a reduction in emissions during charging. The water increases in the same way as for 

the wet charge, but the volatiles do not seem to respond during charging. However, 

the content of volatiles in the coke is around 5.91 %, which is a small amount 

compared to the content in coal (39.8 %).   

 

Fig. 5.19: Effect of water and volatiles for the dry charge. 

Another example of the behavior of volatiles and water can be found in Fig. 5.19. The 

water behaves the same way both for the wet charge and the dry charge. During 

charging the content increases because the water evaporates. After all of the water 

has evaporated, the content begins to decrease. During charging there is a reduction 

of the emissions and the amount of silica that is produced. However, the emissions are 

only reduced for a short period of time. Most likely, the short period is due to a limited 

amount of moisture found in the coke. A deviation from the wet charge is the behavior 
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of the volatiles. In this case the content of volatiles increase after the charging process 

is done. However, this is not a trend that is found for every charging. The volatiles do 

increase to a certain level during charging, however not in the same scale as for the 

wet charge. The increase in volatiles is small due to the limited amount of volatiles in 

coke.  

 

Fig. 5.20: The effect of charging when the charge is dry. 

 

5.2.4 Summary 

The wet charge and the dry charge are discussed above in two parts. To summarize 

these chapters the wet and dry charge is compared in Fig. 5.21. The graphs have the 

same time scale (10 minutes) and the axes are the same. The axes are not clear and 

are added to appendix A.7.  

As mentioned before, the difference between the wet charge and the dry charge is the 

amount of volatiles and moisture. Fig. 5.21 illustrates what happens when the furnace 

is charged for both of the cases. When the furnace is charged there is a reduction in 

the silica fume. The volatile content and the moisture content increases during 

charging, and starts decreasing when all of the volatiles and water have evaporated. 

The deviation between the two graphs is that the furnace is charge two times in the 10 

minute period. There is a peak of NOx before every charging process for the dry charge. 

For the wet charge it is hard to observe a peak when both of the graphs are in the 

same scale.  
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Fig. 5.21: Left: Wet Charge. Right: Dry Charge. The figure includes a comparison 

between the wet and dry charge where the inlet of air is close to the off-gas system (upper). 

The observations made from these two graphs fit with the predicted theory. According 

to theory, it is predicted that the formation of NO would be lower for the wet charge 

compared to the dry charge. This is because the wet charge will lower the overall 

charge temperature. Also, the water and volatiles will have to combust or evaporate 

before SiO gas is allowed to combust and produce oxygen radicals.  

In a period of ten minutes, the furnace with the dry charge is charged two times. In this 

period it is observed two peaks for the silica fume and two peaks for the emissions. 

Both of these peaks are right before charging, and during charging both the silica fume 

and the emissions decrease. The furnace is charged based on observation, which 

means that the operators charge the furnace when there are many blows or when the 

temperature is high. This could indicate that the water and volatiles have evaporated 

quickly. The fast evaporation can be related to the dry charge, because the moisture 

content and the volatile content are lower compared to the wet charge.  

The conclusion of this discussion is that the raw material mixture does reduce the 

emissions during charging.   

5.2.5 Other parameters 

As mentioned in the experimental part and in the results the position of the inlet of air 

is also a changing parameter in this study. Earlier Kamfjord (Kamfjord) has stated that 

gas velocity has an impact on the formation of NO. This is because if the gas velocity is 

low, the gases combusting on the charge surface will have more time to heat up. The 

effect of this will be “hot spots”, which are areas in the furnace with high temperatures. 

In the results, there is also an indication that keeping the inlet of air higher towards the 

off-gas system produce less NOx/SiO. This is valid for both the wet and dry charge. Fig. 

5.22 is a confirmation of the results that is discussed here.  
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Fig. 5.22 illustrates that the average emissions found for the cases with the wet charge 

is lower compared to the periods with the dry charge. The deviation from theory is 

that the average emissions are higher for the case “Dry Charge + Upper Openings” 

compared to when the openings are close to the charge. However, the results are 

made by data collected for a short period of time. The point is that the average in this 

case does not give the information necessary to understand how these cases are 

different. In a complex system there will be periods with high emissions and low 

emissions and the results could be influenced by many parameters related to the 

conditions of the furnace.  Average values give information about the trend to a 

certain extent; however the dynamics of the many parameters can be used to explain 

the trend. 

 

Fig. 5.22: This figure is taken from results made by SINTEF from the same experiment. 

The figure shows the average NOx emissions represented by four different combinations 

of parameters: “Dry + Lower” = DL, “Wet + Upper” = WU, “Dry + Upper” = DU and 

“Wet + Lower”= WL. These four combinations can be found also from the theory part 

and from other results in the thesis. (Olsen, Solheim, Panjwani, & Andersson, 2013) 

5.2.6 Further work 

This experiment shows trends of how the carbon materials can influence the formation 

of NOx. However, it is difficult to get absolute values when running a furnace due to 

many parameters that can influence the results. In this experiment the plan was to get 

results from thirteen runs where the changing parameters are inlet of air and wet or 

dry carbon materials. Because of the open tapping hood and some issues with the 

measurement devices, only four periods are valid from this experiment.  
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To understand the mechanism of why the water and volatiles seem to influence the 

formation of NO, it might be an idea to try ten different carbon materials in an 

experimental set-up where the only parameter is the effect of carbon. It would be 

valuable to do a study of the basic combustion mechanisms.  In addition to varying the 

carbon materials it can also be an idea to add water. It is difficult to understand if the 

water only reduces the overall temperature or if it takes part in some reaction. 
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6 Results and Discussion Charge Experiment Elkem Thamshavn 

6.1 Results 

The charge experiment done in Elkem Thamshavn is different from the pilot-scale 

experiment. In this case the furnace is tapped continuously and charged continuously. 

The raw material composition is constant, and it is a mixture between coke, coal and 

woodchips. From the pilot-scale experiment it is found that the carbon materials 

influence the emissions of NOx. Indirectly this means that charging also influence the 

formation of NO and in this experiment the charging pattern is the parameter that is 

changed.  

An important part of understanding how the change in charging frequency influences 

the emissions of NOx, is studying the dynamics during the normal conditions. Fig. 6.1 

illustrates the dynamics and from this graph it can be observed huge variations in the 

emissions. The variation of the emissions is related to the operational parameters of 

the furnace such as the silicon yield, temperature and the general condition of the 

furnace.   

The data from Fig. 6.1 is taken from the plants measurement device, which is a NEO 

LASERGAS (see appendix A.3). The data was collected from a period when one furnace 

was running, so the data is precise and is not influenced by gas from the other furnace. 

The average from this period is 300 ppm.  

 

Fig. 6.1: Fig. 6.1 shows the dynamics of the NOx emissions from one of the furnaces. 
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6.1.1 Average results from the time the FTIR was functioning.  

Data from the experiment was transformed into one hour data by taking the average 

of the last hour. Based on these data, Fig. 6.2 is plotted from the day before the 

experiment and during the experiment. As mentioned before, the emissions are 

dependent on the furnace condition. Even when the average is plotted there will be 

periods when the emissions are high and low. However, Fig. 6.2 gives an overview of 

how the emissions behave, and the graph can be used as a tool for which periods are 

relevant to study further.    

 

Fig. 6.2: This graph shows the average NOx/SiO from the day before the experiment and 

during the experiment. 
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6.1.2 Data divided into four periods.  

 

Fig. 6.3: The data is divided into four periods based on the emissions of NOx. The data 

from the experiment is used as an own period and is between 9:00-15:00. The experiment 

is one of the four periods. 

Based on the average NOx emissions from Fig. 6.3, the data was divided in to four 

periods.  Three periods was taken from the normal conditions, and the experiment was 

taken as one period. The periods are selected during time-intervals when the 

emissions are either high or low. For the three cases from the normal conditions, data 

was collected for a time period of four hours. The experiment lasted for six hours. The 

purpose of looking into the results based on periods is to see if there is a trend when 

the emissions are high or if the emissions are low.  

Fig. 6.4 shows a plot of how the average NOx varies in the different periods. The FTIR 

was measuring for 25 hours, which makes it difficult to see if the experiment is a part 

of the normal variation or if there is an increase due to the experiment. To get the 

figure as correct as possible, the average from a period of five days is used to compare 

the results. The plot shows that period 2 is the case where the NOx is highest, and it is 

70 % higher than the “five day”- average emissions given as 100 %. The experiment is 

also higher than the total average. This graph is made in such a way that the average 

NOx from the five last days is set as 100 % and the other periods is found in percent by 

comparing this average with the other cases.  
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Fig. 6.4: Average data of NOx (ppm) made in percent to see the difference between the 

periods. Included in this figure is the average emissions of NOx for a time period of five 

days. This average is set as 100 % and the other periods are compared to this average. 

Period 1, 2 and 3 can be seen as the daily variation. It is natural that certain conditions 

influence the average and create the normal variation throughout a day.  

While Fig. 6.4 is a general comparison of how the experiment could have influenced 

the emissions, Fig. 6.5 gives a comparison between the normal conditions and the 

experiment based on the four periods. The graph shows that the average NOx/SiO2 is 

also highest for period 2. The average from the experiment is in this case set as 100 % 

and has the value of 26 ppm/% SiO2.  

 

Fig. 6.5: NOx/SiO2 for the three periods and the experiment is compared in this graph. 
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Fig. 6.6: This graph is made by plotting NOx/SiO2 versus percent SiO2 transmitted. Based 

on these plots the slope is found, and the slopes for the different periods are plotted in this 

graph. 

In Fig. 6.6 the slope of NOx/SiO2 is found by making a scatter graph of NOx/SiO2 versus 

SiO2 and adding a trend line. This shows that for the experiment the NOx/SiO2 

increases more per unit SiO2 than the periods from the normal conditions. In practice 

this means that the NO formation is higher for the experiment although the 

production of silica fume is high. These scatter graphs are shown from Fig. 6.7 to Fig. 

6.10. These figures also reveal how the data is distributed. As an example, in Fig. 6.7, 

38 % of the data was in the range of 0-10 NOx/SiO (ppm/%). 

 

Fig. 6.7: The distribution of data from period 1 based on NOx/SiO2. 
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Fig. 6.8: The distribution of data from period 1 based on NOx/SiO2. 

 

Fig. 6.9: The distribution of data from period 1 based on NOx/SiO2. 

 

Fig. 6.10: The distribution of data from period 1 based on NOx/SiO2. 
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6.1.3 Effect of water 

The response of water is clear for the pilot-scale experiment. Charging is linked to the 

water content because it is the process where the raw materials are fed to the furnace. 

Since there is a variation of NOx for the normal conditions, it is natural to look into the 

four periods and how the water concentration behaves. 

Fig. 6.11 to fig. Fig. 6.14 was plotted by taking sorting the data from the three periods 

and the experiment based on water content. It was natural to divide the data into the 

range from below 3.0 vol% H2O to above 4.0 vol% H2O. In practice slopes were found 

by plotting the NOx/SiO2 versus the SiO2 that created scattered plots. From the scatter 

plots the trend lines intersecting zero is added to the plot, making it possible to 

compare the slopes based on water concentration.  These slopes illustrate the trend, 

but it does not say anything about the distribution of the data. Every figure to the right 

show how the data is distributed. For period 1, which is a period of low emissions, 

61 % of the data is in the range of 3.5-4.0 vol% H2O. This means that the charge is 

more likely to have high water content, and this could explain why the NOx is low 

during this period.   

 

Fig. 6.11: This is a period with low NOx and the slopes of NOx/SiO2 versus SiO2 based on 

water content are plotted together with the distribution of the data on the right. 

In period 2, the NOx-emissions were high. In the plot to the right in Fig. 6.12, 79 % of 

the data from this period is below 3.0 vol% H2O, which indicates a dry charge. However, 

the slope to the left shows that less NOx/SiO2 is produced per percent SiO2 when the 

water content is below 3.0 vol%. Based on the figures from the three cases during the 

normal conditions it can be noticed that the slopes based on the water content seems 

to have a random effect. For period 1 the slopes indicate that the NOx/SiO2 that is 

produced when the water content is below 3.0 vol% H2O is lower than the water 

content above 4.0 vol% H2O. This phenomenon will be discussed further in the 

discussion part. Most likely this is due to the amount of data. Statistically the data 
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should be more correct with a large amount of data. Seeing that only 3 percent of the 

data is found when the water content is from 3.5-4.0 vol% H2O the results could be 

inaccurate. 

 

Fig. 6.12: This is a period with high NOx and the slopes of NOx/SiO2 versus SiO2 based on 

water content are plotted together with the distribution of the data on the right. 

Period 3 (Fig. 6.13) is characterized as a period with low emissions, and the data is 

more evenly distributed. This period is closer to the average NOx of one of the furnaces 

at Elkem Thamshavn, which make this period interesting to discuss further. 

 

Fig. 6.13: This is a period with low NOx and the slopes of NOx/SiO2 versus SiO2 are plotted 

together with the distribution of the data on the right. 

This final plot based on the experiment (Fig. 6.14) is made to see the trend during the 

experiment. Noticeable from the figure to the left is that during the experiment the 

trend is according to theory regarding that for low concentrations of water the higher 

the formation of NO. From the figure to the right the data is also more evenly 

distributed. Another remark is that the furnace was charged less frequent during the 

experiment, which makes the batches of raw materials larger every time the furnace is 
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charged. In practice this gives the furnace more time to burn down and “dry” out, 

which can explain the large amount of data with values below 3.0 vol% H2O. The 

amount of data was also larger compared to the other periods making the experiment 

more statistically accurate.  

 

Fig. 6.14: This graph is taken from the experiment and the slopes of NOx/SiO2 versus SiO2 

are plotted together with the distribution of the data on the right. 

6.1.3.1 Behavior of NOx with the water content.  

Based on the distribution figures of water it is possible to see the distribution of NOx 

when the water content is at a specific range. From the four periods above, period 3 

and the experiment are the cases when the water is more evenly distributed. A further 

investigation of these two periods has been done below. 

Period 3 – A period with average emissions of NOx. 

Fig. 6.15 illustrates the distribution of the data in different ranges of water content. 

From this graph the distribution of the values of NOx can be investigated. This means 

that the data from for example below 3.0 vol% H2O is set up in a table and sorted 

based on NOx-emissions making new ranges. In this way it can be seen how the NOx 

varies based on water content.  
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Fig. 6.15: This plot shows the distribution of data based on water content. As an example 

40% of all the data is in the range 3.0-3.5 vol% H2O. 

Following there are four figures (Fig. 6.16 to Fig. 6.19) showing the distribution of NOx 

based on the water content. The graphs below reveal how the higher ppm-levels of 

NOx gradually decrease with increasing water content.  

 

Fig. 6.16: Distribution of NOx based on data with water content below 3.0 vol% H2O. In 

this case there is data with both high and low ppm-levels of NOx. 
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Fig. 6.17: Distribution of NOx based on data with water content below 3.0-3.5 vol% H2O.  

 

Fig. 6.18: Distribution of NOx based on data with water content below 3.5-4.0 vol% H2O. 

There is no NOx above 600 ppm. 
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Fig. 6.19: Distribution of NOx based on data with water content above 4.0 vol% H2O. This 

graph shows that there is no NOx above 400 ppm.  
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Experiment – A period with larger batches and a low charging frequency. 

The same analysis of the results is done for the experiment as well as for period 3. A 

further comparison between these two cases will be analyzed further in the discussion 

part. The trend is however the same: higher values of NOx are decreased with a higher 

amount of water.  

 

Fig. 6.20: This graph illustrates the distribution of the data from the experiments. The 

data is sorted based on water content and further the amount of data from a certain range 

is placed in the graph to see which range most of the data is found. 
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Fig. 6.21: The distribution of NOx based on data with water content below 3.0 vol% H2O. 

This graph shows that most of the NOx is between 400 ppm-600 ppm  

 

Fig. 6.22: The distribution of NOx based on data with water content of 3.0-3.5 vol% H2O. 

A higher amount of data is found when the NOx-emissions are in the range 200 ppm-400 

ppm.  
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Fig. 6.23: The distribution of NOx based on data with water content of 3.5-4.0 vol% H2O. 

In this plot there is only 1 % of NOx above 800 ppm. There is a general increase in NOx 

with lower ppm-levels. 

 

Fig. 6.24: The distribution of NOx based on data with water content above 4.0 vol% H2O. 

There is no NOx above 600 ppm when the water content is above 4.0 vol%. 
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6.1.4 Dynamics during charging and stoking for the experiment 

During the normal conditions the furnace is frequently charged. The feeder in the 

center charges the furnace about every minute, and with the other feeders working 

simultaneously it is difficult to see a reaction from the charging process. When the 

furnace is charged less frequent as in the experiment, it is easier to see the trend that 

has been found during the pilot-scale experiment and in furnaces with “batch-

charging”.  During “batch-charging” the furnace is fed typically one time per hour with 

a large amount of raw materials (1000 kg). The trend regarding NOx-emissions is that 

the water content increases creating a peak due to evaporation of water in the charge, 

at the same time the formation of NO decreases. The typical trend for a furnace that is 

continuously charged is that the water content is stabile with low variations. 

To give an example of how the NOx behaves during charging, Fig. 6.25 shows that 

during the normal conditions there is no clear peaks in the water content. Because of 

the stoking there is a small increase in water, while there is a low point for the NOx. 

This example relates to theory since small frequent batches give almost a constant 

amount of water and volatiles to the charge surface. Before the water has the time to 

evaporate a new batch is fed to the furnace. The stoking will however have an impact 

since some of the gas channels will be covered with raw materials, preventing blows 

resulting in combustion of SiO. 

The silicon furnace is a complicated system with many variables that can contribute to 

the formation of NO. The period for the normal conditions in Fig. 6.25 is taken in a 

period with low NOx. In situations where the charge is “dry” and burned down, the 

dynamics will probably be different than the example in Fig. 6.25. High periods of NOx-

emissions are normally observed when the operational conditions of the furnace are 

unusual.  
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Fig. 6.25: An example of how the water behaves during charging and stoking. As it can be 

seen from the graph there are low variations in NOx and in the water content. The furnace 

was stoked around 14:42 and the effect of this was a small increase in the water content. 

 

Fig. 6.26: This is an example of how the NOx and water behaves during the experiment. 

Compared to the normal conditions there are clearly peaks of water resulting in a low 

point of NOx. 

In Fig. 6.26 there is a different dynamics, and this is similar to the behavior during 

“batch-charging” with typical peaks of water. In this case the center feeder charges 

around every five minutes, so this is not a condition that is close to “batch-charging”, 

but compared to the normal conditions there is a difference in the dynamics. 
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6.2 Discussion 

In the experiment there is only one parameter that is changed and that is the charging 

frequency. The center feeder is charged every five minutes instead of every minute, 

and from the theory involving charging it is expected that the average will increase. 

With the conclusion from the pilot-scale experiment being that water clearly reduces 

the emissions, the response of water is investigated in all of the results. Seeing the 

experiment is primarily about the effect of charging, it is natural to start the discussion 

with this parameter.  

6.2.1 Effect of charging frequency 

 Nils Eivind Kamfjord (Kamfjord) did a parameter study in his PhD regarding the 

emissions of NOx, stating that the primary formation mechanism of NO formation was 

related to the combustion mechanism that produces silica fume. He collected data 

from a furnace that was “batch-charged” and in Fig. 6.27 the typical dynamics of the 

behavior of NOx is illustrated.   

 

Fig. 6.27: This figure is taken from Kamfjords PhD (Kamfjord). The figure illustrates the 

effect of batch charging but also how the silica fume is related to NOx-emissions. 

The typical NOx behavior for a furnace that is “batch-charged” is that a huge amount 

(1000 kg) of raw materials is fed to the furnace. After the charging process, the furnace 

is typically stoked to even out the raw materials and to fill gas-channels along the 

electrodes and the charge wall. The response of the charging process is a decrease in 

temperature at the charge furnace, evaporation of water from the raw materials and 

the combustion of volatiles. All of these reactions give low emissions of NO. After 
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these reactions take place the emissions and temperature gradually increase. The 

charge is burned down and reactions in the crater create gas-channels with SiO(g) that 

combusts at the surface.  

In this experiment the furnace is continuously charged, which is the opposite from the 

type of charging that can be found in Fig. 6.27. This means that the typical trend that is 

found from “batch-charging” is more difficult to find because the time interval 

between every charging is every minute compared to every hour.   

The easiest way to see if the charging frequency has an impact on emissions would be 

to compare data from a furnace with batch-charging and a furnace that is charged 

continuously. It is however difficult to compare data from two different furnaces due 

to that no furnace is similar geometrically and every furnace behaves differently. Using 

average values can also be misleading, because there are huge variations in emissions 

in such a huge and complex system.   

In this experiment the furnace is continuously charged. However, a small change in 

batch-size and charging frequency will have an instant effect on dynamics of the 

emissions. The reason for the change in dynamics is that the batch-size goes from 

around 150 kg to 750 kg. In other words, the change in charging frequency creates a 

trend that is similar to the one for batch-charging. The results (Fig.  6.28) show that the 

average NOx is higher for the experiment than the average during a period of five days. 

It is however difficult to say of this is due to some operational conditions giving a high 

period or if it is directly related to the experiment.  

 

Fig.  6.28: Comparing the average from a longer period with the average during the 

experiment. 
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There are several indications that the average is higher due to the experiment rather 

than other operational parameters. The average silicon yield for the period during the 

five days is found to be 66.7 and for the experiment the silicon yield was found as 70.3. 

Knowing that the formation of NO is directly related to formation of silica fume, the 

average found in the “five day period” should in theory have been higher than for the 

experiment. This is however valid if the furnace is running 100 % every day, and this is 

not the case.  

Another indication that the experiment influenced the increase in the emissions is the 

change in dynamics. Fig. 6.29 is an example of this change. 
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Fig. 6.29: A comparison between the dynamics for the normal conditions and the 

experiment. Both are taken from periods at times that are typical. The water content is 

seemingly constant for the normal conditions. For the experiment there are small 

variations. This is also the case with the NOx-emissions, there are fewer variations for the 

normal conditions, but for the experiment it is observed more peaks in the emissions. 
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Fig. 6.29 included two graphs plotted in a time interval of 30 minutes. The graph 

plotted for the normal condition period is characterized by a low average in the NOx-

emissions. The average for this plot is 200 ppm and that average is below what is 

assumed to be the general average of 300 ppm. However, the graph from the normal 

period and the graph from the experiment are representative if the purpose is to show 

the trend in the dynamics. For the graph showing the normal conditions, the dynamics 

of NOx, silica fume and water behaves according to the theory that is related to 

continuously charging. The water content is stabile, the silica fume variations are small 

and the emissions of NO are low. With a lower charging frequency the peaks of NOx is 

seemingly more frequent due to larger batches, more blows and a higher overall 

temperature. The dynamics of the experiment is similar to the trend of batch charging. 

The experiment is charged every five minutes and a batch charged furnace is charged 

every hour. Although the experiment is not exactly batch-charging, the dynamics show 

that changing the charging frequency does create peaks in the emissions due to larger 

batches.  

The results in Fig.  6.30 show how much NOx is produced per percent produced silica 

fume. The figure indicates that more NO is formed for the experiment compared to the 

normal conditions when a certain amount of silica is produced. These results can be 

related to theory because it gives an indication that the temperature must have been 

higher seeing that the formation mechanism of thermal NOx is dependent on 

temperature. The SiO(g) will combust when reaching the charge surface and give 

produce heat that is sufficient enough to form NO.  The NO-forming reaction is the 

reaction between the oxygen radicals and nitrogen in the air. Since the average 

emissions are higher for the experiment it means that more oxygen radicals, formed by 

the combustion of SiO(g), have reacted with nitrogen in the air and produced NO. 

When the temperature is higher, the reaction rate between the oxygen radicals and 

the nitrogen in the air is also higher, due to that the reaction rate is dependent on 

temperature. 
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Fig.  6.30: For the experiment there is more NOx produced per unit SiO2 compared to the 

normal conditions. 

6.2.2 Effect of water 

An important part of this study is the effect of water on the emissions of NO. The 

results from the pilot scale experiment indicate a correlation between water and the 

emissions, which is the background for studying the effect of water. Although the 

mechanism is not fully understood in the literature, there are several findings that 

show that the water reduces the overall temperature of the flame and there is also 

found a decrease in oxygen atoms. (Bhargava, Sowa, Casleton, & Maloney, 2000) (Guo, 

Neill, & Smallwood, 2008). 

As mentioned in the results-chapter, the normal conditions are divided into three 

different periods based on NOx-concentration. The background for choosing these 

periods is due to an observation of the dynamics of the NO-emissions. The dynamics of 

the emissions show that there can be periods with either high or low concentrations of 

NO. Fig. 6.31 is plotted to see the trend during periods when the condition of the 

furnace is considered to be normal, but the average of NO is different (200 ppm and 

500 ppm). 
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Fig. 6.31: An example of how the water is varies during low and high emissions of NOx.  

The two graphs in Fig. 6.31 are showing the distribution of data at different water 

concentrations. In the plot to the right the emissions of NOx are high with an average 

of 500 ppm. The plots are based on data measuring every five seconds for four hours. 

The relevant part is that the data is distributed differently although the averages are 

different. For the high emissions 79 % of all the data is below 3.0 vol% H2O, and this 

clearly indicates a dry charge that in theory should give high emissions. For the figure 

to the left with the low emissions 61 % of the data from this period is between 3.5-4.0 

vol% H2O. The conclusion from this figure is that high water content seemingly reduces 

the emissions.  

Although the trend is clear, these data are collected from a limited time in selected 

periods. The plant does not measure water content in the off-gas system, so the only 

measurements of the water concentration are from the FTIR measuring device that 

measured for 25 hours. The lack of measurements of the water concentration makes it 

difficult to investigate other relevant periods from the furnace.  

For period 2, the average NO-emission is around 500 ppm, and the explanation of the 

high average can be related to the condition of the furnace. Before this high emission 

period there furnace was stopped twice due to that the electrodes were not in suitable 

position. This problem can be solved by adding quartz around the electrodes. When 

reducing the power load of the furnace the temperature automatically decreases and 

the charging is stopped due to safety reasons. The observation of low levels of 

evaporated water strengthens this theory. The uneven charging and the stops 

contributed to a dry charge and influenced the emissions. 

The distribution of the data is dependent on what period the data is collected from. If 

the data is collected from a period with high average emissions it is likely that there is 

a small amount of data with a water-concentration above 4.0 vol%. The plots that are 

interesting to study are the graphs where the data is distributed evenly, because they 
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are more statistically accurate.  The period that is most evenly distributed is period 3. 

The data is also evenly distributed for the experiment, but the furnace is not in a 

normal operational condition when the charging frequency is changed. By studying a 

case where the emissions are assumed to be close to the average it is more likely to 

get information about how the water content influences the emissions during the 

normal conditions. 

Fig. 6.32 is complicated, but the figure shows how the data is distributed for period 3 

and the figure also shows the distribution of NOx at a specific water concentration. As 

it can be seen from the figure, 40 % of all the data is in the range 3.0-3.5 vol% H2O. 

From this plot, the behavior of NOx can be understood further by showing the 

distribution of NOx. The bar-plot illustrates that 50 % of the data is below 200 ppm 

when the water concentration is between 3.0 vol% H2O to 3.5 vol% H2O. 

 

Fig. 6.32: This figure shows the distribution of NOx when the water content is in the range 

3.0-3.5 vol% H2O. Observing the graph further, the conclusion is that there is no amount 

of NOx above 800 ppm when the water content is in the given range.  
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Fig. 6.32 can be used to show how much water is needed to keep the amount of NOx at 

a certain level. However, these data are not absolute; meaning that for other cases 

there can be NOx-levels above 800 ppm when the water content is between 3.0-3.5 

vol%. Also, the data are limited since it is only 40 % of data collected from four hours. 

The trend is the same for the experiment and the other periods with a decreasing 

amount of NOx with increasing water content. If the same figure was to be made for 

the experiment, 6 % of the data would be above 800 ppm. For the experiment the data 

is taken from a time period of six hours and statistically this implies that the results are 

more correct. This difference could also be due to a higher overall temperature in the 

charge due to the change in charging frequency. This theory could be supported by a 

general higher average in the NOx-concentration during the period. 

Further, increasing the water amount from 3.0-3.5 vol% to 3.5-4.0 vol% there is no 

levels of NOx above 600 ppm for the period described above in Fig. 6.32. The average 

NOx during this water level is likely to be around 200 ppm, and this can be compared to 

the case with the low emissions where the emissions were 200 ppm.  

As a conclusion, the emissions are low (around 200 ppm) when the water content, 

measured in the off-gas system, is above 3.5 vol% H2O. The only background for this 

statement is the trends found in the 25 hours when the FTIR was measuring the water 

content. The theory behind this statement can only be related to that the water 

reduces the overall equilibrium temperature leading to a low reaction rate between 

oxygen radicals and nitrogen in the air. It is clear that this mechanism have to be 

studied further.  

6.2.3 Theoretical calculations: water and silica amount in the furnace 

The total amount of water added to the furnace per day is approximately 35 tons. This 

number is taken from the industry and is calculated based on the raw material mixture. 

The amount of water is 14 % of the total amount of raw materials.   

The mass balance for the system is the same, which means that the amount of silicon 

that goes into the system needs to either go to the metal or to the silica in the off-gas 

system. During this day the silicon yield was 70.4 %, which means that 70.4 % of the 

silicondioxide put into the system is recovered in the metal.  

The amount of SiO2 that goes into the system (from all raw materials) is 124 tons, and 

from this amount 41 tons silicon is tapped from the system. 

(x+1)SiO2 + (x+2)C = Si + x SiO + (x+2)CO   (6.1)   

Reaction (6.1) can be used to calculate the theoretical amount of silicon metal and 

silica produced from the process. In the reaction equation, x is found from the silicon 
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yield. Calculations show that theoretically 40.95 tons of Si is supposed to be produced 

from the process, which is close to the 41 tons Si that actually is produced. However, 

the amount of dust measured during this date is 89 tons and the theoretical data 

shows that the amount of silica should be 83 tons. The dust that is measured is a 

combination between carbon and other particles, which can explain the deviation of 6 

tons.  

6.2.4 Further work 

In the industrial experiment the emissions of NOx are found to be low in periods where 

the water-concentration is high. The mechanism for this reduction is related to a 

decrease in temperature and oxygen radicals, but the reaction mechanisms are not 

understood. It is necessary with a basic study related to this subject.  There is some 

uncertainty to if the water somehow reacts with the oxygen radicals seeing that in 

theory the OH-concentration increases when water is submitted to the experiments 

with premixed flames. An idea could be to do experiments with different raw materials 

while measuring the water and NOx to see how different raw materials behave during 

combustion of SiO(g).  
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7 General discussion: Comparing the pilot-scale experiment and 

the industrial experiment. 
Chapter 5 and chapter 6 include the results for from the pilot scale experiment and the 

industrial experiment. In every chapter the results have been followed by a discussion, 

but there are some trends that are clear for both experiments although the purposes 

of the experiments are not the same.  

A pilot scale furnace and an industrial furnace are difficult to compare seeing the 

power load and the overall temperature is higher for the industrial furnace. Basically 

the industrial furnace is larger with a system that is complex and more difficult to 

control. Because of the scale difference between the industry and the small furnace, 

the data is not compared directly due to that the emissions from the industry much 

larger.  

There are other differences in addition to the size and geometry. The industrial furnace 

has a constant inlet of air, meaning that the amount of air is not controlled in the same 

way as for the pilot scale furnace where the air came through open rings surrounding 

the furnace. The inlet of air will control the gas velocities on the charge surface and 

this will also influence the emissions.  

The raw material mixture will also be different for these two cases. For the pilot scale 

experiment the mixture is set up to create a wet and dry charge. In the industry the 

mixture of raw materials are set up to achieve high silicon yield. The mixture is a 

combination of quartz, woodchips, charcoal and coke based on with beneficial 

contaminations and the carbon source is normally selected based on reactivity and 

fixed carbon.  The charge will in this case consist of both wet and dry carbon.  

The charging and stoking pattern is another important difference. In the pilot scale 

experiment the furnace was charged based on observation. Charging the pilot scale 

furnace can be compared to a combination of charging and stoking the industrial 

furnace. When charging the pilot scale furnace the raw materials were added manually 

and the furnace was fed by adding raw materials to the positions where it was needed. 

In the industrial furnace used in this experiment the furnace was charged 

automatically and continuously followed by stoking the furnace with a lance. During 

stoking the industrial furnace can be manually charged by the operators if it is 

necessary. As a conclusion it can be stated that the pilot scale furnace is charged by 

“batch-charging” and the industrial furnace is charged continuously as mentioned 

before.  
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The differences are relevant when comparing the results. The focus of this discussion 

will be the mechanisms during charging and how the water behaves similar for both 

the experiments.  

7.1 Charging 

When comparing the charging pattern the raw material mixture has to be taken into 

consideration. Although the mixture consists of several carbon sources for the 

industrial case the charge is considered to be wet. Although it is not accurate, the 

dynamics is of higher importance than the absolute values.  

Fig. 7.1 is an example of the difference between batch charging and continuous 

charging. The data used for to plot the batch charging is taken from the pilot scale 

experiment and for the plot showing continuous charging the graph shows how the 

center feeder charges in the industrial furnace. Looking besides that the two plots is in 

a completely different scale, both the cases are taken in a time period of around 45 

minutes. While the batch charging clearly reduces the emissions, the trend is more 

difficult to see for the continuous charging. One similarity is that there are peaks of 

NOx, but it is difficult to relate them to charging. This is because the water does not 

have time to fully evaporate and the volatiles will not have time to combust on the 

surface.  
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Fig. 7.1: The difference between batch charging and continuous charging is illustrated in 

this figure.  
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7.2 Water and volatiles: The reaction mechanism. 

From both experiments it is clear that increasing water-concentration reduces the NOx 

when the furnace is charged. Instead of repeating the results it is valuable to discuss 

this mechanism further.  

As mentioned several times in the theory part the formation of NO is a result of that 

nitrogen from the air reacts with oxygen radicals formed by the combustion of SiO at a 

high temperature. The combustion of SiO(g) is repeated in reaction (7.1). This 

combustion is exothermic producing temperatures up to 2000°C. 

 SiO(g) + O2(g) = SiO2(g)+ O (radical)    (7.1) 

The oxygen radical further reacts with nitrogen from the air and is given as reaction 

(7.2). This reaction forms NO at high temperatures. 

N2 + O = NO + N      (7.2) 

However, when adding moisture to the charge the water reduces the emissions and in 

the literature review this is primary due to a temperature drop, but it can also be due 

to a chemical effect. The OH-concentration is found to increase, and the amount of 

oxygen and hydrogen radicals are found to decrease. The OH-concentration can 

increase by reaction (7.3) and reaction (7.4). Reaction states that oxygen radicals are 

consumed, which could explain the decrease in the oxygen radical concentration. 

Reaction (7.4) produces OH and hydrogen radicals by the decomposition of water. 

However, reaction (7.4) does not explain the decrease in hydrogen radicals for the 

system. 

H2O + O = 2OH      (7.3) 

H2O = OH + H       (7.4) 

Most recently SINTEF (Olsen, Solheim, Panjwani, & Andersson, 2013) has completed a 

report from the results of the pilot scale experiment. The report states that the gas 

temperature is reduced from 1000°C to 800°C when the moisture content is 

increased. It is assumed that water increase the heat capacity and reduce the gas 

temperature. They have included a new reaction, which could explain how the water 

can influence the emissions chemically.  The reaction is given below as (7.5). 

SiO + H2O = SiO2 + H2      (7.5) 

When the water is included in a chemical reaction for the process, the OH-

concentration naturally decreases. There is a lower OH concentration in the system 

because water is consumed in the reaction with SiO gas. Reaction (7.5) means that 

SiO(g) competes with the combustion of volatiles and in addition the SiO gas reacts 
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with water. The process produces hydrogen instead of oxygen radicals, and that leads 

to that less NO is formed. This reaction together with the physical properties leading to 

a decrease in the gas temperature, contributes to decreasing the NOx emissions.  

By commenting on the reactions in the process it is natural to study the reactions and 

the kinetics. SINTEF concludes in their report that the kinetics needs to be studied 

further but they have made some thoughts about which reactions that could take 

place in the process. Fig. 7.2 shows the reactions and their kinetic parameters.  

 

Fig. 7.2: The reactions that could take place in the process. The figure shows the kinetic 

parameters given in Kelvin, cal/mol and cm
3
 (Olsen, Solheim, Panjwani, & Andersson, 

2013). 

Reaction (7.5), which is the reaction between SiO(g) and H2O is found to be 

endothermic. An endothermic reaction consumes energy. It is also concluded in the 

report that the activation energy is found to be high, and that the reaction probably 

happens in several steps. A part of the further work should be to do a kinetic study of 

this reaction. 

Another explanation of this could be that the charging covers the blows that are due to 

the combustion of SiO. With a lower amount of SiO reaching the surface there will be a 

lower concentration of oxygen radicals. This will also cover areas that have a high local 

temperature reducing the overall temperature at the charge surface. In this 

explanation the SiO never reaches the surface, hence never gets the chance to react 

with oxygen. In this case it can be assumed that the water only has a cooling effect on 

the temperature rather than participating in the reactions. 
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8 Concluding remarks 
This report is based on two experiments with the main purpose of investigating the 

effect of raw materials and the importance of charging on the formation of NO. It is 

natural to divide the conclusion into three parts: Effect of charging, effect of raw 

material mixture and experiences done during the experimental work. 

Experimental work 

The experimental work that is summarized in this thesis has mostly been the data 

analysis based on data from a pilot scale furnace and an industrial furnace. Some of 

the experiences that have been done regarding this work are summarized below: 

 When collecting data from different measurement devices it is important to 

understand how often the device collects data and how the device measures 

different gases and species. This is because the data are often logged in 

different units and at different time intervals. Sometimes there can be a delay 

in the measurements. When comparing data from different devices it is 

necessary to transform the data so that the time interval is the same for all of 

the data. This has been done here where the data from the FTIR was 

transformed from 54 second data into 5 second data by interpolation and the 

NEO LASERGAS was transformed from 1 second data into 5 second data. This 

way it is easier to compare the results. 

 A huge part of the work is to validate the data and see that the results are in 

the range that is expected. However, the dynamics are often as important as 

absolute values when investigating emissions. This is because this study has the 

focus on understanding the mechanism of how NO forms. 

 Another important aspect of the experimental work done in this thesis is that a 

pilot scale furnace can simulate an industrial furnace. The trends that are found 

regarding the water content can be compared with actual data from the 

industry. This can confirm the work of Nils Eivind Kamfjord, who studied the 

emissions of NO from the industry and from the small pilot furnace. 

The effect of charging  

The effect of charging is studied both in the pilot scale experiment and in the industrial 

experiment. The conclusions of the results are given below: 

 The formation of NOx is reduced when the furnace is charged. This is due to a 

decrease in the overall surface temperature of the charge.  

 The pilot scale experiment has a charging pattern equal to batch charging. In 

this case the volatiles and moisture in the charge has the time to combust and 
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evaporate and the carbon is given the time to react. This leads to that the 

charge level is burned down creating peaks in the emissions. 

 When the furnace is charged continuously the volatile and water levels are kept 

constant creating where the variation in NO is not due to charging but rather 

other parameters. 

 By changing the charging frequency in the industrial furnace to a lower 

frequency giving larger batches of raw materials the dynamics of the emissions 

changes and becomes more similar to the dynamics for batch charging. 

 It is likely that continuous charging is more beneficial than batch charging 

regarding emission of NOx and this is confirmed by an increase in the average 

of 40 %. 

Effect of the raw material mixture 

For the industrial experiment the raw material mixture was kept constant during the 

experiment. In the pilot scale experiment the raw material composition changed 

between wet and dry carbon, which means that the carbon contains a different 

amount of volatiles and moisture. 

 Adding a carbon source that contains moisture reduce the silica formation and 

NO formation during charging. The water content along with the volatile 

content reduce the overall temperature and react with oxygen hindering the 

combustion of SiO(g). 

 The wet charge contributes more to the reduction of emissions during charging 

than the dry charge. With increasing water content and volatile content there is 

a decrease in formation of NO and formation of SiO2.  

 The effect of water could be a combination between a chemical reaction and 

the physical reaction of decreasing the gas temperature. The SiO gas could 

potentially react with SiO gas and form hydrogen. This means that the process 

will consume water instead of oxygen. The decrease in oxygen radicals due to 

this reaction can explain why the emissions decrease.  

 For the industrial experiment the moisture content is also found to have an 

effect. Above 3.5 vol% H2O the emissions of NOx above 600 ppm are less 

frequent compared to if the water content is below 3.5 vol%.  

 A part of the further work should be to do a kinetic study of the reactions that 

could participate in the process. It should be relevant to understand the 

thermodynamics and kinetics of the reactions between water and SiO gas. 
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A.6  Data processing of the pilot scale experiment and the 

industrial experiment. 
An important part of the study has been to analyze the data and do a data validation. 

This is because different measurement devices are used with different time intervals. 

Below are some figures showing that the data fit.  

Pilot scale experiment 

 

Fig. A.6.1: Measurements from the FTIR and TESTO fit with time and scale. 

 

Fig. A.6.2: The volatiles and water correlate by looking at SO2 and water. 
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Industrial Experiment 

 

Fig. A.6.3: Here is an example of how the NOx for the FTIR and NOx from the plant fit 

together with the time scale. The emissions are given in ppm. 

 

Fig. A.6.4: This shows how the water content and the SO2 content fit together. This is 

important because it gives information about the validation of the data. SO2 can be related 

to the volatiles and the water can be related to the moisture level of the carbon materials. 
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Fig. A.6.5: Another comparison of the emissions measured at the plant and measured by 

the FTIR. 

 

 

Fig. A.6.6: The correlation between NO and silica fume. 
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A.7  Pilot-Scale Experiment 
The graphs below show the four cases for the pilot scale experiment.  

 

Fig. A.7.1: This graph shows the dynamics of the Dry charge + lower openings. 

 

Fig. A.7.2: This graph shows the dynamics of the Wet charge + Upper openings. 
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Fig. A.7.3: This graph shows the dynamics of the Dry charge + Upper openings. 

 

 

Fig. A.7.4: This graph shows the dynamics of the Wet charge + lower openings. 
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Water-contents from 0.5-0.6 vol%. 

 

Fig. A.7.5: This figure shows the values of NOx from the FTIR above 0.5 vol%. 

 

Fig. A.7.6: This figure shows the values of NOx from the FTIR above 0.6 vol%. 



XVIII 
 

 

Fig. A.7.7: Here the distribution of NOx below and above 50 ppm is given. The trend shows 

that most of the low emissions can be found in the area with low water content and low 

levels of silica fume. 

 

 

Fig. A.7.8: Effect of water for the wet charge. 
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Fig. A.7.9: Effect of volatiles for the wet charge. 

 

Fig. A.7.10: Effect of water for the dry charge. 
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Fig. A.7.11: Effect of volatiles on the dry charge. 

 

Fig. A.7.12: “Wet Charge + Lower Openings”, the effect of charging. 
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Fig. A.7.13: “Wet Charge + Upper Openings”, the effect of charging. 

 

Fig. A.7.14: “Dry Charge + Lower Openings”, the effect of charging. 
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Fig. A.7.15: “Dry Charge + Upper Openings”, the effect of charging. 
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A.8  Industrial charge experiment 
 

 
Fig. A.8.1: This is the plot used to find the slopes of the four periods in the results. 

 

Fig. A.8.2:  The dynamics for the normal conditions showing that the water content is 

stabile and the variations in emissions are low. 
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Fig. A.8.3: This figure illustrates the dynamics during the experiment.  

 

Fig. A.8.4: The effect of stoking on the water content during the experiment. 


